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Abstract

This thesis examines phenomena originating from the spin-orbit interaction in the context
of interfacial effects. Four effects were studied, the anisotropic magnetoresistance, spin-
orbit torques, magnetic damping and the Dzyaloshinskii-Moriya interaction.

The anisotropic magnetoresistance (AMR) was studied in Ni, Nigs Vs and NigsCrs thin
films. The absolute resistivity change due to AMR reduced with decreasing film thickness.
This was explained in terms of enhanced electron-magnon spin-flip scattering in the pres-
ence of reduced dimensionality. It was shown that the Campbell, Fert and Jaoul model
could be extended to include this generalised thickness dependence.

Spin-orbit torques were investigated in multilayer structures with different magnetic
anisotropies. Current-induced magnetisation reversal, due to the spin-Hall effect of Pt, was
observed in a symmetric Pt/Co/Pt sample with weak perpendicular magnetic anisotropy.
No evidence for the Rashba effect was found in this symmetric structure. A spin Hall angle
of 0.13 + 0.06 was extracted for Pt.

Using x-ray resonant magnetic reflectivity, the interfacial proximity induced magnetism
(PIM) in Pt was investigated in Pt/Co/Pt multilayer structures with in-plane magnetic
anisotropy and characterised as a function of Au and Ir spacer layers at the Co/Pt interface.
The PIM was shown to depend strongly on interface morphology and decayed rapidly with
increasing spacer layer thickness.

The magnetic damping and Dzyaloshinkskii-Moriya interaction (DMI) were measured
in the same samples to investigate the contribution of the PIM to these effects. It was shown
that the magnetic damping was dominated by the d-d hybridisation at the Co/Pt interface
which reduced as spacer layers of increasing thickness were inserted. It was not clear
whether the loss of PIM plays a substantial role in this. The DMI was shown to increase as
Au and Ir spacer layers were added, due to the prevention of cancellation of opposite DMI
contributions from the Pt interfaces. This rise in DMI was on a different lengthscale than
was found for the loss of PIM. The results suggested no correlation between the PIM and
DML
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Introduction

1.1 Background

The aim of the field of spintronics is to exploit the spin of the electron for applications.
With the development of sophisticated thin-film fabrication techniques such as sputtering
and molecular beam epitaxy, this has become a reality where synthetic multilayer struc-
tures can be fabricated which exhibit magnetic properties dramatically different from their
bulk counterparts. The discovery of effects unique to these multilayer structures, such as
giant magnetoresistance [1,2], has led to revolutionary advances in magnetic memory and
sensors [3,4].

A particular goal of spintronics is the realisation of a universal memory which combines
high write speed, high storage density and non-volatility. Such schemes can be realised in
technologies such as magnetic random access memory (MRAM) [3] and magnetic race-
track memory [5].

Within these technologies, it is required that the magnetisation state of nanoscale mag-
netic elements can be manipulated, be it single domain elements in MRAM or domain
walls in racetrack memory. An important development for these concepts is the ability to
manipulate these magnetic elements using spin-polarised currents. Here, a spin current is a
flow of spin-angular momentum, that can occur even without the presence of a net charge
current [6]. The transfer of this spin-angular momentum to the magnetisation can exert
spin-transfer torques [7] or, as investigated in this thesis, spin-orbit torques [8], dependent
on the origin of the spin-current. This can allow one to manipulate magnetisation with
the use of spin-current alone, allowing one to overcome the difficulties associated with
magnetic field confinement when using a magnetic field to write information, and thereby

improving the scalability of the devices.



1.1. Background 2

However, the mechanism of this process is complex, and in particular with regard to
the spin-orbit torques, the realisation of this requires a thorough understanding of a variety
of interfacial and spin-orbit effects. For example, magnetic damping [9], which describes
the dissipation of energy from magnetisation precession, will act to counter magnetisation
dynamics induced by the spin-orbit torques. Alongside this, the Dzyaloshinskii-Moriya
interaction (DMI) [10, 11] is an interfacial effect [12] that can promote chiral spin tex-
tures [13] and as discussed later plays a crucial role in the use of spin-orbit torques [14] for
the manipulation of magnetic domain walls and magnetic elements.

All these effects, magnetic damping, DMI and spin-orbit torques, are expected to play
an important role in determining the viability of these future technologies and are investi-
gated in this thesis. Furthermore, all of these effects originate from the spin-orbit interac-

tion, and the importance of this effect is discussed in the next section.

1.1.1 Spin-orbit interaction phenomena

The relativistic interaction of the electron’s spin with its orbital angular momentum gives
rise to the spin-orbit interaction (SOI). This subtle effect is responsible for a large num-
ber of phenomena both well established and also at the forefront of research in spintron-
ics. Some examples, and by no means a comprehensive list, include: intrinsic magnetic
damping [15], magnetostriction [16], anisotropic magnetoresistance [17], anomalous Hall
effect [18], spin-Hall effect [19], Rashba effect [20] and the DMI [10, 11]. To help fur-
ther the understanding of these phenomena, the work in this thesis studies the anisotropic
magnetoresistance (AMR) effect, magnetic damping, the DMI and the spin-orbit torques.
In perpendicularly magnetised nanowires, the DMI acts as an effective internal mag-
netic field that stabilises Néel domain walls that would ordinarily be energetically un-
favourable [13,21]. This has particular importance with regard to the spin-orbit torques.
The microscopic origin of the spin-orbit torques is in the spin-Hall and Rashba effects,
which originate from the SOI and give rise to spin-currents at the ferromagnet interface
which can be used to exert a torque on the magnetisation. These are discussed in detail
in chapter 2. With regard to this, the importance of the DMI effect is that the symme-
try of the torques due to these spin-currents is such that they can only drive Néel domain
walls [13]. However, with this in place, the spin-orbit torques have been shown to be ex-

2



1.1. Background 3

tremely efficient at driving domain walls in these systems [22]. Furthermore they have
been demonstrated capable of inducing magnetisation reversal with the application of an
electric current [23,24]. This removes the need for an external magnetic write field, which
dramatically improves scalability and lowers power consumption.

Also investigated in this thesis is the AMR effect, fundamental to which is the SOI,
which gives rise to the asymmetry in electrical resistivity with respect to the magnetisa-
tion orientation and is discussed in chapter 2. AMR is a well established effect and was
discovered by Thompson over 150 years ago [25], and it is testament to its resilience as
a research topic that the AMR family of effects is still growing, where in the past decade
the discovery of the new ballistic AMR [26], coulomb blockade AMR [27] and interfacial
AMR [28] effects has renewed interest in the effect as a research topic. Furthermore, in
industry, AMR still finds applications in magnetic-resistive field sensors [29,30].

Fundamentally, the DMI and Rashba effects are interfacial in their very nature, both
requiring the combination of the SOI and structural inversion asymmetry present at an in-
terface. Furthermore, in order for the Rashba and spin Hall effects to exert a torque on a
magnetisation, a spin-current needs to diffuse across an interface, which in turn depends
on the interfacial spin-mixing conductance [31]. Therefore it is clear that the spin-orbit
interaction and its related phenomena are not the only important consideration in the de-
velopment of these future technologies and the interfaces in these multilayer structures also

carry significant importance.

1.1.2 The importance of interfaces

The SOl is likely to play an important role in the future technological developments within
spintronics, but when considering layers of material that are only a few atoms thick, and
comprised of multiple layers of different materials, the interface can make up a significant
proportion of the total volume of the film and have dramatic effects. The interface de-
scribes the transition between adjacent layers in the multilayer and has a structure which
can influence the properties within the layers themselves. In electron band theory, over-
lapping bands with different chemical potentials must join at the interface, which modifies
the electronic and magnetic properties of the material in this region through hybridisation.
Some examples regarding the importance of the interface that relates to these effects are

3



1.1. Background 4

discussed below.

An early example of the effect that interfaces can have on the observed properties of
thin films is the rapidly rising resistivity due to the interfacial contribution to electrical
scattering when the film thickness is comparable or less than the electron mean free path.
This additional resistivity contribution is known as Fuchs-Sondheimer scattering [32, 33].
Furthermore, the physical structure of the interface can influence the contributions from
diffuse and specular interfacial scattering [34], which in turn can modify the magnitude of
the AMR effect [35,36]

The interface also contributes energetically, whereby there is an energy contribution as-
sociated with the surface anisotropy constant. This is the origin of perpendicular magnetic
anisotropy. As the ferromagnetic film thickness is reduced, the surface contribution can be
so strong that the energy cost due to the demagnetisation field associated with out-of-plane
magnetisation can be overcome [37]. This has found applications in the latest generation
of magnetic hard-disk drives, since perpendicularly magnetised domains have better scala-
bility, allowing much higher storage densities than their longitudinal counterparts.

The interface has a structure that defines the transition between adjacent layers of the
multilayer. It has been shown that the physical structure of the interface is crucial for the
spin-mixing conductivity and the efficiency of the spin-orbit torques [31]. Furthermore,
experiments where the interface has been systematically modified using focused ion beam
irradiation have shown it is possible to modify the magnetic damping [38] and also perpen-
dicular magnetic anisotropy [39].

Alongside the physical structure, the way in which the magnetism changes at an in-
terface can also be important, particularly when a ferromagnet is interfaced with a late-d
transition metal such as Pt or Pd. In these circumstances the ferromagnetism extends past
the physical interface and into the non-magnetic layer [40,41]. This spontaneous polarisa-
tion of paramagnetic metals is known as proximity induced magnetism (PIM) and occurs
due to the hybridisation of atomic orbitals at the interface. Since the spin-orbit interaction
scales with atomic weight, the PIM in Pt results in a magnetic region with a significant
SOI at the interface. Within this thesis, this particular interfacial effect is investigated in
detail, whereby the effects of the PIM in Pt are studied with regard to magnetic damping
and DML
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This thesis is a study of phenomena arising due to the SOI, with a focus on highlight-
ing where relevant the role of the interface. A greater understanding of the fundamental
physics associated with these effects could lead to further improvements and increased ef-
ficiency where these phenomena are already found in applications, for example the use of
the AMR effect in magneto-resistive field sensors. Alternatively, developments in the un-
derstanding of SOTs could pave the way for completely new forms of spin-torque MRAM

where switching of magnetic bits is achieved using spin-polarised current.

1.2 Aims and thesis outline

1.2.1 Aim of the thesis

The aim of this thesis is to explore phenomena resulting from the spin-orbit interaction
and to develop the understanding of the role of the interfaces in these systems. A detailed
understanding of the contribution of interfacial effects in these phenomena may lead to
the design of new materials in which the respective spin-orbit phenomena are enhanced.
Particular attention is given to the contribution of the interfacial proximity magnetism in-
duced in Pt, for which two chapters are devoted to the study and characterisation of this
in various Pt/Co/Pt multilayers, since this would give rise to a polarised interfacial region
with a significant spin-orbit interaction, and how this may influence the DMI and magnetic

damping.

1.2.2 Thesis outline

Chapter 2 describes the relevant theoretical concepts necessary for the discussion and anal-
ysis of the results in this thesis. The phenomena are described and the underlying role of
the spin-orbit interaction in each effect is explained.

Chapter 3 introduces the main investigative techniques used to study the interfacial
and spin-orbit phenomena in this thesis. This includes a discussion of the origin of the
effect being used for the measurement as well as the measurement technique itself and a
description of the experimental methodology.

Chapter 4 presents measurements of the AMR effect investigated in Ni, NigsVs and

5
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NigsCrs films of various thickness. In conjunction with this, SQUID-VSM is used to
characterise the samples magnetically and x-ray reflectivity and transmission electron mi-
croscopy are used to characterise them structurally. From the combination of these mea-
surements the contribution of the interfaces to AMR as the film thickness is reduced is
investigated.

In chapter 5, SOTs are investigated using a combination of polar and longitudinal
magneto-optical Kerr effects as well as the anomalous and planar Hall effects. Measure-
ments of the SOTs made in films with in-plane and out-of-plane magnetic anisotropies are
presented. Samples with and without structural inversion asymmetry are fabricated in order
to compare the role of the Rashba effect.

In chapter 6 the first series of measurements within this thesis of the PIM in Pt are pre-
sented. The induced moment on Pt is characterised using x-ray resonant magnetic reflectiv-
ity (XRMR) at the Pt L3-edge in Pt/Co/Pt multilayers with in-plane magnetic anisotropy.
Spacer layers of Au or Ir of increasing thickness are inserted at the top Co/Pt interfaces
and the dependence of the induced moment on spacer layer thickness and morphology is
investigated.

Chapter 7 presents further XRMR studies of the PIM in Pt within Pt/Co/Pt multilayers,
but as a function of the changing magnetic anisotropy of the Co from in-plane magnetic
anisotropy to perpendicular magnetic anisotropy with reducing Co thickness. Element
specific hysteresis loops measured at the Pt L;-edge and longitudinal magneto-optical Kerr
effect (MOKE) hysteresis loops are used to compare the magnetisation reversal of the prox-
imity polarised Pt with that of the Co as the magnetic anisotropy of the Co layer is changed.

In chapter 8, using the same samples from chapter 6, where the PIM was characterised
as a function of Au and Ir spacer layers, time-resolved MOKE measurements are pre-
sented from which the magnetic damping is extracted as function of spacer layer thickness.
The spacer layer thickness dependence of magnetic damping is compared with that of the
induced moment in Pt. Furthermore, Brillouin light scattering was used to extract the inter-
facial DMI constant for these same multilayers and likewise the results are compared with
the spacer layer dependence of the induced moment in Pt.

In chapter 9, the thesis concludes with a summary of the key findings as well as a

discussion of further work.



Theoretical aspects

This chapter discusses the theoretical concepts that are relevant to the phenomena referred
to throughout this thesis. It provides background information and also emphasises the
underlying link, which is frequently found at the root of the explanations and is the spin-
orbit interaction.

The chapter is broadly split into two halves, each with two sub-sections. The first
section addresses magnetic interactions, starting with a brief introduction to the origin of
ferromagnetism through a discussion of the exchange interaction arising between elec-
tron spins. Following this, the spin-orbit interaction is introduced and the antisymmet-
ric Dzyaloshinskii-Moriya interaction. The second part of this first section discusses the
proximity induced magnetisation effect, the study of which forms a significant part of this
thesis. The discussion introduces the Stoner criterion, which outlines a fundamental re-
quirement for ferromagnetism, and discusses how ferromagnetic interactions can arise in a
Stoner-enhanced paramagnet such as Pt or Pd at the interface with a ferromagnet.

The second half addresses electrical transport phenomena in the presence of the spin-
orbit interaction. This includes the anisotropic magnetoresistance effect, which is discussed
in detail, and in particular with regard to the model of Campbell, Fert and Jaoul. An expla-
nation of the effect in the context of the spin-orbit interaction is given. In the final section,
the role of spin-orbit torques is addressed, both the influence they have on magnetisation
dynamics in context of the Landau-Lifshitz-Gilbert equation but also the proposed micro-

scopic origins of the spin Hall and Rashba effects.

2.1 Magnetic moments and interactions

Spin is a fundamental property of the electron. However, in many materials the electron

spins are arranged in such a way that there is no net moment. In diamagnetic materials, the
7
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electron sub shells are fully occupied resulting in no net spin or orbital angular momentum.
In paramagnetic materials there exists unpaired electrons and a net moment per atom, but
no internal interaction between the electrons to cause spontaneous alignment of the mo-
ments. The application of an external magnetic field in a paramagnet will cause electrons
to align their spin along the field direction due to the Zeeman interaction. In ferromagnets,
this field exists inherently within the material and arises due to the exchange interaction

which causes the spins to spontaneously align parallel to each other.

2.1.1 The exchange interaction

Weak magnetic dipolar interactions can give rise to magnetic ordering, but at room tem-
perature these are easily overcome by thermal fluctuations [42]. In order to explain room
temperature ferromagnetism, there must exist another much stronger interaction. This in-
teraction is the exchange interaction and it is a quantum mechanical interaction between
electrons.

Consider the combined wavefunction of two electrons. They are indistinguishable,
hence the overall wavefunction must be either symmetric or anti-symmetric upon particle
exchange. However, since electrons are fermions, the Pauli exclusion principle requires
that the overall wavefunction is antisymmetric.

The total wavefunction will thus be the sum of the spatial and spin parts for the two
electrons. We can therefore write two anti-symmetric wavefunctions that satisfy this crite-
ria

1

5 WD)+ il xs @.1.1)

1
VYr = — [%("“1)%(7”‘2) - ‘/’i('r'z)l/’j('r'l)]/\/T (2.1.2)
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S

where Wy is the singlet wavefunction, containing a symmetric spatial component and anti-
symmetric spin singlet component ys. Wr is the triplet wavefunction, comprised of an
anti-symmetric spatial component and symmetric spin triplet component yr. For ferro-
magnetism, 7 must have the lower energy of the two wavefunctions.

The exchange integral J;j, is related to the energy difference (AE = Esingier — Eripiet)
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between the states Wy and V7 by,

~ AE
Jij = f‘/’;(”“1)1/17(7“2)7‘(%(7’2)1//]'(7“1) dridry = - (2.1.3)

where H is the complete Hamiltonian, which includes the total energy contributions from
both electrons. Hence, if J;; > O then the triplet spin state has the lower energy and parallel
spin alignment gives ferromagnetic order. Likewise if J;; < O then the spin singlet state
has lower energy and antiferromagnetic alignment of spins is favoured.

In the Heisenberg model, J;; arises in the exchange Hamiltonian, H.y, for an n-body

system of electrons and has the form;

n
Hox =2 TS+ 8, (2.1.4)
i>j
here, J;; parametrises the type (ferromagnetic or antiferromagnetic) and strength of the
exchange coupling. The operators S;,S ; are the spin momentum operators for each i, j
electron.

As shown in equation (2.1.3), J;; is a function of position 7 and depends on the overlap
of the wavefunctions. The Bethe-Slater, curve illustrated in Fig. 2.1, shows calculations
of J;; as a function of the ratio a/r;, where a is the interatomic separation and r; is the
radius of the partially filled d-orbital. The ratio a/r, roughly parametrises the amount of
orbital overlap between atoms for the 3d-transition metals. The exchange integral correctly
predicts the antiferromagnetic coupling of Cr and Mn and rises to a maximum for the ferro-
magnetic 3d elements Fe, Co and Ni. The Bethe-Slater curve demonstrates that the sign of
the exchange interaction is dependent on the interatomic and interelectronic spacing [43].

We can understand the exchange interaction in terms of the competition between Coulomb
repulsion and kinetic energy. If we consider two electrons occupying the same atom, the
triplet state is generally the lower energy state since this requires an antisymmetric spa-
tial component which minimises the Coulomb repulsion. This is the origin of Hund’s first
rule [42]. In the 4f ferromagnets Gd and Dy, the localised orbitals retain their atomic
character hence the triplet state is favoured by the same argument. However, there is very
little overlap of these orbitals, hence the magnitude of J;; is small. Consequently these

ferromagnets have low Curie temperatures.
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Figure 2.1: Bethe-Slater curve demonstrating how the sign and magnitude of the exchange integral,
Jij, depends on the overlap of the atomic d-orbitals. Cr and Mn are antiferromagnets since J;; < 0
whilst Fe, Co and Ni are ferromagnets since J;; > 0.

In transition metals, the onset of ferromagnetism is dictated by the competition between
the energy cost of the Coulomb repulsion when occupying overlapping spatially symmetric
orbitals and the higher kinetic energy associated with occupying spatially anti-symmetric
orbitals. For the 3d ferromagnets Ni, Fe and Co, there exists a large density of d-states near
to the Fermi energy, hence the Coulomb repulsion cost is greater than the kinetic energy
gain and for these materials the spin triplet state is favoured.

In the next section the self interaction between electron spin and orbital angular mo-

menta is addressed, namely the spin-orbit interaction.

2.1.2 Spin-orbit interaction

A significant amount of phenomena within the field of magnetism occurs as a direct result
of the coupling between the electron spin and orbital angular momenta. The spin-orbit
interaction (SOI) gives rise to magnetocrystalline anisotropy and provides a mechanism
for energy dissipation to the lattice, as is observed in magnetic damping. It also results
in spin-dependent scattering which leads to the spin Hall effect, and in ferromagnets the
anomalous Hall effect and anisotropic magnetoresistance. Further to this it can give rise to
relativistic magnetic fields in the frame of reference of the electron and consequently the
Dresselhaus and Rashba fields in systems lacking inversion symmetry.

Semiclassically, the origin of the SOI can be understood by considering an electron
orbiting a nucleus. As shown in Fig. 2.2, in the frame of reference of the electron, the

electron is stationary and the nucleus orbits it forming a closed current loop. This orbit-

10
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Figure 2.2: In the frame of reference of the nucleus, the electron orbits with velocity v. However,
in the frame of reference of the electron, it observes a positive nuclei with charge +Ze and velocity
—v which forms a closed current loop around it. Consequently the electron experiences a magnetic
field due to its orbital angular momentum.

ing positive charge then produces a magnetic field which interacts with the electron spin.
Consequently, the orbital motion of the electron is coupled to its spin. For a single electron

orbiting a positively charge nucleus, the SOI Hamiltonian is given by;
Hsor = ——=L-S (2.1.5)

where m, is the electron’s mass, Z is the atomic number of the nuclei and r is the radius of
the electron orbital. The expectation value (r~*) oc Z3, hence the SOI scales with Z* [42],
which explains why the SOI is strong in heavy elements such as Pt, Ta and Ir. However, it
is important to note that orbital hybridisation also plays a significant role when considering
complete crystals rather than single atoms.

When calculating the response of a system to the SOI, it is generally introduced as a
perturbation of the form;

Hsor = AL - S (2.1.6)

where A is a constant that is proportional to the strength of the SOI. Here, the SOI is con-
sidered a small effect that can be applied after the strong contributions from the crystal
field have been calculated. This is known as the L-S coupling regime, by which the to-
tal angular moment J is computed and the SOI is applied as a small perturbation later.
This is valid for the lighter elements, including the transition metals and is the method by

which the anisotropic magnetoresistance is evaluated. Since the SOI scales as Z*, for the

11
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heavy elements the spin orbit coupling is dominant, and must be applied to each electron
individually when calculating J. This is referred to as the J-J coupling regime.

The SOI has consequences for the exchange interaction and can lead to an anisotropic
exchange interaction referred to as the Dzyaloshinksii-Moriya interaction (DMI), which is

discussed in the next section.

2.1.3 Dzyaloshinskii-Moriya interaction

The exchange interaction acts directly between spins and is extremely short ranged. How-
ever, there exists a variety of indirect exchange mechanisms in materials that can lead to
magnetic polarisation over larger lengthscales. An example of this, which is also relevant
to the explanation of the DMI, is superexchange. This exists in a number of ionic solids,
by which the short ranged exchange interaction between two non-neighbouring magnetic
ions is mediated by a non-magnetic ion that resides between them. This generally results
in antiferromagnet coupling, since in most systems this allows the electrons to explore a
greater number of excited states which would be disallowed by the exclusion principle with
a ferromagnetic interaction and therefore lowers the total kinetic energy.

In the same manner as superexchange, the SOI can play the role of the non-magnetic
ion, mediating an indirect exchange between two ferromagnetic atoms through the ground
states and excited states of the non-magnetic heavy metal. This type of exchange interac-
tion is called the Dzyaloshinskii-Moriya interaction. The generalised form for the interac-
tion is;

Hom = Dij- S;x S, (2.1.7)

where D);; is the Dzyaloshinkii-Moriya vector, which is non-zero only in the presence
of inversion asymmetry and acts orthogonal to the plane of the spins S; and S;. This is
illustrated in Fig. 2.3 a) where the configuration of the two spins results in a DMI vector that
points into the page. This antisymmetric interaction was first predicted by Dzyaloshinkii
through symmetry arguments [11], later a microscopic model which expresses D;; in terms
of hopping integrals and kinetic energy with analogy to superexchange was developed by
Moriya [10].

This type of exchange favours spin orientated orthogonal to each other in such a way

12
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Figure 2.3: a) The DMI energy is minimised for orthogonal alignment of spins S; and S; exchange
coupled via the strong SOI of a heavy metal ion. b) The DMI vector D);; dictates the sign of the
effective magnetic field Hpyp and consequently the chirality of the Néel wall.

that the DMI vector D);; is negative. In this way the DMI gives rise to weak ferromagnetism
in antiferromagnetic materials by causing a slight canting of spins away from the anti-

parallel configuration.

Dzyaloshinskii-Moriya interaction in ferromagnetic thin films

The inversion asymmetry at an interface can modify the crystal field such that with an
appreciable SOI the DMI can have significant effects. This is manifested in perpendicularly
magnetised Pt/Co multilayers [13,44], where the interfacial DMI constitutes an effective in-
plane magnetic field which stabilises the Néel domain wall configuration which otherwise
would be energetically unfavourable [45]. As shown in Fig. 2.3 b), this in-plane field
exists only inside the domain wall and acts along the length of the wall. This also induces

a specific chirality to the Néel wall which is dependent on the sign of D;; [13,45].

2.2 Proximity induced magnetism in paramagnetic metals

In the previous section, magnetic interactions within ferromagnetic materials were dis-
cussed. In this section magnetic interactions are considered that can be induced in a ma-
terial which is usually paramagnetic but can become magnetised under certain conditions.
There are a variety of ways that this can occur, for example, alloying the paramagnet with a
ferromagnet [46,47] or forming the paramagnet from nanoparticles [48], but they all origi-

nate from local modifications to the density of states and the subsequent satisfaction of the

13
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Stoner criterion.

In this discussion we focus on proximity induced magnetism (PIM), and in particular
that which occurs in the paramagnetic metals Pt and Pd. Here, the paramagnet can obtain a
spontaneous magnetic polarisation at the interface with a ferromagnet that generally exists
over a length of the order of 1 nm into the paramagnet.

Microscopically, PIM can be explained using a Hubbard model where the interaction
energy between atomic sites is given some degree of spatial dependence [49,50]. From ab
initio calculations it was demonstrated that the induced moment can be attributed to orbital
hybridisation between the ferromagnet and the paramagnet [51]. An enhanced density of
states would then lead to Stoner enhanced paramagnetism in the non-magnetic layer.

In Stoner enhanced paramagnetism, a paramagnet with a large density of states at the
Fermi energy, such as Pt or Pd, shows a significantly enhanced magnetic susceptibility.
This is due to these materials being very close to satisfying the Stoner criterion. This is an
inequality derived by E. C. Stoner [52] that relates the density of states and the exchange
interaction with itinerant ferromagnetism. At the interface with a ferromagnet, the orbital
hybridisation can result in an enhancement of the density of states such that the paramagnet

can satisfy the Stoner criterion and develop ferromagnetism.

2.2.1 The Stoner criterion

The Stoner criterion for itinerant ferromagnetism requires that;

1.g(Ep) > 1 (2.2.8)

where, I is the exchange integral, which is proportional to the strength of the exchange
interaction and g(EF) is the density of states at the Fermi energy.

The criterion can be understood by considering the existence of an internal effective
magnetic field inside the Pauli paramagnetic metal.

When a magnetic field is applied to a metal, Pauli paramagnetism arises because the
Zeeman energy lifts the degeneracy of the spin T and spin | bands, shifting them by
+uguoH. This is shown schematically in Fig. 2.4. Occupied spin | states get pushed

above Eg and vacant spin T states get pushed below Eg. There is therefore a transfer of

14
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Figure 2.4: Schematic density of states of a metal. Application of a magnetic field causes a small
shift in energy of spin T and spin |. There then follows a transfer of electrons from spin | states
into the lower energy vacant spin T states.

spin T to spin | states, thereby inducing a small polarisation.
The number of electrons that have moved from spin T states to spin | states is given by
ny = g(Er)usuoH, where g(EF) is the density of states at the Fermi energy. This gives a

magnetisation of;

M = pg(ny — ny) = 2uz8(Ee)uoH (2.2.9)

and the Pauli susceptibility as;

M
m=ﬁ=wm&m. (2.2.10)

In the Stoner model, the exchange interaction is inserted as an internal molecular field,

H, = AM, where A is the exchange constant. The magnetisation is therefore given by
M = xp(H + Hyo) = xp(H + AM). (2.2.11)

Rearranging this for the susceptibility gives,

M Xxp

2o _Xxr (2.2.12)
H (1-2p)

X =
This is plotted in Fig. 2.5, where it can be seen that metals such as Pt and Pd with a large

15
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Figure 2.5: Magnetic susceptibility, y, plotted as a function of Ayp, demonstrating the dramatic
enhancement of y in materials such as Pt and Pd, where a large g(Eg) results in a large Pauli
susceptibility, yp.

Pauli susceptibility exhibit a significant enhancement to their magnetic susceptibility. From
equation (2.2.10), it can be seen that y» depends only on the density of states at Eg, hence
material with large g(Er) can be referred to as Stoner enhanced paramagnets. The equation
diverges where Ayp = 1, above which spontaneous magnetism occurs. Materials such as
Pd and Pt are therefore close to the onset of itinerant ferromagnetism.

Now, with Ayp > 1 as the requirement for itinerant ferromagnetism, where yp o g(EFf)
and A « [, this expression leads to the Stoner criterion.

An enhancement of g(Eg) in Pd or Pt can induce a transition into a ferromagnetic phase.
This can be achieved through doping with small amounts of ferromagnetic impurities [46,
47], reducing the dimensionality by forming nanoparticles [48] or by the proximity to a

ferromagnet in the interfacial region [40].

2.2.2 Proximity induced magnetism in the 5d elements

In an x-ray magnetic circular dichroism study by Wienke et al. [53], it was found that all
the 5d series of elements take on some form of polarisation when introduced as an impurity
within Fe. It can be seen from Fig. 2.6 that the coupling between the impurity and the local
moment changes from antiferromagnetic to ferromagnetic between Os and Ir. The reason
for this is related to whether spin T or spin | electrons form the majority species from
the spin-polarised density of states for the impurity [54]. It can also be seen that there is

significant polarisation of Pt, as expected from the Stoner enhanced paramagnetism.
16



2.3. Anisotropic magnetoresistance 17

T T T T T T T T T T
--©-- Experiment ®
05F  --a- Theory N .
.
2 7oA
.
~ ',',A' \“\
+— ' S,
% 'II, \\A\ .
E ':' ) @ T A
o] '
E 00 - ;'7 ---------------------
. o
% A\\ Q. S
E \A\‘\sss t" ,lA
N -
8 NS, J
= ‘A ----A
-05 F -
1 1 1 1 1 1 1 1 1 1

Lu Hf Ta W Re Os Ir Pt Au Hg
5d impurity in Fe

Figure 2.6: Magnitude of proximity induced moment and sign relative to the host Fe ferromagnet
for 5d transition metal impurities. The measured moments from experiment are sourced from [53]
and the theoretical values from [54].

These heavy metal elements, in particular Pt, are used regularly within the field of spin-
tronics due to their significant SOI, which as discussed, gives rise to interesting phenomena
such as the DMI. Connections are now beginning to be drawn between the interfacial PIM
and these phenomena. In particular work by S. S. P. Parkin [55] has suggested a strong
correlation between the DMI and PIM from observations of current-induced domain wall
motion within perpendicularly magnetised Pt/Co/Ni/Co structures. However, ab initio cal-
culations are in disagreement with this result, finding no link between PIM and DMI [56].
These results are discussed in detail and in the context of the studies of the PIM in Pt
presented here in chapters 6 and 8.

In the next section the discussion moves towards magnetotransport phenomena in the
presence of the SOI, focussing first on the anisotropic magnetoresistance effect followed

by the current-induced spin-orbit torques.

2.3 Anisotropic magnetoresistance

Fundamentally, the anisotropic magnetoresistance (AMR) effect is a difference in resis-

tivity that depends on the axis of the magnetisation relative to the current flow. Unlike
17
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ordinary magnetoresistance due to the Lorentz force, AMR depends on the magnetisation
orientation and not the magnetic field. Consequently it only occurs in materials with a
spontaneous magnetisation. Early evidence for the role of SOI within AMR stemmed from
studies of the compositional dependence of AMR using Ni;_,Fe, alloys, finding maximum
AMR for compositions with zero magnetocrystalline anisotropy and zero magnetostric-
tion [57] as well as a minimum in the anomalous Hall effect [16], and indeed an explanation
of AMR can be found by applying the spin-orbit perturbation from equation (2.1.6).
However, in order to describe the AMR effect, first it is necessary to discuss the Mott
two-current model which describes the electrical resistivity of itinerant ferromagnets. The
Mott two-current model forms the foundation of the explanation of AMR proposed by
Smit [17] as well as that of the additions to the theory made by Campbell, Fert and
Jaoul [58]. Both of these developments in the understanding of AMR are discussed in

here.

2.3.1 Mott two-current model

Mott developed the two-current model in order to explain the decrease in resistivity that
a ferromagnet undergoes when cooled below its Curie temperature [59]. He was able to
show that the flow of current in a ferromagnet can be described by the conduction via two
separate channels, one populated by spin T electrons and the other by spin | electrons.

Firstly, it is assumed that magnon scattering events can be ignored for a ferromagnet at
T<<T, and therefore the dominant scattering mechanisms are spin conserving. This means
that spin T and spin | electrons conduct in parallel channels with negligible cross scattering
between the spin states.

Next, by considering the structure of the density of states for a transition metal ferro-
magnet, as shown in Fig. 2.7 a), it can be seen that itinerant ferromagnets have a significant
number of available 3d states close to the Fermi energy. The exchange interaction causes
significant spin splitting of the 3d bands resulting in one spin species having a larger den-
sity of states at the Fermi energy, defined as spin |. However, for the spin T 3d states, the
exchange interaction acts to place these states below the Fermi energy, and consequently
they are fully occupied.

Due to the large curvature of the d bands, electrons in these states have a large effective

18
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Figure 2.7: a) Schematic density of states for a ferromagnet. b) Schematic parallel resistor model.
The size of the resistors reflects the resistivity of the particular scattering pathway.

mass, and the greatest contribution to the resistivity arises from s—d scattering events.
Therefore, almost all the current is carried by 4s electrons. Consequently, since there
is an abundance of available resistive 3d states for spin | electrons to scatter into, p; is
significantly larger than p;. This is portrayed schematically in Fig. 2.7 b) by the relative
difference in the size of the resistors.

From the parallel conduction, the total resistivity p at T<<T, can be written as;

_ PP

= X (2.3.13)
pr+py

Magnon spin-flip scattering in the Mott two-current model

The temperature dependence of the magnon density of states means that for most ferro-
magnets, spin-flip scattering cannot be disregarded entirely at room temperature. This is
observed as a deviation from Matthiesson’s rule with rising temperature [60]. Using a
Boltzmann analysis, Fert was able to describe the temperature dependence of resistivity in
itinerant ferromagnets within the Mott two-current model [60,61].

By including contributions from electron-magnon scattering, the following expression

was obtained;
PPy + Prlor +py)

p(T) =
pr+pL+ 404

(2.3.14)

where the inclusion of a spin-mixing resistivity term p|; parametrises the spin-flip electron-
magnon scattering. Each resistivity term includes contributions from impurity scattering

and the temperature dependence with the form, p, = p® + p’ (T) where o =T or |. The
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residual resistivity p? is associated with the density of states and in particular how the
inclusion of impurities modifies this. This is of particular importance for the Campbell,
Fert and Jaoul model, which describes AMR in lightly-doped ferromagnetic films and is
discussed later. The intrinsic temperature dependent terms p’ (T) depend on the host ferro-
magnet only and are independent of impurities. This particular work was very successful
in explaining the temperature dependent resistivity of ferromagnetic films and it was this
experimental validation of two-current conduction in ferromagnets that paved the way for
the discovery of giant magnetoresistance [1,2].

Within the Mott two-current model the magnetisation is included implicitly through the
exchange split d-bands. However, in this model the conductivity remains isotropic with
respect to the magnetisation direction. AMR can be included within this model though by

the addition of the SOI, and this is discussed in the next section.

2.3.2 Anisotropic magnetoresistance explained with the spin-orbit in-

teraction

In general, the resistivity anisotropy of the AMR effect is such that the resistance is a
maximum when the magnetisation is oriented parallel to the current flow p; and a mini-
mum when the magnetisation is transverse to the current flow p,, such that the angular
dependence of AMR follows a ~cos” 6 relationship. The absolute resistivity change due

to AMR, Ap, and the AMR ratio, Ap/p, are defined as;

Ap =py—p. (2.3.15)
% = PI—PL (2.3.16)
P PL

There are two mechanisms by which a resistivity anisotropy can be obtained, either by an
anisotropic scattering potential with isotropic wavefunctions or alternatively an isotropic
scattering potential with anisotropic wavefunctions.

Here, the model outlined by Smit [17] is discussed, this considers the latter method to
be the explanation. The SOI contributes to mixing of the spin states which gives the re-
quired asymmetry in the wavefunction. The mixing of the states allows spin-flip scattering

which in turn allows holes to be created in the spin T d-band, which, as outlined in the Mott
20
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two-current model, was fully occupied prior to the SOI. Consequently, the available holes
in the spin T d-band results in an enhancement of p%‘d in Fig. 2.7 b) and it is this term that
leads to the AMR effect.

Smit included the SOI perturbation introduced in equation (2.1.6) and computed the
resulting perturbed wavefunctions, whilst taking the magnetisation to be along the z-axis. It
was found that the spin mixing was weaker for atomic d-orbitals with orientation functions
within the xy-plane, which is perpendicular to the magnetisation, and hence inaccessible to
an electron travelling along the magnetisation direction.

Essentially, the SOI creates d-states in the fully occupied spin T d-band and removes
d-states from the spin | d-band. However, the distribution of the new d-states in the spin T
d-band is asymmetric with respect to the magnetisation direction. This results in a transfer

of a small resistivity component from p%“’ to pi‘d that can be written as [58];

- 3 5

prh ~ S€p (2.3.17)
- 3 5 e

priL) = Zep) (2.3.18)
- 35\ -

P ~ (1 - 5ez),ol ¢ (23.19)
s—d ~[1 3 2| xs—d 2320

Py (L =~|[1- Ze Py (2.3.20)

where € = A/H.x parametrises the relative strengths of the SOI to the exchange interaction

xS—d
l

by including the SOI, p%‘d undergoes an enhancement, that depends on the magnetisation

and p7*™“ is the spin | s—d scattering resistivity prior to the inclusion of the SOI. Hence

orientation and differs by approximately a factor of two between || and L magnetisation

directions.

2.3.3 The Campbell, Fert and Jaoul model

There is little in the theoretical framework of AMR developed by Smit [17] that makes
quantitative predictions. However, in 1970 Campbell, Fert and Jaoul (CFJ) expanded on
this to create the CFJ model [58], a macroscopic theory capable of making predictions of
the magnitude of AMR in Nickel films that are doped lightly (<10%) with transition metal

impurities. This model is essential to the work in chapter 4 where it was extended to also
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explain the thickness dependence of Ap [62].
The model uses both the Mott two-current model and Smit’s model as its basis. First,

the following assumptions are made;

1. All of p; is due to s—d scattering. This is because the large density of d-states at the
Fermi energy for spin | electrons means this resistivity contribution is much larger

than s— s scattering

2. The contributions due to magnon scattering are unaffected by the SOI. Hence the

spin-mixing resistivity is the same regardless of the magnetisation orientation.

With these assumptions, the resistivity components from equations (2.3.17-20) can be writ-

ten in terms of the parallel and perpendicular resistivities,

p¥ =py + o} (2.3.21)
Pl =p —vp} (2.3.22)
Py =P (2.3.23)

Here, v = %62 and is a constant, where € = A/ H,, as before. The terms p'rlr =p + pfr‘d(ll)
and py = p)~* +p5 (L)

These resistivities can then be substituted into equation (2.3.14), to calculate the total
longitudinal and transverse resistivities p! and p* within the Mott two-current model. From

this, Ap and Ap/p are found to be;

Ap = Yoy — PPy (2.3.24)
pr Pyt 41

p e +puor+p)

At low temperature, assuming p|; << p,- and y*> ~ 0 equation (2.3.25) simplifies to,

% —(@—1ly (2.3.26)

0

. P . o e el
The parameter « is defined as, @ = p—é where p(j and p? are the residual resistivities for
T

the spin | and spin T channels as defined in section 2.3.1. This contribution is related to
22



2.4. Spin-orbit torques 23

the number of available d-states at the Fermi energy, which is modified by doping with
impurities.

In general, p] > p? and @ > 1, hence Ap/p >0 and p! > p*. From equation (2.3.26)
it can be seen that the AMR scales with @. Hence, the AMR is largest when there is the
greatest difference in resistivities for spin T and spin | channels. It also predicts negative
AMR in systems where the conduction is mediated by the minority spin species, such is
the case for half metals [63].

The parameter a can be measured by zero-field temperature dependent resistivity mea-
surements [60]. Table 2.1 shows the measured values for different transition metal dopants
in Ni. Cr exhibits the lowest value due to a dT bound state close to the Fermi energy [64],
which increases the number of d-states for the spin T band and therefore enhances p;.

It was mentioned in the AMR discussion that the resistivity anisotropy can arise due to
an anisotropic distribution of states or alternatively an anisotropic scattering potential. For
the AMR effect, it was considered that the SOI brought about an anisotropic distribution of
states. However, the SOI can give rise to anisotropic scattering mechanisms, which in turn

can lead to spin-orbit torques. In the final section these concepts are discussed.

2.4 Spin-orbit torques

A generalised definition for spin-orbit torques (SOTs) are mechanisms by which the mag-
netisation can be influenced by the application of a current, where the origin of the mech-
anism is in the SOI. Generally, heavy metals such as Pt and Ta are used to provide the
strong SOI and the SOTs arise at the interface with the ferromagnet under the application
of a current. The spin Hall [19,65] and Rashba effects [20] are generally considered to be
the microscopic mechanisms behind the SOTs, but the exact contributions of each mecha-
nism is a highly debated topic [66] and depends on a variety of factors including the choice

of heavy metal [14,67] and ferromagnetic layer thickness [68, 69].

Dopant ‘ i V Cr Mn Fe Co
a=p)/pY |24 065 045 15 20 30

Table 2.1: Measured values of « for different transition metal dopants in Ni. Reproduced from [60].
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Before discussing the microscopic origins of the SOTs, it is useful to first consider
a phenomenological explanation in the context of the magnetisation dynamics. The time
evolution of magnetisation can be described by the Landau-Lifshitz-Gilbert equation [9,70]
which explains how the magnetisation is influenced by a number of physical processes
that includes the exchange interaction, magnetic anisotropy, magnetostatic contributions
as well as magnetic damping. As will be discussed later, the equation can be extended to

also include components which arise from SOTs.

2.4.1 Landau-Lifshitz-Gilbert equation

The Landau-Lifshitz-Gilbert (LLG) equation is given by;

dM dM
— = —voM x H5 + aM x — (2.4.27)

where vy, is the gyromagnetic ratio, H.¢ is the effective field containing contributions from
external, anisotropy and demagnetising fields and « is the magnetic damping parameter.
The M x H.4 term describes the precession of the magnetisation about the total ef-
fective field axis. The M x % term was introduced by Gilbert [9] and describes the
relaxation of the magnetisation along the field axis due to magnetic damping. Fig. 2.8
shows a schematic of these contributions. The magnetic damping will be discussed first

before addressing the contribution of SOTs on the magnetisation dynamics.

2.4.2 Magnetic damping

Magnetic damping describes the energy dissipation from the magnetisation to the thermal
bath [71]. It has great importance with regard to spintronics, in particular magnetisation
switching speeds [72] and domain wall velocity [73]. With regard to SOTs, systems with
a large damping parameter, a, will oppose changes in magnetisation induced by torques,
reducing the effective spin-orbit torque efficiency and increasing the current required for
magnetisation reversal [69, 74]. However, despite its importance, the microscopic mecha-
nisms of magnetic damping are not clearly understood [15,75-77].

It common to divide the total damping into intrinsic and extrinsic components. The
intrinsic damping originates from the SOI, by which the spin is coupled to the lattice,
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H. ﬁ damping

dM
dt

precession
M ><H eff

Figure 2.8: Schematic demonstrating the separate components of the LLG equation. An external
field H.g causes the magnetisation to process. Energy is dissipated through magnetic damping and
the magnetisation will relax along the field direction.

and is a consequence of the non-spin-conserving nature of the interaction [15,76]. At the
interface between ferromagnets and a normal metal, further intrinsic contributions arise
due to interfacial d-d hybridisation [76, 78] and spin-pumping across the interface [75].

The extrinsic contribution arises from spin-wave scattering at impurities and defects.
Again, this can be enhanced at the interface with a normal metal, where topological rough-
ness can provide scattering centres [78]. The microscopic origin of this is thought to be
two-magnon scattering [76, 77]. There exist spin-wave modes which are degenerate in
energy with the uniform magnetisation precession mode. These degenerate modes have
a component of wave-vector parallel to the sample surface. It is thought that scattering
with impurities and defects, where the translation symmetry of the surface is broken, pro-
vides a mechanism by which these degenerate modes can be accessed and allow for energy
dissipation from the precessional mode through pairs of magnons.

The intrinsic and extrinsic components can be separated, since the contribution from
two-magnon scattering yields a shift in the precession frequency. Consequently extrinsic
damping shows a dependence on the H.; whereas intrinsic damping is independent of

these factors [78,79].
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2.4.3 Spin-orbit torques

Spin-orbit torques enter the LLG equation as effective fields of the form;
Jo =aoc X M + bo (2.4.28)

which relates to the exchange coupling J and the spin accumulation o [80]. The form of Jo
derives from the fact that only components of spin-current transverse to the magnetisation
contribute to magnetisation dynamics [80]. The terms a and b are material parameters,
which scale with physical values such as spin-mixing conductivity and ferromagnetic layer
thickness and relate the torque to its physical origins.

This term is included in the LLG equation as an additional effective field due to the
spin-orbit torque;

dM

M
7 —yoM X (Heg + Jo) + a M X % (2.4.29)

Following the substitution into the LL.G equation, it can be seen that two torques develop.
A field-like torque with the form I'r;, = bM X o and a damping-like torque with the form
I'pp=aM xo x M.

The behaviour of the torques is summarised in Fig. 2.9. The field-like torque is in-
dependent of magnetisation orientation and resembles an internal field Hy = bo. The
damping-like torques is similar in action to the torque due to magnetic damping, since
it rotates with the magnetisation direction. The effective field therefore takes the form
Hp, = o X M. These torques can work in conjunction or against magnetic damping
dependent on the direction of the current and external magnetic fields leading to the possi-
bility of electrical manipulation of the effective damping parameter, o [81].

The origin of these torques is greatly debated between two phenomena: the spin Hall
and Rashba effects. The consensus would now suggest that both can exist alongside each
other, but the magnitude of the effects are highly dependent on the system investigated [66].
In particular the Rashba effect requires structural inversion asymmetry [82, 83]. In the fol-
lowing section, both the spin Hall and Rashba effects are introduced phenomenologically

and discussed in terms of their microscopic origins.
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Figure 2.9: Schematic summarising the SOTs and the associated effective fields which can arise as
a consequence of the transverse spin polarisation o.

2.4.4 Spin Hall effect

The SOI can give rise to spin-dependent scattering mechanisms, whereby spin T and spin |
electrons obtain opposite transverse velocity components after scattering. This results in a
spin accumulation transverse to the current flow and is shown schematically in Fig. 2.10 a).
Analogous to the ordinary Hall effect, where opposite charges accumulate on opposite
sides of the metal, this effect results in accumulation of opposite spin on either side and
consequently it was termed the spin Hall effect (SHE) [19].

The mechanisms by which the spin accumulation occurs is the same as that which
gives rise to the anomalous Hall effect (AHE) in ferromagnets. They can be split into
two varieties: extrinsic contributions which originate from spin-dependent scattering from
impurities and intrinsic contributions which are inherent to the band structure of the pure
crystal.

There exist two varieties of extrinsic contributions: skew scattering and side-jump scat-
tering, both of which originate from spin-dependent scattering from un-polarised impuri-
ties with strong spin-orbit coupling. These are shown schematically in Fig. 2.10 b)-c).

Skew scattering was first proposed by Smit [18] and can be understood through a semi-
classical Boltzmann transport treatment. It arises from the inclusion of spin-orbit coupling

within the disorder scattering potential which results in different scattering cross-sections
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0) Skew scattering Side-jump scattering

O'®

Figure 2.10: a) On the application of a current, spin-dependent scattering mechanisms due to the
strong SOI within a heavy metal spatially separate the electrons by their spin. This gives rise to spin
accumulation at the interfaces. b) Schematic of the skew scattering mechanism. In the frame of
reference of the electron, the effective magnetic field due the SOI from an approaching heavy metal
ion scatters spin T electrons in the same direction regardless of which side of the ion they approach.
¢) Schematics demonstrating the differences between the skew and side-jump mechanisms with a
view of the electric potential gradient of the heavy metal.

for spin T and spin | electrons. The electrons are therefore skew scattered dependent on
the projection of their spin on the z-component of angular momentum. A pictorial expla-
nation is shown in Fig. 2.10 b), which considering the frame of reference of the electron,
then the approaching impurity induces an effective magnetic field due to the SOI. For a
spin T electron passing to the left of the impurity, it experiences the effective magnetic field
anti-parallel to its spin and consequently is repelled from the impurity where the field is
strongest. A spin T electron passing to the right of the impurity experience a magnetic field
parallel to its spin and is therefore attracted towards the impurity. Consequently, the spin T
electron is deflected left regardless of which side of the impurity it approaches. Likewise,
spin | electrons would be scattered to the right.

The side jump mechanism also originates from impurity scattering in the presence of
the SOI and was derived by Berger [84]. However, the effect arises due to the difference
between the response of a spin T and spin | electron to the gradient of the electric field

on approach of the impurity. There is no classical analogy to this effect, and it arises as a
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consequence of the Gaussian probability distribution for the position of the electron. The
spin-orbit perturbation due to the impurity distorts the probability distribution such that
there is a high probability of a spin T electron being spontaneously displaced to the left.
Likewise, for a spin | electron the reverse is true. The side-jump mechanism is shown
schematically in Fig. 2.10 c).

The intrinsic contribution was first derived by Luttinger and Karplus [85] where they
found an anomalous transverse current component developed when they perturbed a system
of spin-orbit coupled Bloch states in the presence of an electric field. The origin of the
transverse velocity is intrinsic to the band structure and does not require scattering, arising
directly from the non-equilibrium spin-dynamics.

These mechanism were developed as part of the theoretical developments in the under-
standing of the AHE, but it was quickly realised that the same scattering mechanisms could
be applied to a non-magnetic material with a strong SOI, which led to the prediction of the
SHE by Dyakonov and Perel [65] over 40 years ago.

However, it was 30 years later when Hirsch [19] made similar predictions and pro-
posed devices by which the SHE could be measured that attempts to experimentally verify
the existence of the SHE began. Note, that these studies exclusively considered the ex-
trinsic contributions. The prediction of the intrinsic SHE was made by Murakami et al. in
2003 [86] and importantly focused on semiconductors, by which the optical activity of
these materials could be exploited for the first detection of the SHE [87, 88]. Furthermore,
the reciprocal effect, the inverse spin-Hall effect by which a spin-current is converted into

a charge current was detected shortly after by Valenzuela et al. [89].

Spin-Hall angles in 5d elements

The spin-Hall angle, 6sy = ji/ j. is defined as the ratio of spin current j to injected charge
current j. and therefore parametrises the efficiency of the current conversion. Typical val-
ues for Pt range between Osy = 0.02 and 0.13 [81,90-94], where the variation between
results is largely attributed to the difference in spin-mixing conductivities at the choice of
ferromagnet/Pt interface [31]. Ta has a negative spin-Hall angle with typical values in the
range of sy = —0.02 and —0.15 [24, 90,91, 95]. To date, the largest reported spin-Hall
angle is for the 5-W phase with sy ~ —0.3 [96]. The 6sy scales with the SOI as Z*, but a
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theoretical study by Tanaka er al. [97] found that there is also a strong dependence on d-
electron valency as shown in Fig. 2.11. Interestingly, the form of the data and the change in
sign resembles the dependence of proximity induced magnetism shown in Fig. 2.6. How-
ever, an investigation into the role of PIM, by measuring the temperature dependence of the
spin-Hall effect, suggested that PIM was detrimental to the sy [98]. The Z* and d-orbital
valency dependence of fsy was confirmed experimentally by Wang et al. [90] and is shown

alongside the theoretical predictions by Tanaka et al. in Fig. 2.11.
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Figure 2.11: a) Dependence of |#syg| on atomic weight Z, adapted from Ref. [90]. The linear de-
pendence on Z* is representative of scaling with the SOI. b) Dependence of fsy on electron valency
for the 5d transition metals. Theoretical predictions of the spin-Hall conductivity are adapted from
Ref. [97] and experimentally extracted values of 6sy from Ref. [90].
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We now introduce the second microscopic origin of the spin-orbit torques, the Rashba

effect.

2.4.5 Rashba effect

The Rashba effect occurs when the SOI is present alongside structural inversion asymmetry
(SIA). Fundamentally the SIA gives rise to a large crystal field, which acts normal to the
surface, which in the frame of reference of the electron and through the SOI transforms
into a magnetic field transverse to the current flow.

We can investigate the role of SIA by considering the effects of time and spatial in-
version symmetries which are summarised in Table 2.2, where it can be seen that spin
degeneracy is direct consequence of the combination of time and spatial inversion symme-
try. In a ferromagnet, time inversion symmetry is broken and hence the only requirement
on the band structure is that E4(k) = E;(—k) which allows spin T and spin | electrons
to have different energy for the same k. When spatial inversion symmetry is broken, the
symmetry requirement is such that E4(k) = E|(—k), hence the spin T and spin | bands
can move laterally in k-space by equal amounts in the opposite direction. This is shown
schematically for a 2D-electron gas in Figs. 2.12 a)-c).

The Rashba Hamiltonian [8];

Foy=akx 2) o (2.4.30)

describes how spin-degeneracy is lifted in k-space. Here, « is a material dependent constant
that scales with the SOI and o is the spin direction. For a 2D free electron gas, the energy

eigenvalues are

E. ;= + alk| (2.4.31)

where m is the electron effective mass. This corresponds to the dispersion relation shown

schematically in Fig. 2.12 b). Revolving this dispersion relation about |k| = O results in

Space inversion | Ey(k) = E4(=k)
Time inversion | Ey(k) = E|(=k)

b= B0 = By

Table 2.2: Summary of symmetry operations and their combined effect.
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E (k) = E (k) Ey(k) = E|(=k)
E

Electric field

Figure 2.12: Schematics of a 2D electron gas without Rashba spin-orbit coupling (eg = 0) and
b) with Rashba spin-orbit coupling (ag > 0). The blue and red dashed lines show the Fermi
contours for the spin-split bands. c) Experimentally observed band splitting of the surface states of
Au(111) using ARPES [99]. Equilibrium Rashba fields in d) a non-magnetic material and e) in a
ferromagnet. f) Non-equilibrium Rashba fields in a non-magnetic material with the application of
an electric field along the -x-direction.

the 2D projection of the Fermi contours for k, and k, as indicated by the coloured dotted
lines. These Fermi contours are shown for a non-magnetic and a ferromagnetic system in
Figs.2.12 d) and e) respectively, for both minority (-) an majority (+) electrons.

It can be shown that the spin expectation value is given by [8];

+k,
1
(0)ik = WekloWer) = m Fk, (2.4.32)
0

where |/ ) are the eigenvectors corresponding to equation (2.4.31) for the majority (mi-
nority) +(-) electrons with wavevector k. In the non-magnetic case, it can be seen that the
Rashba fields, given by the arrows in Fig. 2.12 d), cause the spins to align in-the-plane and
transverse to the electron momentum. In the case of the ferromagnet, the Rashba fields
work against the exchange interaction, causing the spins to cant away from the magnetisa-

tion.
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The direction of the Rashba field is k-dependent, hence the application of a current can
induce a spin polarisation. It is shown for the non-magnetic system in Fig. 2.12 e), that
an electric field along the —x direction shifts both majority and minority Fermi contours
by an amount 6k, . From equation (2.4.32), the extra component of k, gives rises to a
y-component in the spin direction for all electrons and has the opposite sign for majority
and minority electrons. This can be thought of in terms of an effective field Hg,, which
produces a spin-polarisation along the y-direction for the minority spin and along the -y
direction for the majority spin [100]. Since the majority spin Fermi contour is larger, there
results a net spin polarisation along the -y direction [83].

The same argument can be applied to the ferromagnet, in which case the exchange
interaction couples the non-equilibrium spin density to the local magnetisation. When a
current is applied, conduction electrons precess around the effective magnetic field leading
to a torque on the magnetisation [101]. In the literature, this effect is also sometimes
referred to as the inverse spin galvanic effect [102] or the Edelstein effect [103].

Further to this, the spins will precess around the effective magnetic field due to the
Rashba effect, gaining a component of magnetisation perpendicular to the xy-plane [100].
This can give rise to a damping-like torque, thus making it difficult to distinguish entirely
between Rashba and SHE contributions. However, it is generally considered that the SHE
contributes primarily to the damping-like torque and the Rashba effect to the field-like
torque [66].
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Experimental techniques

3.1 Introduction

In this chapter, the experimental techniques used to fabricate and investigate the thin films
used in this thesis are presented. Sputtering was used exclusively to fabricate the films
and is presented first. A variety of investigative techniques were used, including, x-ray
reflectivity, magneto-optical Kerr effects and electronic transport measurements. Detailed
consideration is given to the explanations of grazing incidence reflectivity and x-ray res-
onant magnetic reflectivity in order to discuss the concepts necessary to describe the data
analysis. For each experimental technique an introduction to the physical principles and
the origin of the effect is presented first, followed by a discussion of the experimental

methodology associated with the measurement itself.

3.2 Preparation of thin films and microstructures

The inclusion of thin film technologies within magnetic memory and magnetic sensor de-
vices has led to great advances in deposition and lithographic techniques. In particular
the sputtering technique has become an industry standard. In this thesis, all samples were
fabricated using sputter deposition.

When lithography was used, this process was completed in a class 1000 clean room
facility using optical lithography. Depositions were made onto SiO, oxidised Silicon sub-
strates. Prior to deposition and lithography, the substrates were diced into appropriate sizes
using a diamond scribe and then cleaned in acetone and then isopropan-2-ol using ultra-
sonic agitation. The chips were then dried with dry nitrogen.

Within this section the process of sputtering is presented first, including DC and RF
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magnetron sputtering. Following this a description of the fabrication processing used to

make the samples in chapter 5 is given, namely, optical lithography and wire bonding.

3.2.1 The sputtering process

Sputtering is the process by which atoms are ejected from a target material by the bom-
bardment of ions and deposited onto a substrate. The technique finds diverse applications
in industry, from the large area deposition of self cleaning hydrophillic coatings on win-
dow panes [104] to the fabrication of nanoscale circuits within the semiconductor indus-
try [105].

In the physical realisation, an incident particle impinges on the target surface as shown
in Fig. 3.1. This transfers momentum to the surface atoms of the target, which results in
a series of collisions which can then result in the ejection of a surface atom. The process
is initiated using a working gas. The target is charged as the cathode and the large electric
field that then exists between the target and the shielding ionises the working gas producing
a plasma. The positively charged ions are then accelerated towards the negatively charged
target and initiate the sputtering process. Secondary electrons are also emitted, which play

an important role in maintaining the plasma [106].

S At == Substrate 1t
% /O (Anode) —T—

Plasma

| Target
(Cathode

Shielding

Working gas

Figure 3.1: Schematic demonstrating the key features of the sputtering system. The voltage can be
as large as 600 V in order to ionise the Ar working gas. Collisions between the Ar* ions and the
target causes the ejection of atoms from the target surface which then condense on the substrate and
vacuum chamber walls.
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Generally, Ar is used as the working gas, since it is massive enough to impart sufficient
momentum to induce sputtering and it is inert, preventing chemical reaction with the de-
posited film. However, reactive gases such as oxygen can be used in order to deposit oxide

films through the process of reactive sputtering.

DC and RF magnetron sputtering

Magnetron sputtering was developed to overcome the high working gas pressures required
to induce sputtering [106]. This results in low deposition rates since the ejected atoms from
the target undergo multiple collisions with the Ar* on en-route to the substrate [107].

For magnetron sputtering, an arrangement of permanent magnets are positioned behind
the target, such that the stray field shown in Fig. 3.2 is produced. The magnetic field is
largely parallel to the target surface and perpendicular to the electric field and hence the
plasma becomes trapped in an epicyclic path close to the target surface due to the Lorentz
force. This assists ionisation in the vicinity of the target by promoting electron collisions
through the localisation of the plasma, which then allows for lower working gas pressures.
Simultaneously this also increases the deposition rate due to the increase in the number
of ions. However, due to the epicyclic path of the plasma, a racetrack erosion profile
in the target is signature of magnetron sputtering, which reduces the efficiency of target
utilisation.

Within this description so far the electric field has been static with the target negatively
biased. This configuration is referred to as DC magnetron sputtering. However, if the target

is an insulator it will rapidly develop a net positive charge and the sputtering process will
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Figure 3.2: Typical magnet array used to produce the confining magnetic field used for magnetron
sputtering. If the target is a ferromagnet, stronger permanent magnets are required in order to over
the flux closure due to the formation of magnetic domains in the ferromagnet.
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cease. In this case an RF source is used which alternates the polarity of the substrate and the
target. The sputtering is sustained by periodic neutralisation of the insulator target through
electron collisions when the target becomes the anode. Furthermore, at high frequency
(>50 kHz), the heavy Ar* ions cannot follow the switching and hence there is no sputtering
of the substrate for the short period it is charged as the cathode. For RF sputtering, it is
necessary to use an impedance matching network to optimise the power discharge to the

target and sustain the plasma.

Shadow mask deposition

When measuring fundamental properties such as resistivity and magnetisation it is useful
to have a well defined geometry to use in the volume calculation. One way that this can
be achieved is by sputtering through a mask. Here, the substrate was fixed behind a mask
in contact mode and the deposition took place through the pattern cut into the mask. The
masks were made from 1 mm thick sheet brass. Shadowing can occur close to the edges
of the mask since fewer trajectories are able to arrive at the substrate. This shadowing
produces a graded edge to the deposition pattern with a thickness variation, but the effect

can be minimised by chamfering the mask edges, which is demonstrated in Fig 3.3.

Specifics of the sputtering system used in this thesis

A Mantis Qprep500 sputtering system [108] was used in this work and is shown in Fig. 3.4,
where some of the key features are indicated. The sputtering system operates in ultra-
high vacuum (UHV) with a base pressure of the order 1x10~° Torr. It can be seen in

Fig. 3.4 a) that the system is split into two chambers: the load lock and the main chamber.

Unchamfered Chamfered
mask Substrate mask

/
VAR

Deposition

flux

Figure 3.3: Schematics comparing the deposition through an unchamfered and a chamfered mask.
The unchamfered mask produces a variable deposition thickness close to the mask edge.
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Figure 3.4: a) Front view and b) back view of the Mantis Qprep500 sputtering system, where the
key features discussed in the main text are labelled.

The chambers are separated by a gate valve and the load-lock allows for samples to be
loaded into the system without having to vent the main chamber. For both chambers, turbo
molecular pumps are used to create the vacuum, see Fig. 3.4 b). These are connected by
backing lines to oil-less scroll pumps. In the initial pump-down of the system, these are
used to reach a working pressure of 10 mTorr, below which the turbo-molecular pumps can
be activated. The turbo-molecular pumps are likely to stall if operated at a higher pressure

since the mean free path of the gas molecules would be less than the spacing between the
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rotary blades, which results in a pressure accumulation at the rear of the pump.

When the chambers are vented, dry nitrogen gas is used to bring the chambers back
to atmospheric pressure. This minimises the adsorption of water vapour onto the chamber
walls. The chambers are separated by a gate valve, which can be opened without significant
contamination to the main chamber vacuum once the load-lock has reached a pressure of
below 5x1077 Torr. This was confirmed using a residual gas analyser attached to the main
chamber. The samples were transferred into the main chamber using the transfer arm.

Within the main chamber there are five magnetron sources. To power these, there are
two DC supplies and one RF supply, which are switched between sources using relay cir-
cuits. The magnetron sources and turbo-molecular pumps are water cooled and each source
has an individual Argon gas line, for which the flow rate is controlled using a mass-flow
controller. Whilst deposition occurs, the sample is rotated to ensure a uniform deposition
and to prevent any induced magnetic anisotropy due to the stray magnetic fields of the
magnetron sources, although this may not be completely removed [109].

In the next section, sample micro-processing methods that were used to pattern the

samples are discussed.

3.2.2 Optical lithography

For the studies in chapter 5 it was necessary to pattern devices with micrometre dimensions
in order to obtain the high current densities (~10'® Am™') necessary for the spin-orbit
torque measurements. This was achieved using optical lithography.

Optical lithography is a multistage process summarised in Fig. 3.5. Starting with a
clean Si/SiO, substrate, a single layer of S1813 positive photoresist with thickness 1.5 yum
was spin-coated onto the sample. A positive photoresist will weaken after exposure whereas
negative photoresist would harden. This was baked onto the substrate using a hotplate at
a temperature of 100 °C. Following this the mask was aligned with the substrate using an
EVG 620 mask aligner and exposed to UV light. Between the mask features, where the
UV light exposed the photoresist, the photoresist undergoes a chemical change by which
the polymer bonds are broken, making the exposed resist more soluble. The sample was
then placed in the developer MF319, where the exposed regions dissolve from the substrate
and the unexposed regions remain. Following this stage a reactive ion etch can be used to

39



3.2. Preparation of thin films and microstructures 40
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Figure 3.5: Schematic demonstrating the processing stages used in optical lithography. Each stage
is described in the main text.

ensure complete removal of photoresist from the channels.

With sputter deposition, the whole patterned sample was coated in the deposited mate-
rial. Then in the lift-off stage, acetone was used to remove all of the resist, which in turn
lifts-off any sputtered material which was not bonded directly to the substrate. This leaves
the mask design patterned in the selected material on the substrate.

Once the micro-structures have been patterned, a second stage of lithography was used
to pattern Ti/Au contacts which extend out to macroscopic contact pads to which wires

could be bonded.

Wire bonding of microstructures

In order to pass current through the microstructures, electrical connections need to be made
between the contact pads of the microstructure and the chip carrier. In this thesis, an FEK
delvotek 5330 wire bonder was used. A 100 um Au wire was bonded to the Ti/Au contact
pads. The size of the pads is limited by the minimum bond size requirement of ~50 um.
The wire-bonder used the wedge bonding method, which combines ultrasonic and force to
create a localised weld to the sample surface. Once a bond to the sample was formed, the

wire was then unspooled a little and a second bond was made to the chip carrier. Once
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bonded, the chip carrier could then simply be placed into a larger sample socket that was
wired to a break out box.

The rest of this chapter is devoted to presenting the experimental techniques used in this
thesis, starting with grazing incidence x-ray reflectivity. This forms a significant portion
of the work presented in this thesis and hence included is an overview of the theory of
reflectivity necessary to understand the data analysis presented in the experimental chapters

in this thesis.

3.3 X-ray reflectivity

In the classical picture of x-ray scattering with atoms, the interaction of the electric field
from an incident plane-wave x-ray causes the electrons to oscillate [110]. An oscillating
electron then becomes a source, re-radiating the x-ray at the same energy as a spherical
wave. This elastic process is referred to as Thomson scattering.

The interaction of x-rays with matter can be used to gain detailed insight into sample
structure. There exists a variety of different x-ray scattering techniques, but within this
thesis the primary technique used is grazing incidence x-ray reflectivity (XRR).

XRR is an established experimental technique that can be used to obtain sub-nanometer
resolution of interfaces and layers thicknesses. In chapter 4 it is used to structurally charac-
terise Ni films thin films. In chapters 6 and 7 it is used as part of a hybrid technique, x-ray
resonant magnetic reflectivity (XRMR), to characterise the interfacial proximity induced
magnetism induced in Pt/Co/Pt multilayers.

In the following sections we briefly introduce the general theory behind x-ray scatter-
ing and the measurement geometry. Derivations are not included since the purpose of this
chapter is only to introduce the important equations and concepts used in the fitting pro-
cedure for the XRR analysis. However, detailed discussions of the XRR technique and

analysis can be found in Ref. [110,111].

3.3.1 Principles of specular reflectivity

We start by defining the scattering geometry shown in Fig. 3.6. For grazing incidence

reflectivity, the wave vector transfer ¢, between the incident and reflected x-ray is suffi-
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q=(i-k)=g.2

\29

Figure 3.6: An incoming x-ray is scattered from the sample surface. Under the specular condition
a; = a,;. The wavevector transfer q is therefore directed along the surface normal. The angle 26
defines the angular position of the detector relative to the incoming x-ray for which the specular
condition is satisfied.

ciently small that the lengthscales probed are much larger than the lattice spacing and the
technique is therefore sensitive only to electron density variations [112]. Furthermore, the
condition for specular reflectivity is such that the incidence angle is equal to the exit angle,
consequently the total wave vector transfer g = g.2. XRR is therefore sensitive to the mean
electron density p.(z) variation along the surface normal direction and yields information
about layer thickness, interfacial width and electron density [112].

The following expressions for the reflectivity are derived within the Born approxima-
tion (sometimes referred to as the kinematic approximation) which neglects multiple scat-
tering events. This greatly simplifies the problem, since within this approximation the
scattered x-rays from two electrons which are separated by a distance r differ only by a
phase factor €%,

Here, the total reflectivity of a perfectly smooth infinitely thick slab of material is given

by the Fresnel reflectance [111],

(4nrepe)’
—

Re(q.) = (3.3.1)

Z

where, p. 1s the electron density and r. is the Thomson scattering length or the classical
radius of the electron r, = 2.818 x 10-5A. The reflected intensity decays as ¢_* « a;*. Note
that this diverges for g, — 0 since the Born approximation disregards multiple scattering
events, which are significant around the critical angle [111].

The general expression for the reflectance is related to the Fourier transform of the
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derivative of the electron density [112,113].

R(q.) = Rx(q>)

2
f e o oliq.2) dz (3.3.2)
dz

Importantly here, in order to model an interface, the electron density must vary over the
z-direction. For the smooth surface, the electron density p.(z) falls to zero following a step
function. However, we now consider that the slab has a finite interface width o~ between the
surface and vacuum. There are two contributions to o: topographical roughness o, and
intermixing oy In Fig. 3.7 it can be seen that these contributions to the interface width
give rise to the same distribution in electron density along the z-direction and are therefore

indistinguishable with specular XRR. The interface width is defined as;

o=, /crtop +o7 . (3.3.3)

In general, an error function is used to incorporate a finite width o to this interface
as shown in Fig. 3.7 c¢). This is used to model the electron density profile across the

interface [113] and when substituted into equation (3.3.2) yields,

[T

The differential of an error function is a Gaussian distribution,

ol amebll) o

2

R(q;) = Re(q,) (3.3.4)

b)

Figure 3.7: Schematic representations comparing a) a topographically rough interface and b) a
intermixed interface. c) If the interface width o is the same, both the topographically rough and
intermixed profiles can give rise to the same electron density profiles.
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and the Fourier transform of this Gaussian distribution is,

1

exp (—quaz) (3.3.6)

Therefore, the Fresnel reflectance is modified by the finite interface width such that,

R(g.) = Re(q.) exp(=¢>™). (3.3.7)

where exp(—qf(rz) is the Debye-Waller factor [112]. The finite interface width causes the
reflectivity to fall faster than ¢_* with an exponential factor that is related to the interface
width.

We next progress to the treatment of multilayers for which the scattering from multiple

interfaces must be considered.

3.3.2 Optical treatment of x-ray reflectivity and Parratt’s recursive

formalism

In order to treat the reflectivity of a multilayer, a phenomenological optical approach is
considered where the x-ray reflectivity is treated in terms of the Fresnel coefficients and
the refractive index of the material, n = ¢/v where v is the velocity of light in the medium.

For x-rays, the refractive index as can be redefined as [110];
n=1-06+1iB (3.3.8)

where ¢ and S represent the absorptive and dispersive components respectively [110]. They
are both related to the electron density p.(z) and have a strong dependence on x-ray energy,
which will be discussed later in reference to x-ray resonant magnetic reflectivity. However,
for most mediums 7 is close to unity withn ~ 1 — 1 x 107 [113].

The reflection of x-rays from interfaces can be discussed in terms of Snell’s law, given
by;

ng cos(a;) = ny cos(ay) (3.3.9)
where «, is the angle of the transmitted beam with respect to the interfacial plane between
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the two mediums. The critical angle a., below which total external reflection occurs, can

be found by setting @, = 0 and using the second order expansion of cosine, yielding,

a, = \2(1 —ny) = V26. (3.3.10)

In the optical treatment of x-rays, the scattering of x-rays by electrons is not considered
directly, instead the total reflectivity is found by addressing how x-rays are reflected or
transmitted across the interface between media with different refractive indexes. This is
governed by the Fresnel coeflicients for reflectivity and can be found for each interface of
the multilayer using,

Figet = el el (3.3.11)

qzj T qzj+1
where ¢, ; is the transfer wave-vector at the j™ interface.
Within a multilayer we must consider the contributions of transmitted and reflected x-
rays from various interfaces and their interference. Parratt’s recursive formalism addresses
this [114] by calculating the total Fresnel reflectivity coeflicient of a multilayer in a recur-

sive manner. Parratt’s formalism for perfectly smooth interfaces is given by

1€ 4y,

ri = . 3.3.12
T+ raryje et ( )

where ¢/%%i is the phase factor mentioned earlier and r has been replaced with the layer
thickness d;. The reflectivity amplitude is calculated from the substrate up, as shown in
Fig. 3.8. The substrate is assumed to be infinitely thick, for which the reflectivity amplitude
for ry = 0. The reflected intensity is then given by I.; = Roly = |ro|*ly

A finite interface width o can be included by incorporating the Debye-Waller factor

derived previously, such that the

2

1
R;, = |r; X exp (—quaj?) (3.3.13)

Alternatively, the material can be cut into sub-nanometer slices and the interface modelled
as small concentration gradients between subsequent slices. This is computationally ex-
pensive, but particularly useful for modelling ultra-thin layers with thickness comparable

to the interface width and was used in chapter 6.
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Figure 3.8: Demonstration of the interface and layer label notation used in the Parratt recursive
formalism. The Fresnel reflectivity for the substrate interface is rn. The recursive formalism is
applied from the substrate working upwards in steps of N-1 to the surface interface ry.

Example XRR spectra simulated using the Parratt recursive formalism for smooth Co
thin films of different thickness are shown in Fig. 3.9 a). Interference of x-rays reflected
from the substrate and surface gives rise to Kiessig fringes and the spacing of these fringes
is inversely proportional to the total film thickness. They occur when the requirement for

constructive interference is satisfied, which is given by,

dsina, = mA (3.3.14)

and is analogous to Bragg’s law for diffraction from atomic planes [115] but instead for
multilayer interfaces.

Fig. 3.9 b) shows the effect of incorporating a finite interface width o between the Co
and the substrate. The Debye-Waller factor causes the intensity to vanish more rapidly and
hence the intensity is lower at high incidence angles compared to the case with a smooth
interface. The interface also alters the transmission, which results in greater interference
effects and deeper Kiessig minima.

In summary, grazing incidence x-ray reflectivity is sensitive to interfacial structure and
layer thickness. By simulating the reflectivity these parameters can be extracted with sub-
nanometer resolution. From the best fit simulation, the electron density profile through the
sample is representative of the cross-sectional structural profile through the sample, making

XRR an extremely powerful technique. The next section discusses the XRR measurements.
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Figure 3.9: Simulated reflectivity using the Parratt recursive formalism for a) Co(20 nm) and Co(10
nm) films with smooth surface interfaces and b) Co(10 nm) films with the inclusion of a finite
interface width o

3.3.3 Grazing incidence reflectivity experimental method

The XRR measurements presented in chapter 4 were made using a Bede D1 reflectometer
with a monochromated Cu-K,, source. A schematic of the system is shown in Fig 3.10.
Within the x-ray tube, electrons are accelerated from a filament towards a water cooled Cu
target through a 40 kV voltage. This results in bremsstrahlung radiation as well as charac-

teristic Cu-K, and Cu-Kj emission lines. The majority of the bremsstrahlung radiation was
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removed at the primary source slits. A channel cut Si crystal was used to select the Cu-K,
line exclusively by using the Bragg reflections from the (111) plane of Si. It also produced
a 2.8 mm lateral offset in the beam. The secondary source slits conditioned the beam to a
0.5 mm beam width and a divergence of approximately 0.01°.

The sample was mounted onto a six axis diffractometer and the beam was incident
on the sample at an angle 6. The normal component of the x-ray transfer vector g, was
varied by varying the incidence angle 8 and the two variables are interchangeable using
the relation g, = (4mr/A)sin6 [112]. The resulting intensity was measured at the detector,
which was mounted at an angle 26 to obtain the specular condition.

To measure the XRR, coupled 6 — 26 scans were made and the intensity variation of
the specular reflection as a function of the detector angle was measured. In conjunction
with the specular XRR a second scan where the 6 rotation was given a systematic offset of
0.1° was also made. This measures the diffuse off-specular scattering and can be subtracted
from the specular XRR to obtain the true-specular reflectivity necessary to obtain the true
distribution and form the Kiessig fringes for the extraction of the out-of-plane structural
properties of the film.

The XRR spectra were fitted using the Parratt recursive formalism described in section
3.3.2 to extract the layer thicknesses, relative electron densities and interface widths. The
fitting procedure used a genetic evolution algorithm employed within the freely available

GenX software. Further detail on the software and the algorithm can be found at Ref. [116].

Two bounce .
Si channel cut Diffuse  Detector slits

Primary crystal Secondary
source slits

source Slits\l\ | =

X-ray tube
with Cu

source

Figure 3.10: Plan view of the XRR measurement setup employed within the Bede D1 reflectivity
system.
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3.4 X-ray resonant magnetic reflectivity

Grazing incidence x-ray reflectivity is sensitive to the physical sample structure and can
be used to obtain the cross-sectional profile of samples. By tuning the x-rays to a resonant
energy of electronic transitions and using circularly polarised light, the magnetic circular
dichroic properties of x-rays can also be exploited [112,113,117]. The measurements can
then be used to extract the magnetic cross-sectional profile and since it is resonant, this is
also element specific [40]. This technique is referred to as x-ray resonant magnetic reflec-
tivity (XRMR) and was used extensively to study interfacial proximity induced magnetism
in chapters 6 and 7.

In this section the effect of resonant scattering on the refractive index and the origin
of the circular dichroic effect are discussed, including how this can be incorporated into

Parratt’s recursive formalism for the analysis of XRMR data.

3.4.1 Resonant enhancement of scattering lengths

When discussing x-ray reflectivity the refractive index can be written in the form n =
1 -6 +iB, where ¢ and B are absorptive and dispersive terms, which depend on the electron
density, but are also dependent on the x-ray energy. In fact the total refractive index is

given by [110];
/lzpatre

n=1-=2 {fo+ £ (E)+if"(E) (3.4.15)
T
with
/12 at’ e ,
5= g " (fo+ F1(E)) (3.4.16)
JT
2
p= "B ) G417)
T

where A is the x-ray wavelength, p, is the atomic density and r, is the Thomson radius.
The terms fy, f” and f” are the charge scattering lengths specific to the material. For graz-
ing incidence reflectivity, the energy independent charge scattering length f, ~ Z, where Z
is the atomic number of the element. Note that the product of the atomic density p, and

the atomic number Z yields the electron density p. which relates this to the analysis of re-
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Figure 3.11: Calculated energy dependence of the real and imaginary components of the scattering
length for Pt. Data reproduced from the NIST scattering length database [118].

flectivity within the Born approximation presented in section 3.3.1. The anomalous charge
scattering lengths, f'(E) and f”(E), have weak energy dependence, except at the resonant
energy where they are associated with strong absorption. This is shown in Fig. 3.11 where
the energy dependence of the real and imaginary parts of the scattering lengths for Pt are
plotted as a function of energy about the Pt L;-edge.

From equation (3.4.15), it can be seen that the refractive index, and consequently the
reflectivity, depend on the product of the total scattering length and atomic density py.
This product is referred to as the structural scattering length density (sSLD). The sSLD
is specific to the material and consequently sSLD profiles can be formulated which are
representative of the cross-sectional structure of the sample. Simulated sSLD profiles for
a Pt/Co/Pt trilayer structure are shown in Fig. 3.12, where a dip occurs in the Co layer due
to the significantly reduced scattering length relative to Pt, even though the atomic density
of hep Co is higher. Between Figs. 3.12 a) and b), it can be seen that the real/imaginary
parts of the sSLD profile are suppressed/enhanced when the x-ray energy is tuned to the
resonant edge of the Pt or Co respectively. This reflects the enhancement in absorption at

the resonant energy and the resulting change in scattering length shown in Fig. 3.11.
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Figure 3.12: Example sSLD profiles for a Pt (12 nm)/Co (8 nm)/Pt (12 nm) film with 0.5 nm
topographical roughness applied to the Pt/Co and Co/Pt interfaces, simulated at a) the Pt L3-edge
and b) the Co K-edge.

Resonant magnetic scattering

In analogy to the resonant charge scattering lengths f’ and f”, resonant magnetic scat-
tering lengths m’ and m” can also be included in the description of the refractive index.
The complete expression for the total scattering length, within the dipole approximation
becomes [119],

f(E) = (& - &)F(E) - i(& x &) - mF'(E). (3.4.18)

Here, € and € are unit vectors describing the polarisation state of the incident and scattered
x-rays respectively. FV is the total charge scattering length, comprised of both real fy+f’(E)
and imaginary f”(E) parts. F' is the equivalent total magnetic scattering length, containing
analogous real m’ and imaginary m’” components. The refractive index now depends on
the direction of the magnetisation and the polarisation axis of the beam and becomes n* =
1-0*+ip* with 6*((fo+ f"), ¥m’) and B*(f”, ¥m’"), where the =+ reflects either a reversal of
the magnetisation or the light helicity [119]. This representation can then be incorporated
into the Parratt recursive formalism whereby reversing the magnetisation or x-ray helicity
results in a change in the XRR simulated intensity.

The magnetic density is defined as the product of the interfacial moment p and atomic
density p,.. From this the real and imaginary magnetic scattering length densities (mSLD)
are defined as the product of the magnetic density and the magnetic scattering factors, m’
and m”. In analogy to the sSLD profiles shown in Fig. 3.12, an mSLD profile can be sim-

ulated which is representative of the distribution of magnetised resonant atoms throughout
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the sample.
In the next section a phenomenological description of the origin of the circular dichroic
effect, which gives rise to the variation in reflectivity under the reversal of magnetisation

or helicity is presented.

3.4.2 The resonant circular dichroic effect

The circular dichroic effect refers to the change in absorption which is dependent on the
relative alignment of the sample magnetisation and polarisation of the x-rays. In a simpli-
fied picture the effect can be explained as a two step process [120], starting with a spin-orbit
split core state. It can be seen in Fig. 3.13 that the degeneracy of the 2p states is lifted by
the spin-orbit interaction and split into the 2p3,, and 2p, ), states, where the spin and orbital
angular momentum couple parallel and anti-parallel respectively. When the electron is ex-
cited by a photon, conservation of momentum couples the photon momentum to the spin
and orbital momentum of the electron [119]. The first step then is that the circularly po-
larised x-rays become a source of spin-polarisation, preferentially exciting electrons with
momentum collinear to their own [113]. In this way the x-ray helicity can be used to choose
which spin-species is predominantly excited. However, in ferromagnets there also exists
an asymmetry in the number of available states at the Fermi energy (Ef) between spin T
and spin | states. This second step gives rises to a difference in absorption for right cir-
cularly polarised (RCP) and left circularly polarised (LCP) light, since the Pauli exclusion
principle only allows excitations to vacant states.

The effect is dependent on the transitions from the spin-split core states to the valence
states above Ep. Consequently F! in equation (3.4.18) is small unless the x-ray energy is
close to a resonant energy. Within this expression, only the imaginary component m” con-
tributes to absorption and can be measured directly using x-ray magnetic circular dichroism
(XMCD). However, when measuring XRMR, the magnetic sensitivity arises through the
combination of absorption and re-emission, which then depends on both m’ and m” and
hence these factors cannot be isolated independently. For this reason absolute values for
magnetic moments cannot be extracted using XRMR alone. The F! term is linear in mag-
netisation, hence by measuring the scattering intensity under positive/negative magnetisa-
tion or LCP/RCP helicity, the magnetic contribution to scattering can be isolated [121].
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Spin-up A Spin-down

Figure 3.13: Since the 2pj, is a spin-orbit split state, the spin and orbital angular momentA are
coupled and consequently a RCP x-ray is more likely to excite a spin | electron (75%) to the
valence states than a spin T electron (25%). Conversely, an LCP x-ray is more likely to excite a
spin T electron to the valence states. In ferromagnets this results in a difference in transition rates
between RCP x-rays and LCP x-rays since there is a difference in the number of available 5d states
for the allowed spin-coherent transitions around EF.

3.4.3 Spin-asymmetry measurements and element specific hysteresis
loops

The XRMR experimental setup is identical to the XRR measurement demonstrated in sec-
tion 3.3.3. The principle difference is that circularly polarised x-rays were used, the x-ray
energy was tuned to a resonant edge and the difference in scattering intensity under posi-
tive/negative magnetic saturation or alternatively RCP/LCP x-rays was determined.

For the measurements in this thesis, the circularly polarised x-rays were obtained using
a diamond phase plate. Close to the Bragg condition, a perfect crystal of a birefringent
material can behave as a phase retarder and convert linearly polarised light into circularly
polarised light and vice versa when the phase retardation is equal to +7/2 [122].

For the XRMR measurement, the magnetic reflectivity is contained in the difference in
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intensity between positive/negative magnetic saturation respectively or alternatively RCP/LCP

x-rays. For the purpose of the measurement, the spin-asymmetry ratio is defined;

I'-r
I+

(3.4.19)

a

which is the difference in scattering intensities normalised to the total scattering intensity.
Here, I* are the reflected intensities at positive/negative magnetic saturation respectively
or alternatively LCP/RCP helicity polarity respectively. Generally, it was faster to reverse
the magnetisation with fixed helicity, and consequently this method of measuring R, was
used throughout this thesis. R, was then measured as a function of the x-ray incidence
angle and some example data for a Pt/Co/Pt trilayer structure measured at the Pt L;-edge
is shown in Fig. 3.14. Note that the peaks in R, coincide with the Kiessig minima, this
is because R, contains the normalisation to the total scattered intensity. This data can be
fitted in order to obtain the distribution of magnetic moments associated with the resonant
elements throughout the cross-section of the sample. For this, the magnetic reflectivity
package included within the GenX software [116] was used, which employs a modified
Parratt recursive formalism, whereby the resonant magnetic scattering terms outlined in
the previous section are included in the definition of the refractive index.

The XRMR technique can also be used to obtain element specific hysteresis loops.
Here, instead of reversing the magnetisation, the helicity was flipped and R, was measured
as a function of the applied magnetic field swept in-plane along the scattering vector. This
is demonstrated in the inset of Fig. 3.14. Under positive magnetic saturation, flipping the
light helicity and calculating R, at point 1 in angular space on the schematic yields a large
positive value for R,. When the magnetic field was swept, at some point the magnetisation
reversed and the value of R, switched from that at point 1 to that at point 2. Therefore,
R, is sensitive to the magnetisation direction with respect to the light helicity and since the
magnetic scattering factors are only sensitive to the resonant elements, this was a hysteresis
loop specific to the proximity polarised Pt.

The interaction of light and magnetism is not restricted to the x-ray region of the elec-
tromagnetic spectrum and in the next section the magneto-optical Kerr effect is introduced,

which occurs in the visible part of the spectrum.
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Figure 3.14: A typical measurement of the specular reflectivity (top) and angular dependence of R,
(bottom). The R, distribution was obtained by reversing the magnetisation at each x-ray incidence
angle 6 and measuring the spin asymmetry R,. Reversing the light helicity caused a reflection in
the x-axis. An element specific hysteresis loop for Pt is shown in the inset. This was measured at
26 = 2.4°, which combines the high count statistic at low angle with a large change in R, between
the points 1 and 2.

3.5 Magneto-optical Kerr magnetometry

The origin of the magneto-optical Kerr effect (MOKE) is closely related to that which
causes the polarisation dependence in XMCD and XRMR measurements in the x-ray part
of the electromagnetic spectrum. The MOKE occurs in the optical region and the excita-
tions originate from the conduction bands rather than the low lying core states [112].

The interaction of polarised light with magnetisation was first observed by Faraday in
1845 [123], by which it was observed that the plane of polarisation of light underwent a ro-
tation when transmitted through a magnetic material. Thirty years later, Kerr demonstrated

that a similar effect arose when light was reflected from a magnetic surface [124].
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Throughout this thesis MOKE magnetometery was used as a measurement tool to mea-

sure magnetisation reversal behaviour.

3.5.1 Interaction of polarised light and magnetisation

For MOKE magnetometry linearly polarised light is used, which itself can be expressed
as the sum of LCP and RCP components. The angle of the polarisation axis of the linear
polarisation is dependent on the phase difference between the LCP and RCP contribution.
The MOKE arises due to the difference in the effective refractive index experienced by
LCP and RCP light within a magnetised medium. This phenomena is referred to as circular
birefringement.

The consequence of this is that, after reflection from a magnetic surface, a phase dif-
ference develops between the LCP and RCP light, which results in a rotation of the linear
polarisation axis. This rotation is referred to as the Kerr rotation. Alongside this, it is
usual that some degree of ellipticity also develops after reflection as a consequence of the
material exhibiting a degree of circular dichroism.

The origin of the circular birefringence, and therefore the MOKE, is due to the combi-
nation of the exchange interaction and the spin-orbit interaction in ferromagnetic materials.
The effective refractive index for LCP and RCP has a dependence on the magnetisation of
the film and hence the Kerr rotation can be used to probe the magnetic state of the sample.
However, a detailed understanding of the origin of the birefringence requires a thorough
discussion of dielectric tensor theory, which can be found in Ref. [125]. Dependent on
the choice of measurement geometry the MOKE is sensitive to different components of
magnetisation with respect to the plane of the sample. These geometries are discussed in

the next section.

3.5.2 Longitudinal, transverse and polar Kerr effects

There are three measurement geometries for the MOKE: longitudinal, transverse and polar,
which are summarised in Fig. 3.15 and characterised by the relative directions of the mag-
netisation M and scattering vector k. The Kerr rotation only occurs if there is a component

of magnetisation along the scattering vector. The longitudinal MOKE is therefore sensitive
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Figure 3.15: The scattering geometries for a) longitudinal, b) transverse and c) polar MOKE ex-
periments.

to in-plane magnetisation whilst the polar MOKE is sensitive to out-of-plane magnetisa-
tion components. The transverse MOKE is unique in that it only occurs with p-polarised
light. It does not result in a Kerr rotation, since no component of M lies along the scattering
vector k, but instead it gives rise to a magnetisation dependent intensity variation. Only the
longitudinal and polar MOKE were used in this thesis. The polar MOKE has the largest

effect and is generally an order of magnitude larger than the longitudinal MOKE.

3.5.3 Optical penetration depth

Typically, in a metallic film the MOKE is sensitive only to the magnetisation of the top
5-20 nm. This is because the effect is limited by the penetration depth of the light into the

sample. The penetration depth is given by;

1
AMOKE = % (3.5.20)

where k is the wavevector of the incident light and 8 is a constant which represents the
absorptive component of the refractive index. At the depth given by Ayokg the laser inten-

sity is attenuated by 1/e of its original value. For film thicknesses below Ayioxg the Kerr
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rotation is proportional to the total magnetic moment of the sample, and hence is propor-
tional to the sample thickness. However, extracting absolute magnetic moments from the
MOKE is challenging since it is significantly affected by reflections that occur at the ferro-
magnet/substrate interface. For film thicknesses above Ayiokg, the Kerr rotation is limited

by the absorptive component.

3.5.4 Magneto-optical measurements of micro-structures

In this thesis, both longitudinal and polar MOKE were used. The experimental setup used
for these measurements are shown in Fig. 3.16 and Fig. 3.17 respectively. For the lon-
gitudinal MOKE the laser was incident on the sample at an angle of approximately 45°,
whereas for the polar MOKE the light was incident at 90°. The polar MOKE measurement
requires an additional beam splitter to separate the incident and reflected light from the
sample and two additional lenses to re-focus the light onto the photodiode. The following
discussion applies to both MOKE setups.

For MOKE measurements both the in/out attenuator and in/out beamsplitter were placed
out of the beam. A diode laser with a wavelength of 658 nm was used for all MOKE
measurement in this thesis. This passed through a beam expander, then a Glan-Taylor po-
larising prism, which was set to ensure p-polarised light was incident on the sample. The
first lens focused the laser spot to ~ 5 um onto the sample. The reflected light was then
focused onto the photodiode, passing through a 4/4 wave plate and an analysing polariser.
The purpose of the 1/4 wave plate was to remove any induced ellipticity in the reflected
light. The analyser was set to extinction and then offset to between 2 — 6°, which was
variable dependent on the reflectivity of the sample. The Kerr rotation was then measured
as a change of intensity at the photodiode due the rotation of the polarisation axis of the
reflected light relative to the polarisation axis of the analyser. The photodiode voltage was
passed to a Melles-Griot large dynamic range amplifier that enables the amplification of
small signals superimposed onto large offsets, which is typical for the Kerr voltage.

The hysteresis loops obtained using these MOKE set ups were averaged over many field
cycles. Here the magnetic field was driven by a Kepco BOP 50-5M power supply which
was in turn driven by a signal generator operating at 23 Hz. This oscillating magnetic
field would cause the sample to cycle through the hysteresis loop, which would produce an
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Figure 3.16: The experimental setup for the longitudinal MOKE measurements.
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Figure 3.17: The experimental setup for the polar MOKE measurements.
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oscillating Kerr voltage, which was measured by an oscilloscope and time-averaged over
many hundreds of field cycles, and therefore provides a very effective way to efficiently
enhance the signal to noise ratio.

White light was used to image the sample for the purpose of aligning microstructures
with the laser spot. For this, the in/out attenuator and in/out beamsplitter were placed into
the beam. The white light follows the same beam path as the laser beam. The attenuator
reduced the laser light intensity such that it did not saturate the CCD camera. The in/out
beamsplitter then reflected the light onto a CCD camera, where both the attenuated laser
spot and sample surface were imaged. Here, a motorised xy translation stage with 1 um step
resolution was used to position the laser spot onto the microstructure to be measured. This
configuration was also used to focus the laser spot to achieve maximum central intensity,

whilst minimising the higher order modes.

3.5.5 Time-resolved magneto-optical Kerr effect

Measurements of the MOKE were also made within the time-domain using time-resolved
magneto-optical Kerr effect (TR-MOKE) measurements. The measurements presented in
this thesis were made at the S.N. Bose institute for Basic Sciences, Kolkata, India and
publications made using this specific TR-MOKE system can be found at Refs. [79, 81].

TR-MOKE is a pump-probe technique with picosecond resolution and can be used to
measure the magnetisation precession about an external magnetic field in order to inves-
tigate the magnetisation dynamics of a sample. The experimental set-up is significantly
more complex than the MOKE experiments presented in the previous section and is shown
in Fig. 3.18.

However, the key features of the experiment can be summarised as follows. A 100 fs
pulsed Ti-sapphire laser with a wavelength of 800 nm was split into two beams, which were
termed the pump and probe beams. The pump beam passed through a second harmonic
generator (SHG), which halved the wavelength to 400 nm. This beam had a high power
of 17.0 mJ/cm? and when incident on the sample caused the film to demagnetise, recover
and then initialised the magnetisation precession about the external in-plane magnetic field.
The probe beam had a power of 2.1 mJ/cm? and was directed to a retro-reflector mounted
on a variable delay stage. The polar component of the magnetisation precession about the
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Figure 3.18: Schematic of the TR-MOKE experimental set-up. The polar MOKE configuration was
used to study the out-of-plane component of the magnetisation precession with temporal resolution
after demagnetisation caused by pump beam pulse. Figure reproduced from Ref. [126]

in-plane applied magnetic field was then measured using an optical bridge detector (OBD).

The delay stage was calibrated such that the extension in probe beam path resulted
in a known time delay between the arrival of the probe beam at the sample relative to
the pump beam, which was of the order of picoseconds. Temporal resolution was then
obtained through the repeated sampling of the magnetisation state at different time delays
between the pump and probe beams, therefore developing an ensemble representation of

the magnetisation precession.

3.6 Brillouin light scattering spectroscopy

Brillouin light scattering (BLS) spectroscopy is a technique by which spin-wave modes
can be investigated through their inelastic scattering with photons. This inelastic scattering
results in a frequency shift of the reflected light, which can be measured using a tandem
Fabry-Pérot interferometer.

Within this thesis, all BLS measurements were made at the Université Paris 13. Here,

a brief overview of the particular BLS measurement applied to obtain the results used in
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chapter 8 is presented. For a detailed discussion of the BLS technique the reader is referred
to reference [127]. Published work using the BLS system used by the Université Paris 13
group can be found at Refs. [12, 128].

The backscattering geometry was used for all measurements and is shown in Fig. 3.19 a).
Here, the magnetic field was applied in the plane of the film and transverse to the incident
light scattering vector. This probes the Damon-Eshbach surface propagation spin-wave
mode.

Linearly polarised laser light was incident on the sample and the backscattered light
was collected by an objective lens and directed to the Fabry-Pérot interferometer, where
it was combined with a reference beam. The reference beam originates directly from the
laser without scattering from the sample and hence provides the reference frequency. The
frequency spectrum was then analysed by comparing the interference between the back-
scattered and reference beams inside the Fabry-Pérot interferometer. An example of a BLS
spectrum is shown in Fig. 3.19 b). Most light is scattered elastically through Rayleigh
scattering, but at higher frequency, stokes and anti-stokes lines occur due to phonon and
magnon scattering events. The phonon lines can be removed by including a polarisation
analyser before the Fabry-Pérot interferometer. From the frequency of the magnon line the
energy of the magnon excitation can be calculated.

Laser light of wavelength 4 = 532 nm was used. The spin-wave mode probed by the

Rayleigh
a) Backscattered b) 500 vS{OI“ef . lsc:at'tevr ng .C.m,n_.St,Olfes
light Magnon
. 400 ‘liny Phonon 1
. ) > lines
Incident 00l )
laser

200 F

Intensity (a.u

‘Damon-Eshbach
mode

100

-20 -15 -10 -5 0

5 10 15 20

'
IS
wn

Freqeuncy (GHz)

Figure 3.19: a) Schematic of the scattering geometry used to measure the Damon-
Eshbach surface spin-wave mode. b) Example of a BLS spectrum measured from a
Pt (54 A)/Co (25 A)/Ir (10 A)/Pt (26 A) multilayer.
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laser is related to the angle of incidence 6 by;

4
ke, = 7” sin @ (3.6.21)

and hence spin-wave numbers between 0-20 um~! could be investigated by rotating the
sample about the planar axis. From this the spin-wave dispersion relation can be obtained.
In the final section, the methodology applied to the electronic transport measurements

used in this thesis i1s discussed.

3.7 Electronic transport measurements

In this thesis all transport measurements were made using the four-probe method, whereby
the voltage was measured independently from the applied current. For the transport mea-
surements, two geometries were used, which were termed the longitudinal and transverse
geometries. Here, the voltage was measured either along the current flow (longitudinal) or
in the Hall geometry (transverse) and are shown schematically in Fig. 3.20. In this thesis,
the longitudinal geometry was used primarily, where it formed the basis of chapter 4 for
the anisotropic magnetoresistance measurements. However, the transverse geometry was
used to an extent in chapter 5 in conjunction with MOKE measurements to elucidate on
the nature of spin-orbit torques.

Both geometries utilise four-probes, which has the advantage that it discounts any con-
tributions from contact or lead resistances. A constant current was applied using a Keithley
2400 current source, which was independent of the voltage measured across the samples.
The voltage was measured between the voltage probes using a Keithley nanovoltmeter. The

input impedance of this was greater than 10 G€2, hence the nanovoltmeter draws negligible

a) b)
0l oL
, = i

Figure 3.20: Schematic representations of the measurement geometry for a) longitudinal and b)
transverse resistivity measurements.
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current. The voltage drop was therefore due to the resistance across the film between the
voltage probes only. The measured voltage is proportional to the gap between the voltage
probes, hence the space between the voltage probes was maximised in order to improve the

measurement sensitivity.

3.7.1 Four-probe magnetoresistance measurements

Magnetoresistance measurements form the basis of chapter 4, in which the anisotropic
magnetoresistance (AMR) was measured in the longitudinal geometry. A detailed dis-
cussion of the AMR effect is given in chapter 2, but crucially the resistance is maximum
for when measured in-plane and along the magnetisation direction p; and minimum when
measured transverse to the magnetisation direction p, .

The sample geometry was defined as 18 mm X 3 mm using shadow mask deposition, in
order to induce a large aspect ratio and to reduce the error within the resistivity calculations.
There are two fundamental AMR measurements: change in resistivity as a function of
applied magnetic field magnitude at a fixed angle and change in resistivity as a function
of fixed magnetic field magnitude but varying angle. These are termed field-sweeps and
angular-sweeps respectively.

The experimental setup for these measurements can be described as follows. The sam-
ple was mounted on a rotation stage between an electromagnet and electrical contact was
made using gold-plated phosphor bronze spring loaded pins. The separation between the
voltage pins was 7 mm. Dependent on the size of the measured voltage and the contribution
of Joule heating in the specific sample, a current of between 0.1 —2 mA was applied to the
sample. The electromagnet was capable of applying magnetic fields of up to 1 kOe and was
powered by a Kepco BOP 50-5M power supply. The true field at the sample was measured
using a calibrated Hall probe. Rotation of the sample varied the direction of the magnetic
field with respect to the current flow within the plane of the film. Software developed by
the author and written in the Visual Basic 6.0 programming language was used to perform
the angular or field sweeps by measuring the resistivity as the sample stage rotated or as

the magnitude of the magnetic field was varied respectively.
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Hall effect measurements

In the transverse configuration the voltage probes are sensitive to the Hall voltage. If the
magnetisation change was out-of-plane then the anomalous Hall effect (AHE) was mea-
sured. For in-plane magnetisation rotation, the planar Hall effect (PHE) was measured.

Measurements of both the anomalous and planar Hall effect are included in chapter
5. For the PHE the voltage change has its origin in the AMR effect whereas the AHE
originates from the same spin-dependent scattering mechanisms which give rise to the
spin-Hall effect in non-magnetic materials.

In this thesis, these measurements were performed simultaneously alongside the MOKE
measurements, but the same principle as the longitudinal resistivity measurements applied,
by which the change in resistivity was measured as a function of applied magnetic field at
various angles between the magnetic field and current flow. The electromagnet associated
with the MOKE system could apply in-plane magnetic fields of up to 300 Oe and was
powered by a Kepco BOP 50-5M power supply.
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Understanding the thickness dependence of

the anisotropic magnetoresistance effect

4.1 Introduction

Although the existence of the anisotropic magnetoresistance (AMR) effect in ferromagnets
has been known since the experiments of Thompson over 150 years ago [25] and a theo-
retical framework, developed by J. Smit, has existed since 1952 [17], the phenomena con-
tinues to demonstrate many subtleties that are not clearly understood. The origin is known
to arise from the spin-orbit interaction, but the microscopic details arising from extrinsic
factors such as interface structure, film composition and texture are not well accounted for
in current theories and can have a dramatic effect on the AMR observed.

Consequently, over 150 years after its discovery, AMR is still the focus of a large
number of experimental [34,35,129-131], and theoretical studies [132, 133] including the
addition of new members to the AMR family of effects, such as, ballistic AMR [26], inter-
facial AMR [28], Coulomb blockade AMR [27], crystalline contributions to AMR [134]
and negative AMR in half metals [63]

The use of AMR in magnetic read heads [30] in the 1990s, and the application of
AMR in magneto-resistive field sensors [29, 135], resulted in intensive research aimed at
maximising the AMR ratio (Ap/p) and the field sensitivity. The AMR ratio is defined as the
absolute resistivity difference between longitudinal and transverse resistivities Ap, divided
by the sample resistivity p. This is the figure of merit for technological applications, where
higher values indicate enhanced response.

From several studies, one particular outstanding problem relating to AMR that be-

came apparent, was the unexplained thickness dependence, in which the absolute resistivity
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change Ap , reduces as film thickness is decreased [62,115,136]. This problem has attracted
limited attention since the thickness dependence of Ap/p was supposedly explained by the
rising sample resistivity due to the size effect [32,33]. Furthermore, the thickness depen-
dence of Ap is subtle, where it is constant over a range of thicknesses [16, 137], before
falling dramatically for ultrathin ferromagnetic films [62].

Theoretical studies by Dieny et al [36] and Rijks et al [138] made an attempt to address
the thickness dependence of Ap by considering the effects of perfect specular or perfect
diffuse scattering from the film interfaces. Both found that for perfect diffuse scattering
from interfaces, Ap should be enhanced with reducing film thickness. They argued that,
similar to the AMR effect itself, the contribution of diffuse scattering to the resistivity is
greater for an electron travelling parallel to the magnetisation than one travelling transverse
to it. This theoretical development is in direct contradiction with the reduction in Ap that
is observed experimentally [62, 115, 136], demonstrating the need for a more complete
understanding of the contribution of interfacial scattering to AMR.

In this chapter, the thickness dependence of Ap was investigated and explained in terms
of enhanced electron-magnon spin-flip scattering with reducing film thickness [62]. Fun-
damental to this understanding is the Campbell, Fert and Jaoul (CFJ) model [58], which
was successful in quantitatively explaining the AMR in a variety of Ni-based alloys, and
was explained in chapter 2. A series of pure Ni, NigsCrs and Nigs Vs films of varying thick-
ness were sputter deposited and characterised structurally using grazing incidence x-ray
reflectivity (XRR), transmission electron microscopy (TEM) and energy dispersive x-ray
spectroscopy (EDX). Magnetoresistance measurements were made on the Ni, NigsCrs and
Nigs V5 films to extract the AMR as function of film thickness. Complementary to the AMR
measurements, magnetisation measurements were made to extract the spin-wave stiffness,
D, to inform on magnon density, in order to give insight into any changes in the contribu-
tion of electron-magnon scattering. Furthermore, a thickness dependent electron-magnon
scattering term was added to the CFJ model and was able to reproduce the experimental
results with reasonable parameters.

In the following sections, details of the sample structure and the differences in sample
morphology for films of different thickness are discussed before reporting the AMR results

and the subsequent analysis and interpretations.
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4.2 Structural characterisation of the thin films

4.2.1 Description of the samples investigated

A series of Ni, NigsCrs and Nigs V5 films with different thickness varying between 3-17 nm,
were sputter deposited onto SiO, substrates with a base pressure of order 5 x 1078 Torr. No
capping layers were deposited in order to remove the need for current shunting corrections.
However, a native oxide formed on the films which was characterised using XRR. Depo-
sition was performed through a 18 mm x 3 mm mask to create a well defined geometry
for the resistivity measurements. A dopant concentration of x = 5 at.% was used for both
Nijo-,Cr, and Nijgo-,V, alloys, and was achieved by co-sputtering two targets simultane-
ously. When co-sputtering the Ni with V or Cr, the deposition rates were adjusted in order
to obtain the required dopant concentration. From these samples, the film thickness, native
oxide thickness and interface widths were obtained using XRR.

Alongside these, three sister samples of Ni films with thickness 15 nm, 6 nm and 4 nm
were sputter deposited onto 10 nm thick silicon nitride windows for the TEM analysis to
study the film morphology at different thicknesses and in particular to determine the onset
of film discontinuities. EDX was also used to investigate the oxygen content in these pure

Ni films, as a result of the surface oxide.

4.2.2 Grazing incidence reflectivity characterisation of the native ox-

ide and interface roughness

The XRR measurements of the Ni, Nigs V5 and NiygsCrs films were made using the Bede D1
system described in chapter 3. Fits were made using the GenX software [116] which uses
a modified Parratt recursive formalism, also described in chapter 3. Structural information
was obtained by simulating the distribution and shape of the Kiessig fringes which occur
due to interference between refracted waves at the film interfaces. Since the spacing of
these fringes is inversely proportional to the thickness of the film, this technique works
best for mid-range thickness films (10-30 nm) for which the fringes are well resolved and
numerous within the 6 scan range to produce robust and reliable fits. Consequently, XRR
was not used to characterise the thinnest films in this study. The XRR from Ni, NigsV5
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and NigsCrs films and the best fit simulations to the true specular reflectivity are shown in
Fig. 4.1.

The parameters obtained from the best fits are shown in Table 4.1. The surface region is
referred to as the native oxide of the thin film and is associated with a pronounced deficit in
electron density. This arises due to oxidation, surface roughness and a reduction in nearest
neighbour interactions. For the purpose of the simulation this surface region is given the
composition of NiO, which is a reasonable approximation since all the films comprised
predominantly of Ni. The electron density was allowed to fluctuate significantly for this
layer since it is unlikely to have the bulk NiO electron density. This is reflected in the best
fitting parameters, where the native oxide electron density is consistently lower than that
for bulk NiO. There is an indication from the higher electron density from the Ni(12 nm)
to the Ni(17 nm) that as the Ni thickness increases the electron density of the native oxide

begins to approach that of bulk NiO, suggesting thicker films form oxides with improved

structure.
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Figure 4.1: Grazing incidence specular XRR for a) Ni (17 nm), b) Ni (12 nm) c) NigsV5 (12 nm)
and d) Nig5Crs (12 nm) films and simulated best fits (solid lines). Nominal sample thicknesses are
quoted in the brackets.
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Sample Layer Thickness (nm) Interf(e:::i)wmth (I::yleg}r;;”? il;zg)
Native oxide 07 = 0.3 05+ 0.3 83 = 10
Ni(17 nm) Ni 16.2 + 0.7 05 + 0.3 100 = 3
Si0, 00 0.6 = 0.1 100
Native oxide 05 = 0.5 05 + 0.1 68 =+ 7
Ni (12 nm) Ni 11.7 = 0.6 1.2 £ 0.3 107 £ 2
Si0, 00 1.0 £ 0.1 100
Native oxide 05 + 0.5 04 = 0.1 45 + 12
Nigs V5 (12 nm) Nigs V5 133 + 0.7 1.1 + 0.2 97 + 4
Si0, 00 1.0 £ 0.1 100
Native oxide 03 +03 09 = 0.1 45 + 3
NigsCrs (12 nm) Nig5Crs 13.5 + 0.1 0.6 = 0.1 93 + 1
Si0, 00 1.0 = 0.1 100

Table 4.1: Extracted parameters from the best fits to the XRR data shown in Fig. 4.1 for the
Ni (17 nm), Ni (12 nm), Nigs5V5 (12 nm) and Nig5Crs (12 nm) films.

The thickness of the native oxide is smaller than the error margin and comparable to
the interface width. The simulations use error functions to model the electron density
across interfaces, hence for sub-nanometer layers like this, there is significant overlap of
the error functions for the top and bottom interfaces resulting in a large uncertainty in the
layer thickness. However, the native oxide thicknesses modelled and the interface widths
are not unreasonable and indicate that it has not formed a continuous layer. There is also
reasonable consistency between the native oxide layer thicknesses modelled, where it is
below 1 nm for all films. This demonstrates that the introduction of a small amount of Cr
and V does not cause the native oxide to change significantly.

The true film thicknesses extracted from the XRR fitting of the thicker films was used
to calculate the conversion factor to transform nominal thicknesses to true thickness for
the thinner films, for which XRR was not reliable. The true thickness obtained from XRR
is used throughout the rest of this chapter. There is a typical roughness of approximately
1 nm for all the ferromagnetic layers. This indicates that the addition of impurities of V or
Cr in concentrations up to 5 at.% does not greatly influence the structure of the Ni.

The specular XRR gives depth sensitive structural information. In the next section,

TEM and EDX were used to gain further insight into the contribution of the native oxide.
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4.2.3 Contribution of the native oxide to the film as measured through

energy dispersive x-ray spectroscopy

In an electron microscope, for EDX measurements, the primary electron beam is used
to eject electrons from the core shells of atoms within the sample. Outer shell electrons
transition to fill the newly created holes and emit x-rays of frequency characteristic of the
energy associated with the transitions of that element. Here, it was used to gain insight into
the contribution of the surface oxide to the Ni films by measuring the relative proportions
of oxygen and nickel atoms in the sample.

The EDX measurements were made in association with Dr B. G. Mendis on the three
samples of Ni (15 nm), Ni (bnm) and Ni (4 nm) deposited onto silicon nitride windows,
using a beam operation voltage of 200 kV. The EDX spectra are shown in Fig. 4.2, and the
Ni-L,, Ni-L, and O-K,, absorption peaks have been labelled. Each spectrum was measured
for the same duration for the three different Ni films. The intensity of both Ni peaks dimin-
ish as film thickness is reduced. This is to be expected since the absolute intensity of the
peaks is proportional to the number Ni atoms. The O-K, peak remains consistent in mag-
nitude between the samples, suggesting that the native oxide formed is of approximately
the same thickness regardless of Ni thickness. This is consistent with the atmospheric
oxidation being a self limiting reaction, forming a passivating layer [139].

The peaks in the EDX spectrum were fitted with Gaussian distributions in order to
extract the peak heights and to separate the Ni-L, and Ni-L, nested peaks. The total fitted
distributions are shown as the solid lines in Fig. 4.2 a).

In Fig. 4.2 b)-d) the fitted double Gaussian distributions for the Ni-L, and Ni-L, ab-
sorption peaks are shown separately for each Ni film. This has been used to determine the
heights of the two absorption peaks. It can be seen that the intensity of the Ni-L, absorption
peak reduces alongside the Ni-L, absorption peak with reducing thickness. Since the peaks
originate from atomic emission, and are therefore independent of crystal morphology and
texture, within experimental error, the peak positions are the same between samples.

The peak heights extracted from the Gaussian fits to the EDX spectra are shown in
Fig. 4.3. With reducing Ni thickness, the reduction in intensity of Ni-L, absorption peak

intensity is faster than the linear dependence that would be expected, since the number of
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Figure 4.2: a) EDX spectra for the three Ni films of different thickness showing the Ni-L,, Ni-
L, and O-K, absorption peaks. The O-K, peak is approximately the same height for all three
thicknesses of Ni. The solid line shows the total distribution fitted using three Gaussian functions.
b)-d) Magnified view of the EDX spectra in the energy range of the Ni absorption peaks, showing
the Ni-L,, and Ni-L, peaks for Ni films of thickness b) 15 nm, ¢) 6 nm and d) 4 nm. The solid lines
show the two fitted Gaussians used to determine the individual peak heights of the Ni-L, and Ni-L,
peaks.
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Ni atoms is proportional to the film thickness.

The O-K, peak height is approximately the same when compared between samples,
though there is a weak linear dependence on Ni film thickness, which is observable in the
magnified scale in the inset. This reinforces the statement from the XRR analysis that
thicker Ni films form higher quality oxides, since stoichiometric oxides would have the
maximum oxygen content and therefore a stronger O-K,, intensity.

The XRR indicated that the native oxide was approximately 1 nm in thickness for all
films. As a crude estimate, this would give ratios of 1/4 = 0.25, 1/6 = 0.16 and 1/15 =
0.07 for the ratio of O-K, to Ni-L, peak heights for the Ni (4 nm), Ni (6 nm) and Ni
(15 nm) films respectively. It can be seen in Fig 4.4 that there is excellent agreement
between these predicted ratios and those observed from the EDX spectra, providing further
evidence that the oxide thickness is constant between the Ni films of different thickness
and approximately 1 nm in thickness.

The ratio of peak height intensities for Ni-L, to Ni-L, were also compared. The value
of 7.0 £+ 0.5 is constant with thickness, as would be expected, since both peaks arise from

Ni absorption and is also within the expected range of 4.5-18 [140].
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Figure 4.3: EDX peak height intensities for Ni-L, and O-K,, lines as a function of Ni film thickness.
The dashed lines are linear and exponential fits included as a guide to the eye for the O-K, and Ni-

L, intensities respectively. The inset shows a magnified view of the O-K,, absorption peak height
intensity and linear fit.
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Figure 4.4: Ratios of the peak height intensities for the O-K,, to Ni-L, lines and the Ni-L, to Ni-
L, lines. The dashed lines are linear and exponential fits included as a guide to the eye for the
O-K,/Ni-L, and Ni-L,/Ni-L, ratios respectively.

Following the compositional analysis of the films using EDX and the depth dependent
analysis using XRR, the discussion now moves to the in-plane morphological structure
characterised using transmission electron microscopy (TEM) techniques in order to com-

plete the structural analysis of the films.

4.2.4 Morphological structure of the films using transmission electron

microscopy

TEM uses electron diffraction to obtain interference patterns with atomic resolution that
are representative of the crystal structure. The electron beam is passed through the sample,
hence the sample substrate and film needs to be thin enough to allow complete transmit-
tance. This was why three samples were deposited onto 10 nm thick silicon nitride win-
dows and all TEM analysis was completed on these samples only. The samples should
be nominally identical to those deposited onto SiO, substrates, as both substrates are
amorphous and Si based. However, the use of different substrates may modify the sam-
ple growth. TEM imaging in this section was completed with the assistance of Dr B. G

Mendis.
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Grain structure of the Ni films

Bright-field and dark-field imaging can be used to investigate the grain structure of the
films. When using bright-field imaging, the sample surface is orthogonal to the beam and
an aperture is used so that only the direct beam can pass. The electron beam is then at-
tenuated by the film. Diffraction contrast arises between grains with crystal planes that
are orientated such that the transmitted beam is diffracted away from the detector. Dis-
continuities and pinholes tend to appear bright since they direct transmission through the
aperture.

When using dark-field imaging the sample is tilted such that the diffracted beams reach
the detector. For these images, the condition was such that the angle of tilt corresponded
to that which would allow diffracted beams from (111) and (200) textures to reach the
detector and appear bright. These atomic planes are associated with the face-centred cubic
structure as expected for Ni.

Fig. 4.5 shows a comparison of bright-field and-dark field images for the same region
of the 15 nm film. Diffraction contrast can be seen between the images, in which grains
which were dark in the bright-field image are bright in the dark-field image. Some example
crystallites in the image have been circled.

A high resolution bright-field TEM image of the 15 nm film is shown in Fig. 4.6. The
lattice planes can be seen clearly and the orientation of the planes changes between grains,
which is indicative of the polycrystalline nature of the film. It can be seen that the grains
are all between 5-10 nm in the plane, which is consistent with that found for Ni films of
similar thickness in the literature [141].

The diffraction patterns for the Ni (15 nm), Ni (6 nm) and Ni (4 nm) films are shown
in Fig. 4.7. For all films the patterns form rings rather than spots. This again confirms the

polycrystalline nature of the films. The expression;

R 4.2.1)

dhkl

can be used to identify the rings, where R is the ring radius, A is the electron wavelength,
L is the camera length of the electron microscope and dj; is the spacing of the lattice

planes allowing for the texture to be identified. The values of dj; can be found from the

75



4.2. Structural characterisation of the thin films 76

Figure 4.5: a) Bright-field TEM image of the 15 nm Ni film. b) Dark-field image taken in the same
location. The circled areas show good examples of diffraction contrast between the two images.

Figure 4.6: High resolution TEM image of the 15 nm Ni film. The atom columns are visible and
individual crystallites can be identified as the regions where the atom columns are orientated along
uniform planes in the same direction.
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Figure 4.7: Electron diffraction patterns for a) Ni (15 nm), b) Ni (6 nm) and c) Ni (4 nm) films.
Each diffraction ring has been labelled with the corresponding Miller indices.

corresponding Miller indices using

a2

- 422
h* + k* + I? (422)

dhkl =

where a is the lattice parameter of Ni and 4, k and [ are the Miller indices for lattice plane.
The (111), (002), (022) and (222) rings have been identified on the diffraction patterns.
The intensity of the (111) ring is brightest for all three films, indicating that the grains are
primarily orientated with (111) texture out of the film plane.

There is no change in the radius of the rings over the three Ni film thicknesses. How-
ever, all rings have a radius that is 9.5% smaller than the value expected from the calcula-
tion using the bulk lattice parameter of Ni of 3.52 A. This indicates a constant strain that is
independent of thickness, in the thickness range of 4-15 nm, and results in an expansion of
the lattice parameter to (3.85 = 0.02) A.

With reduced film thickness, in particular below 5 nm, the structural integrity of the
film can become compromised. This is important with regard to the electrical properties
of the films where the onset of discontinuities will be accompanied by a dramatic rise in

resistivity. This structural change was investigated using Fresnel contrast.

Identifying the onset of film discontinuities with reducing film thickness

The images in Fig. 4.8 were made using bright-field imaging with Fresnel contrast. For
Fresnel contrast, the beam is slightly defocused to enhance the contrast from grain bound-

aries. In Fig. 4.8 a) for the 15 nm film, contrast between grains with different crystalline
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orientation can be seen. The onset of discontinuities between these grains can be seen in
Fig. 4.8 b) for the 6 nm film, where bright contrast appears between the crystallites. On
further reducing the film thickness, it can be seen in Fig. 4.8 c) that these bright segments
become more pronounced indicating further discontinuities in the film.

To summarise, XRR revealed that there was a native oxide of approximately 1 nm
thickness for all films and that the introduction of small amounts of V and Cr impurities
does little to modify the interfacial roughness of the Ni. EDX confirmed that the oxide

was self passivating and that there was little variation in oxygen content between the films.

Lig.
5 Oulalil)

Figure 4.8: Bright-field TEM images with Fresnel contrast of a) 15 nm, b) 6 nm and ¢) 4 nm Ni
films. The bright regions between the grains indicate the formation of discontinuities, which first
appear in the 6 nm film and become more prevalent in the 4 nm film.
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4.3. Thickness dependence of AMR in doped Ni thin films 79

From the TEM analysis it was identified that the films were predominantly (111) textured
and had undergone an average lattice expansion of 9.5%. Importantly, from the Fresnel
contrast, the onset of discontinuities was established to be at 6 nm for the Ni films. The
chapter now proceeds to present and explain the measured thickness dependence of AMR

in the Ni, Nigs; Vs and NigsCrs thin films.

4.3 Thickness dependence of AMR in doped Ni thin films

The thickness dependence of Ap was measured in the Ni, NigsVs and NigsCrs thin films.
By including the dopants, the electronic structure of the Ni was modified and the thickness
dependence of the AMR could be investigated with reference to the CFJ model.

The CFJ model was described in chapter 2 and can be used to make quantitative pre-
dictions of Ap in Ni films doped with small concentrations of transition metals [58]. In this
chapter the CFJ model was modified with a new thickness dependence to gain theoretical
insight into the unexplained thickness dependence of Ap .

Doping the Ni with Cr or V reduced the value of @. Referring to chapter 2, @ parametrises
the spin-dependent resistivity channels from the Mott-two-current model [59]. A larger
value of @ means a greater difference between spin T channel resistivity p(T’ and spin |
channel resistivity p‘l’, and therefore a greater Ap. Some values for a for transition metal

impurities in Ni are quoted in Table 4.2.

4.3.1 AMR measured through the angular resistivity dependence

AMR was measured using a standard four-probe technique in the longitudinal geometry,
as outlined in chapter 3. The sample was rotated through 180° in a saturating in-plane

magnetic field and the resulting distribution of resistivities was fitted with

p=p.+Apcos’(6+86,), (4.3.3)

Dopant ‘ T VvV Cr Mn Fe Co
a:p?/p?‘2.4 0.65 045 15 20 30

Table 4.2: Measured values of « for different transition metal dopants in Ni. Reproduced from
Ref. [60]

79



4.3. Thickness dependence of AMR in doped Ni thin films 80

to extract the AMR. Here, 6 is the angle between the magnetic field and the current and 6,
is a small constant correction angle (typically ~ 2°) required due to offsets in the sample
alignment with respect to the magnetic field. Measurements of the angular dependence of
the resistivity and best fits with equation (4.3.3) for different thicknesses of Ni, Nigs Vs and
NigsCrs thin films are shown in Fig. 4.9 a)-c).
It can be seen that the magnitude of Ap is much smaller for the V doped and smaller
still for the Cr doped films in comparison to the pure Ni films. This is consistent with the

expectations of the CFJ model based on the quoted values of @ in Table 4.2, where « is

smallest for Ni films doped with Cr.

A Ni(12 nm) 03r A NigsV5(13 nm)
Ni(8 nm) 05| Nig5V5(8 nm)
- * Nig5V5(4 nm)

* Ni(4 nm)

p (pfem)

p (ufem)
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Field angle (deg) Field angle (deg)
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025k N%95C,‘1‘5(9 nm)

* NigsCr5(5 nm)
0.2
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p (p2em)

Field angle (deg)

Figure 4.9: Variation of p as a function of the in-plane angle between the applied magnetic field
and the current flow for a) Ni films, b) Nig5 V5 film, and c¢) Nig5;Crs films of different thickness. The
solid lines show the best fit with equation (4.3.3). The transverse resistivity p, has been subtracted
from the data and the fits so that Ap can be compared more easily between samples with different

electrical resistivities. The 6, offset has also been applied to centre the data about 90°.
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4.3.2 Thickness dependence of Ap in doped Ni thin films

The variation of Ap and Ap/p with film thickness is shown for the Ni, Nigs Vs and NigsCrs
films in Fig. 4.10 a) and b) respectively. Ap begins to fall quite dramatically when the
film thickness is below 6 nm. Above this, it is roughly constant, saturating at Ap =
(0.30 = 0.02) uQcm for the Ni films, Ap = (0.18 £ 0.01) uQcm for the Nigs V5 films
and Ap = (0.10 £ 0.01) uQcm for the NigsCrs films. This is termed the saturation Ap. For
thicknesses below 6 nm, the reduction in Ap is very rapid.

The drop of Ap for film thicknesses below 6 nm coincides with the onset of discontinu-
ities in the films as found from the TEM analysis. This suggests that sample morphology is
likely to be very important in determining the magnitude of Ap within this thickness range.

The work of L. Bogart found the saturation of Ap for evaporated Nig,Fe 9 films oc-
curred for films above 18 nm in thickness [115] and Thanh et al. found the saturation of
Ap occurred above 10 nm Nig;Fe;9 thickness in sputtered Ta/Nig;Fe o/IrMn/Ta multilay-
ers [136]. In this study it is considered that this variation occurs due to the difference in
sample deposition environment and the resulting transformations in film structure. How-
ever, the structural analysis of the NigFe 9 films used by L. Bogart found comparable
roughness, grain size and native oxide thicknesses with the films used in this study. There
is no data in either study regarding the onset of film discontinuities though, which may
play an important role. The work of Thanh et al. is further complicated by the need for

current shunting corrections due to the Ta layers, making the true saturation of Ap due to
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Figure 4.10: a) The dependence of Ap on film thickness for sputtered Ni, NigsVs and NigsCrs
films. b) Likewise, Ap/p as a function of film thickness for Ni, Nigs Vs and NigsCrs films.
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the Nig, Fe 9 thickness dependence more challenging to identify.

The drop in Ap/p with reducing thickness onsets earlier and is less dramatic. This is
because the effects of the rising resistivity due to the size effect are apparent at greater
thickness. This thickness is related to the mean free path in the material, which for Ni is
approximately 2-4 nm at room temperature [142].

The thickness at which Ap begins to fall is independent of the dopant used. This can
be seen clearly in Fig. 4.11 where Ap has been normalised to the saturation values of Ap in
Fig. 4.10 for each sample series, and referred to as Ap,om. The universal scaling is quite
clear and demonstrates that the thickness dependence is not arising due to the dopant but is
inherent to the reduced dimensionality of the films, whether that be due to the encroaching

interfaces or the consequence of the poorer film quality at low thickness.

4.4 Correlations between electrical resistivity and Ap

In thin films, where the thickness is comparable to the mean free path of the electron in
that material, the resistivity, p, is not a constant and instead rises dramatically due to diffuse
scattering at the interfaces as the thickness is reduced. This contribution was derived by

Fuchs and Sondheimer [33] using a Boltzmann equation approach where the interfaces are

100

(o]
o
L]

—k—
—P—
—¥—
—k—
D
k-
>

40 -
20F A Nl -
Nig.95Vo.05
% Nig 95Cro.05
O L L L L L L L L

0 2 4 6 8 10 12 14 16 18
Film thickness (nm)

Figure 4.11: The dependence of Apporm on film thickness for sputtered Ni, NigsVs and NigsCrs
film.
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incorporated into the boundary conditions of the problem. In the limiting case that ¢ < [,

the resistivity in the presence of interface scattering is given by

4lopo 1
= , 4.4.4
3 [In(lp/t) + 0.423] ( )
where [, is the electron mean free path. For films where ¢ > [, this simplifies to
3
P =pPo [1 + g(lo/t)] . (4.4.5)

The transverse resistivity, p, , is plotted as a function of film thickness in Fig. 4.12 with
fits obtained using equation (4.4.5) for the limiting case where ¢ > /y. The fits have been
made to the data above 5 nm, since equation (4.4.5) applies to the films thicker than the
lo, which for Ni should be approximately 2-4 nm at room temperature [142]. The derived
values for [y and p,y are shown in Table 4.3. The values for /; are consistently large for all
three data series, in particular for the Ni films, which brings into question the validity of
the application of the Fuchs-Sondheimer theory to this data. Furthermore, no fit could be
obtained using equation (4.4.4) for the low thickness region where ¢ < [y. It is likely that
this is because of the onset of discontinuities in the film results in a resistivity that rises
faster than can be accounted for from interfacial scattering alone.

Below 6 nm there is a distinct change in slope of the data, which is due to the onset
of film discontinuities. A plot of Ap,om against p, is shown in Fig. 4.13 and importantly
there is a correlation which suggests that the origin of the rapid rise in resistivity is the
same as that which causes the fall in Ap. A linear fit has been made to the data which from
the slope of (-0.24 + 0.09) uQ 'cm™! gives an empirical relationship between the loss of

Ap and the rise in resistance.

| lo (nm)  po (uQcm)
Ni 120£5 7+5
Nigs V5 18 +4 45+ 5
NigsCrs | 17 £2 50+5

Table 4.3: Extracted values of [y and pp from best fits using equation (4.4.5).
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Figure 4.12: The film resistivity when magnetised transverse to the current flow (o, ) as a function
of film thickness for sputtered Ni, NigsVs5 and NigsCrs films. Solid lines show the best fits using

equation (4.4.5).
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Figure 4.13: Ap,orm plotted as a function of the resistivity, p, , for Ni, NigsVs and NigsCrs films.
The solid line shows a linear fit made to the data.
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4.4.1 Interfaces and the CFJ model

In this section the CFJ model, which was discussed in detail in chapter 2, is applied to
explain the difference in saturation Ap between the Ni, Nigs V5 and NigsCrs films. The CFJ
model is then discussed in the context of the loss of Ap and the effect of the increased

contribution from the interfaces and sample morphology.

4.4.2 Principle expressions from the CFJ model

The CFJ model [58] can be used to make quantitative predictions of the AMR ratio in

Ni-based alloys. Crucially the following expressions were obtained:

pp = YOL=PIPL (4.4.6)
pr+pL+app;
Ap Yoy, — PPy

(4.4.7)
P Pyt puler +p1)

where y is a constant that is related to the strength of the spin-orbit interaction in the
material, p; and p; are the spin channel resistivities from the Mott two-current model and
py1 1s the spin-mixing resistivity that allows for some spin-flip scattering of electrons. The
terms p, where o =7 or |, can be separated into p, = pi (T) + p2, where p' (T) is an
intrinsic temperature dependent resistivity characteristic of the host ferromagnetic and p®
is a resistivity that depends on how the dopant modifies the ferromagnet density of states.

At low temperature, assuming p;1 << p,- this simplifies to,
A
2L @-1y (4.4.8)
P

demonstrating the linear dependence of Ap/p with a = p(l’ /p(T’, i.e the ratio of spin-channel
resistivities.

Referring back to the difference in saturation values of Ap for the Ni, NigsV5 and
NigsCrs series shown in Fig 4.10 a), this can now be understood using the CFJ model

with quantitative predictions.
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4.4.3 Explanation of the difference in saturation Ap with Cr and V
dopants

The resistivity for each spin-channel is given by, p, = p' (T)+p".. However, for the pure Ni
film, the p? terms are zero by definition since the purpose of this term is to characterise how
the introduction of transition metal impurities modify the band structure. Note that this is
separate to the zero temperature resistivity which would be present in all the films and is
incorporated within the p! (T') terms. For the Ni films, the resistivity of the spin-channels
are therefore determined by the intrinsic resistivity, p, = o (T) only. All measurements in
this chapter are at room temperature so for simplicity, from here on p'. refers to the room
temperature value.

For the Ni thickness dependence, Ap saturated at Ap = 0.3 uQcm. From this, all pairs
of values for p} and p| which yield a value of Ap = 0.3 uQcm when substituted into
equation (4.4.6) can be found computationally. After this, each of these pairs of p% and
pi can then be tested with the Nigs V5 saturation Ap and NigsCrs saturation Ap data, this
time with the complete terms p, = p? + p' , where p® are known values determined from
the values of « in references [58, 60] and are shown in Table 4.4. The pair of p!_ values
which were found to give the closest solution to the observed saturation values of Ap for
all three sample series were found to be p% = 9.8 uQcm and pi = 57.4 uQcm. The results
are summarised in Table 4.4. Values of p;; = 1 uQcm and y = 0.0075 were used for all
calculations which are similar to those originally used in the CFJ model [58] for Ni based
alloys.

There is some disagreement between Appreq and Appeqs, but the model does reproduce
the ordering of the data series. The disagreement between the absolute values may be due

to the chosen values of p?,, which have been assumed to be independent of concentration,

‘ p? (IUQCWL) p(l) (,uQcm) Appred (/.IQCI’I’L) Apmeas (,uQcm)

Ni 0 0 0.30 0.30+0.02
NigsVs 11.8 7.7 0.24 0.18+0.01
NigsCrs 17.0 7.7 0.20 0.10+0.01

Table 4.4: Saturation values of Ap predicted (Appreq) using equation (4.4.6) for NigsCrs and Nigs Vs
films. Values of p) used are those from the original CFJ model publication [58]. The measured
values of Ap termed Apmeas 1S shown for comparison.
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an assumption which strictly speaking is only valid at low temperature.
Following this, the investigation now moves to discuss the effects of reduced dimen-
sionality in the context of the CFJ model regarding the universal thickness dependence of

Ap observed between the Ni, Nigs Vs and NigsCrs films.

4.5 Discussion of the impact of encroaching interfaces on

the CFJ model

By doping the films and observing the thickness dependence, the same universal scaling
was observed. In the CFJ model, the dopant would modify the p; and p; terms. Since the
thickness dependence of Ap was independent of the dopant, this suggests that these terms
do not contribute to the thickness dependence. Furthermore, p; and p; are determined
from the spin-density of states at Er, which is relatively unchanged over the thickness
range investigated in this study [143]. Consequently the thickness dependence could be
associated with either y or pj;.

For the length-scales at which the critical behaviour occurs, in these samples 6 nm,
it can be expected that p;; would show the most significant thickness dependence. The
argument for this is that the exchange length of Ni is & 8.3 nm [144]. This is the length-
scale over which the exchange interaction is the dominating energy contribution, hence it
can be expected that there would be significant modifications to spin-spin interactions for
thicknesses below this.

Since the main contribution to the term p; is electron-magnon scattering [143], it was

hypothesised that this term would change most significantly with reducing film thickness.

4.6 Contribution of electron-magnon scattering with re-
ducing film thickness

In order to investigate the hypothesis that the origin for the loss of Ap is due to an enhance-
ment in pyy, it is necessary to understand how the magnon population changes with film

thickness.
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To interpret this, measurements of the spin-wave stiffness were made. The spin-wave
stiffness is associated with the energy cost to produce a low energy magnon excitation,

hence it is representative of the number of magnons available at fixed temperature.

4.6.1 Spin-wave stiffness and enhanced electron-magnon scattering

The spin-wave stiffness can be extracted from temperature dependent magnetisation mea-
surements. These measurements were made on the Ni films with the assistance of Dr O.
Céspedes at the University of Leeds using a Quantum design SQUID-VSM.

The temperature dependent magnetisation can be fitted with the Bloch-T*/? law,
M(T) = M(0)(1 - gT°") (4.6.9)

where M(T) is the temperature dependent magnetisation, S is a constant, with a depen-
dence on the spin-wave stiffness, and T is the temperature. The data for all the Ni films
is shown in Fig. 4.14 with fits made using equation (4.6.9). The temperature range of the
fits was restricted, since the Bloch-T*? law only applies in the low temperature spin-wave
dominated region of the magnetisation temperature dependence.

The extrapolated magnetisation at 0 K as well as the extracted 5 parameter are plotted
in Fig. 4.15 as a function of Ni film thickness. The drop in magnetisation with thickness
is associated with the increased contribution from the Ni interfaces [145]. It can be shown

that,

Nine Ni 2A
M(tx) = My; (1 — ) = Myi (1 - —_) (4.6.10)

Tot,Ni INi
where My; = 487 emu/cm™ is the bulk magnetisation of Ni, Ny ni and Nyo i are the num-
ber of interfacial Ni atoms and total Ni atoms respectively, A are the widths of the top and
bottom Ni interfaces and #y; is the Ni thickness. This has been fitted to the magnetisation
data in Fig. 4.15, yielding A = 0.90 + 0.05 nm which is consistent with the Ni and Si0,
interface widths extracted from the XRR.

Using the values of M(0) and S, the spin-wave stiffness, D, can then be extracted using

_ k_B({(3/2)gﬂB) 46.11)

4n\ M©O)B
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Figure 4.14: Magnetisation as a function of temperature for Ni films of different thickness. The

solid lines denote best fits using equation (4.6.9) in the spin-wave region.
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Figure 4.15: Values of M(0) and § as extracted from the fits in Fig. 4.14 and plotted as a function
of Ni film thickness. The solid line shows a fit to the M(0) data using equation (4.6.10).
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where kp is the Boltzmann constant, £(3/2) = 2.612 is the Riemann zeta function, g = 2.20
is the g factor [146], and up is the Bohr magneton.

The spin-wave stiffness is plotted against the film thickness in Fig. 4.16 and reduces
dramatically with film thickness on a similar lengthscale as Ap. The drop in spin-wave
stiffness can be understood phenomenologically in terms of nearest neighbour interactions
between the Ni atoms. Atoms at the interface have fewer nearest neighbours to enforce
the exchange interaction, consequently the ferromagnetism is less stable at the interfaces.
As the film thickness is reduced, the interface makes up a greater contribution of the film
thickness. This surface contribution is particularly enhanced when the film becomes dis-
continuous, in fact it is known that Ni nanoparticles have a reduced spin-wave stiffness
compared to thin films [147].

In Fig. 4.17, Ap is plotted as a function of D and shows a linear dependence. The
fit has been forced to pass through the origin, since a spin-wave stiffness of zero would
imply no magnetisation and hence no AMR. This demonstrates that the rapid loss of Ap
with reducing thickness is in fact a result of the rapidly falling D due to the increased
contribution from the interfaces.

This can be understood in terms of the CFJ model in that the reduced value of D and
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Figure 4.16: The spin wave stiffness, D, extracted from temperature dependent magnetisation mea-
surements and plotted as a function of Ni film thickness.
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Figure 4.17: Ap plotted as a function of D. A linear fit has been made to the data which passes
through the origin.

the reduced magnetisation suggests a greater presence of magnons. This would result
in enhanced electron-magnon scattering, which is a spin-flip scattering mechanism. This
weakens the validity of the fundamental assumption of the Mott-two-current model, by
which spin T and spin | electrons conduct independently and is crucial to AMR. Within
the CFJ model, this manifests itself as an enhancement of the p; term, which is isotropic
with respect to the magnetisation direction. Hence an isotropic scattering mechanism is
superimposed onto the anisotropic scattering responsible for AMR and as the film thick-
ness is reduced the isotropic electron-magnon scattering begins to dominate and Ap begins
to vanish. With this knowledge, the next section discusses how a generalised thickness

dependence can be incorporated into the CFJ model.

4.6.2 Inclusion of thickness dependence into the CFJ model

Fundamentally, Ap falls with reducing thickness because of the increased contribution from
the interfaces and sample morphology causes a reduction in D which causes an enhance-
ment in electron-magnon scattering. Previously it was shown that the film resistivity scales
with Ap , which can now be understood in terms of the onset of these discontinuities which

are responsible for the rapid rise in resistivity as well as the rapid drop in D. The film re-

91



4.6. Contribution of electron-magnon scattering with reducing film thickness 92

sistivity can therefore be used as a measure of the presence of electron-magnon scattering
and can be used to apply thickness dependence to the CFJ model.

Although the Fuchs-Sondheimer model could not reproduce the film resistivity, an ex-
ponential captures the form of the data well and is demonstrated in the inset of Fig. 4.18.

This exponential was therefore applied to p;; with the functional form,

P11 (D) = piypuk + p11(0) exp(=1/1) (4.6.12)

where o1 pui 18 the spin-mixing resistivity for bulk Ni, p;1(0) is a hypothetical value for
the spin-mixing resistivity at zero thickness and f, is the characteristic lengthscale of the
process. The value for #, was obtained from the exponential fit to the p, data, shown in the
inset of Fig. 4.18 and was found to be 1.36 nm.

In this way thickness dependence could be incorporated into the CFJ model using the
functional form of the resistivity thickness dependence. This functional form is in qualita-
tive agreement with that found theoretically by Ren and Dow using a Boltzmann analysis
to study the spin-flip scattering rate in thin films, predicting an enhancement with reducing

thickness [148]. Equation (4.6.12) is then substituted for p;(¢) in

Ap(1) _ YL = prpy
P pwoy+ e +py)

(4.6.13)

The resulting fits to the AMR ratio, with equation (4.6.13) are shown in Fig. 4.18. In
order to reduce the number of variables, the following procedure was used to fit equa-
tion (4.6.13) to the AMR ratio data, which applied constraints to the fits. As before,
poe = Pl + py. For all samples, p| = 57.4 uQcm and Py = 9.8 uQem as was found
from the calculation of Ap for Ni in section 4.4.3.

This leaves the values of p1 pu, £11(0) and p?. to be determined. To further simplify the
problem, the Ni AMR ratio data was fitted first. As was discussed in section 1.4.3, p?, =0
for the pure Ni films and hence only the parameters p+(0) and p° needed to be fitted.

These were found to be pj;pux = 20 uQcm and p;(0) = 5000 uQcm. The value
of prpuk 18 larger than expected, but not entirely unreasonable. These were then fixed
in the subsequent fits for the Nigs Vs and NigsCrs data since the universal scaling demon-

strated that the thickness dependence of Ap should be the same independent of the dopant.
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Figure 4.18: The thickness dependence of the AMR ratio for the Ni, Nigs Vs and NigsCrs films
and fits made using the CFJ model with thickness dependence incorporated into the p; term. In-
set: thickness dependence of p, , demonstrating how an exponential fit can be used to capture the
functional form of the data which can then be used to include thickness dependence within the CFJ
model.

Therefore, fixing the parameters, 7y, p;1pux and pj;3(0) ensures that equation (4.6.12) yields
the same thickness dependence for the AMR ratio when fitted to the NigsVs and Nigs;Crs
datasets. The resulting values for p and the calculated @ = p, /p; are shown in Table 4.5.
The values of p are large but not unreasonable. Importantly, @ undergoes a reduction
when doping with V and a further reduction when doping with Cr.

The agreement of the fits with the data demonstrates that the sample resistivity is indeed
representative of the film morphology which in turn reflects the contribution from p ;.

It follows that in any system, if the functional form of the thickness dependence of

‘ p(l) (uQcm) 'O(T) (uQcm) «

Ni 0 0 -
NigsVs | 104 91 1.15
NigsCrs | 143 151 0.94

Table 4.5: Extracted parameters from the best fits to the Ap/p data shown in Fig. 4.18 using equa-
tion (4.6.13).

93



4.7. Chapter conclusions 94

the resistivity is known, then Ap can be calculated from this. This is because the thickness
dependence of the resistivity reflects the contribution of the interfaces and sample morphol-
ogy to electron scattering, and since we have shown here that the electron-magnon spin-flip
scattering is influenced by the same changes in morphology, the thickness dependence of

resistivity can be used to calculate the thickness dependence of Ap in any system.

4.7 Chapter conclusions

In this chapter Ni, Nigs V5 and NigsCrs films of various thickness were investigated. Struc-
tural analysis of the Ni films was made using XRR and it was found that there was an oxide
of approximately constant thickness of 1 nm present on the surface of all the samples which
was independent of ferromagnetic film thickness. TEM was also used from which it was
also established that the onset of discontinuities occurred for Ni films thinner than 6 nm.

Measurement of the AMR in these films established that the loss of Ap occurred at
the same thickness independent of the dopant, highlighting that the drop in Ap was likely
associated with the effect of the encroaching interfaces as the film thickness reduced. The
drop in Ap occurred for films with thickness less than 6 nm, which coincided with the
onset of film discontinuities. The role of interfaces and sample morphology was further
evidenced by the linear scaling between Ap and the film resistivity.

The spin-wave stiffness D was extracted from temperature dependent magnetisation
measurements. From this it was observed that D also dropped dramatically in the region
that Ap did. It was interpreted that as the film thickness reduced, the surface contribution
increased, and in particular when the film became discontinuous, this resulted in a reduc-
tion of nearest neighbour atomic interactions and an enhancement of magnonic excitations.

From this is was suggested that the increase in magnon density leads to enhanced
electron-magnon scattering, which is a spin-flip scattering process. This mixes the spin-
channels within the Mott-two-current model and therefore causes the loss of Ap with reduc-
ing thickness since spin T and spin | electrons can no longer be considered to conduct in-
dependently. In the context of the CFJ model, this modifies the p|; term, which is isotropic
with respect to the magnetisation direction, resulting in a reducing Ap with decreasing film

thickness.
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Since the effect depends dramatically on the film morphology, Ap is subject to many ex-
trinsic factors such as film roughness and grain size which are dependent to an extent on the
deposition environment. This explains why Ap vanishes at different thickness between the
sputtered samples used in this study and the evaporated samples used by L. Bogart [115].
However, it was shown from the structural analysis of the films that the functional form
of the film resistivity inherently incorporates these extrinsic factors and can therefore be
used to include a generalised thickness dependence into the CFJ model. This successfully
reproduced the Ap/p data with reasonable parameters and in principle could be applied to
any system to determine the thickness dependence of Ap, as long as the functional form of

the thickness dependence of the film resistivity is known.
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Spin-orbit torques: damping-like and
field-like torques in systems with different

anisotropies

5.1 Introduction

Spin-orbit torques (SOTs) offer an alternative approach for electrical manipulation of mag-
netisation to conventional spin-transfer torque [7, 149]. Using a heavy metal/ferromagnet
bilayer system, requiring just a single ferromagnetic element, it has been shown that an in-
plane current can be used to manipulate magnetisation direction [24, 72,150, 151]. There
exists two torques, both act in directions orthogonal to each other. A “field-like torque”
which can be represented as an effective magnetic field of the form H L~ 2 X g_:
and a “damping-like torque” which takes on the effective magnetic field form of H DL ~
m x (2 X g—':), where £ is a unit vector normal to the film surface, j. is the charge current
density and 772 is the magnetisation.

It is generally believed that the driving phenomena behind these torques are the spin
Hall effect [19, 152] and the Rashba effect [20,22]. A detailed discussion on the origin of
these phenomena can be found in chapter 2. The experimental situation has been somewhat
controversial, with some works favouring the Rashba effect [22] and others strong advo-
cates of the spin Hall effect as the main driving force [24]. However, a theoretical study
by Haney et al. [66], who employed a Boltzmann analysis, found that both the Rashba and
spin-Hall effects can contribute to both the field-like and damping-like torques, but they
differ in magnitude, with the spin-Hall effect giving rise to a larger damping-like torque

and the Rashba effect a larger field-like torque.
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In an attempt to resolve the contributions of the spin-Hall and Rashba effect there fol-
lowed a body of experimental work which has investigated the SOTs in a variety of sys-
tems [14, 67,153, 154]. This consequently demonstrated that the sign and magnitude of
the SOTs can depend dramatically upon a variety of factors including ferromagnetic layer
thickness [68, 69, 155], heavy metal layer thickness [68] and in particular the choice of
heavy metal [14, 156, 157]. The ease by which SOTs can be engineered is positive in one
regard, but it has been difficult to pin down the underlying physics.

SOTs have been studied in systems with in-plane [155, 158] and out-of-plane mag-
netic anisotropies [74, 159]. Of particular interest here was the work of Emori et al. [160],
who demonstrated that oxygen migration at the ferromagnetic interface and a reduction
in perpendicular magnetic anisotropy can result in an order of magnitude increase in the
SOT with the Hp,. contribution rising from 4.2 Oe to 46.8 Oe per 10'® Am~2. This re-
sult demonstrated the sensitivity of the SOT to the magnetic anisotropy and the interfacial
structure.

This is further developed in this chapter, where SOTs were studied in systems with
strong in-plane anisotropy as well as systems with weak out-of-plane magnetic anisotropy.
Furthermore, the sample structures were devised in order to separate and clarify the role of
the Rashba and spin-Hall effects.

The chapter is split into two sections. The first focuses on measurements of SOTs,
using the planar Hall effect (PHE) and longitudinal magneto-optical Kerr effect (MOKE),
made on a Nig Fe 9 (4 nm)/Pt (4.5 nm) bilayer with magnetic anisotropy in-the-plane of
the film. The second section builds on the work of Emori et al. [160] and presents results
where the SOT's were investigated in systems with weak perpendicular magnetic anisotropy
(PMA). Here, a polar MOKE measurement with a lock-in detection method was used to
measure a symmetric Pt (1 nm)/Co (0.6 nm)/Pt (5 nm) sample with weak PMA. Following
this, the same experimental method was used to measure an asymmetric Pt (3 nm)/Co
(0.6 nm)/MgO (2 nm)/Pt (1.5 nm) sample, which also had weak PMA, to study the Rashba

contribution.
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5.2 Definitions of parameters and measurement configu-
rations

In this chapter there are a large number of experiment configurations as the measurements
require magnetic fields applied at different angles with respect to the current flow. In order
to simplify the descriptions it is worthwhile defining some angles. These are summarised in
Fig. 5.1. The azimuthal angle, 6, defines vectors in the plane of the film. It is the azimuthal
angle between the current flow and the applied magnetic field. The direction of current
flow, ]_; is defined as 6 = 0°. The polar angle, ¢, defines vectors out of the plane of the
film. It is the polar angle between the current flow and the applied magnetic field. It is
defined such that the film normal, 2, is at ¢ = 90°. Consequently, a magnetic field applied
along the current flow is at angles (6 = 0°,¢ = 0°) and a magnetic field applied in-plane
but transverse to the current flow is at angles (8 = 90°, ¢ = 0°).

Three magnetic field directions are used regularly throughout this chapter. They are
referred to as the longitudinal magnetic field (6 = 0°, ¢ = 0°), the transverse magnetic field
(@ = 90°,¢ = 0°) and the perpendicular magnetic field ¢ = 90°. With these definitions
in place the first section investigates SOTs in a Nig; Fe;¢/Pt bilayer with in-plane magnetic

anisotropy.

(¢ =90)

T Je
Figure 5.1: Definitions of the azimuthal (6) and polar angles (¢) with respect to the current (;’;) and
film normal (2) directions.

98



5.3. Spin-orbit torques in films with in-plane magnetisation 99

5.3 Spin-orbit torques in films with in-plane magnetisa-
tion

Since H L~ 2 X g_; and H pL ~ M X (£ X g_:), for samples where the magnetisation lies in
the plane of the film, the resulting directions of the SOTs are those summarised in Fig 5.2.
H FL causes magnetisation rotation in the plane of the film, hence the PHE and longitudinal
MOKE are suitable choices to measure this rotation. Conversely, H pL causes the moment
to cant out of the plane, hence in principle both the AHE and polar MOKE are appropriate
choices for these measurements.

First, attempts at measuring magnetisation rotation due to H r Using the PHE are
shown. The PHE has been used to characterise H rL by Fan et al. [69, 155] for in-plane
magnetised systems, but in this measurement a unique approach was used, in which it was
measured simultaneously with longitudinal MOKE so that any changes in the switching
field reversal due to the H rL Would be observable in the hysteresis loops.

A schematic of the setup is shown in Fig. 5.3. The longitudinal MOKE and PHE
measurement setups are as described in chapter 3, whereby the magnetic field was driven
by a Kepco BOP 50-5M power supply which oscillated the field polarity at 23 Hz. The
samples were made by sputter deposition through a shadow mask resulting in tracks that
were 0.5 mm wide and a schematic of the samples surface is also shown in Fig. 5.3.

For the PHE, a constant DC current was applied through the central bar of the sam-

Figure 5.2: Schematic of a Nig;Fe /Pt bilayer Wlth magnetlsatlon m and current density ge in the
plane of the film and the resulting directions of H FL and H pL. The unit vector 2 is defined as the
normal to the film surface. Although the Pt is on the top, for clarity the magnetisation and effective
field vectors associated with the ferromagnetic layer have been drawn on the surface.
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Figﬂ}‘e 5.3: Schematic showing the experimental setup for measuring magnetisation rotation due
to Hpp. A sourcemeter was used to apply a DC current to the sample and the resulting current
induced field modifies the magnetisation reversal. The magnetisation reversal was measured using
both longitudinal MOKE and the PHE simultaneously. The Kerr voltage and Vpyg were passed to
the oscilloscope and averaged over multiple field cycles.

ple between +/ and —/ contacts and the PHE voltage was measured across the contacts
+Vpye and —Vpyg as a function of the in-plane field (which oscillated at 23 Hz) using the
oscilloscope. Due to the oscillating magnetic field, the Kerr voltage and PHE showed time
dependence and the oscilloscope was used to measure both the PHE and Kerr voltages si-
multaneously and was triggered to the in-plane AC magnetic field modulation frequency,
allowing both signals to be averaged over multiple field cycles.

For the longitudinal MOKE measurement, the focused p-polarised laser spot hit the
sample at the midpoint of the central bar, and after passing through a quarter-wave plate
and analyser was directed into the photodiode. The resulting laser intensity due to the Kerr
rotation was measured by the photodiode as a function of the in-plane field and measured
with the oscilloscope as a Kerr voltage. The in-plane field was applied at different angles 6
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with respect to the DC current.

5.3.1 Planar Hall effect and hysteresis loops as a function of applied

magnetic field angle

The PHE has an angular dependence that follows ~ sin26,, [161], where 6,, is the az-
imuthal angle between the current and magnetisation directions. Consequently, the Hall
voltage changes sign as 6, passes through 0° and has a maximum magnitude at 6,, = 45°.
Furthermore, the sin 26, curve is steepest at #,, = 0° hence the PHE is most sensitive to
magnetisation changes about the current flow direction, making it very useful for measur-
ing SOTs.

In Fig 5.4, measurements of the PHE as a function of magnetic field are shown, where
the field was applied at different angles, 6, to the current flow. The PHE field sweeps have
been centred about zero volts. The shape of the PHE peak is determined by the magneti-
sation reversal of the sample. This is not a single domain sample and neither does it have
a strong uniaxial anisotropy, so the interpretation of the peak shape is complex and related
to the net magnetisation direction of the domains at each point under the reversal process.
However, in this qualitative analysis, it can be seen that the PHE peak is closely correlated
to the magnetisation reversal, which is indicated by the switching in the hysteresis loop.

The PHE peak is smallest at 8 = 0°,90° and 180° and changes sign as the angle goes
through 6 = 90°, as expected from the sin 26,, dependence of the PHE.

The positive PHE peaks are smaller than their negative counterparts. This could be re-
lated to the small anisotropy exhibited by the sample since it can be seen that the hysteresis
loop is hard-axis-like for magnetic field sweeps applied at 8 = 130°, whereas it is squarer
with high remanence at # = 60°. The sample was rotated throughout the sputter deposi-
tion period, but small deposition induced anisotropies like this can still arise particularly
if there is oblique incidence [109]. For field sweep angles between 6 = 0° — 90° the PHE
peak is positive. In the saturated state for these field sweeps there is a larger component
of the magnetisation aligned along the easy axis at 8,, = 60° than there is orthogonal to
it. It could then be expected that upon reversal, the magnetisation would first rotate along
the easy axis then rotate around to align with the field. For field sweep angles between

6 = 90° — 180°, where the PHE is negative, in the saturated state the opposite it true, in
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Figure 5.4: Example curves demonstrating the PHE voltage (black) and normalised longitudinal
MOKE hysteresis loops (red) measured simultaneously from a Nig;Fej9 (4 nm)/Pt (4.5 nm) bilayer
at various angles 6, the azimuthal angle between the current flow and applied in-plane magnetic
field. A DC current density of 0.24x10'% Am~2 was applied for all measurements.
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that a larger component of magnetisation is aligned orthogonal to the easy axis. Therefore
upon reversal, the magnetisation has to undergo a larger rotation which results in a larger
peak in the PHE.

The coercive field has been plotted as a function of magnetic field angle 6 in Fig. 5.5.
Given the very small coercive field inherent to Nig; Fe ;9 (due to its minimal magnetocrys-
talline anisotropy) and the limited field resolution of the measurement, it is difficult to draw
definite conclusions from this data. However, there is evidence to suggest a small amount
of anisotropy within the sample, with maximum H, at 60°. The dashed line shows a fitted
Hy + A sin®(0 — 6,) distribution, where H, and 6, are vertical and lateral offset and A is the
oscillation amplitude. The fit suggests the easy and hard axes are at 6, = (62 + 4)° and

(152 + 4)° respectively.

5.3.2 Current-assisted magnetisation reversal in a NiFe/Pt bilayer

A simple way to probe the current-induced effective fields, including both the Oersted field
and SOTs, is to measure how the PHE changes as a function of current. Fig. 5.6 shows
a series of PHE field sweeps under different applied DC currents, all taken with the field
parallel to the current flow, i.e. & = 0°. The PHE voltage increases as the current density

increases with a distinctive change in the shape of the peak for applied current densities

2.0 T T T T T

1.54

0.5-/ % % % ~ %% %%_

S

0 ' 45 ' 90 133 180
In-plane magnetic field angle, 6 (deg)

Coercive Field (Oeg)

Figure 5.5: Variation of coercive field of Nig;Fe9(4nm)/Pt(4.5nm) bilayer as a function of the
magnetic field angle 6, with a constant DC current density of 0.24x10' Am~2 through the sample.
The dashed line shows the best fit using the uniaxial anisotropy distribution, Ho + A sin’(6 — 6p).
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Figure 5.6: Variation of the PHE voltage with magnetic field sweeps taken at 6 = 0° at different
current densities.

greater than +0.5x10'° Am™2. The peak shape changes to resemble more closely that
observed in Fig. 5.4 at 6 = 40° and 130° for positive and negative currents respectively.

The combination of the current-induced Oersted field and ﬁ FL act to rotate the mag-
netisation away from the applied magnetic field direction. The competition between these
current-induced fields and the externally applied magnetic field is such that as the applied
field is reduced the magnetisation can begin to rotate away from 6,, = 0°. With larger
current densities, the Oersted field and I_f rL become effective at rotating the magnetisation
away from the applied field direction 6 at larger applied fields, hence the PHE peaks get
broader along the field direction. At small applied field, the magnetisation is still acted
on by the current-induced fields, which now dominate, so the peak itself changes shape,
because when the Oersted field and ﬁ rL are effective, the magnetisation reversal does not
occur along the direction 8 set by the applied field at saturation since the current-induced
fields act to rotate the magnetisation away from the magnetic field axis. The PHE peak
therefore becomes more symmetrical like those taken at & = 40° and 130° for positive
and negative currents respectively as the current-induced fields rotate the magnetisation
towards these directions.

As the current density is increased, there would also be an increase in voltage across
the sample due the incorporation of a longitudinal voltage component along the current

direction. This is a particular problem in these relatively wide structures where there is
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likely to be a significant longitudinal voltage contribution from the lateral offset between
the voltage probes caused by the non-uniform current distribution and imperfections in the
mask. This increase in voltage with current should be linear. The peak PHE voltage from
the magnetic field sweeps is plotted in Fig. 5.7 a) as a function of current density. The inset
in Fig. 5.7 a) shows a zoomed in version of the graph between +0.52x10'° Am™2. In this
region the rise in Vpyg is approximately linear and may be attributed to this longitudinal

2 as shown

voltage component. However, the dramatic rise in Vpyg above +0.5%10'° Am™
in the main figure, must be due to an additional component and is most likely due to
the magnetisation rotation by the combined current induced fields. The PHE resistance
Rppg = Vpyge/I is shown on a logarithmic scale in Fig. 5.7 b). Calculating Rpyg removes the
linear voltage increase with the current and the data becomes approximately flat for current
densities below +0.5x10'°© Am™2. Above this, the data rises dramatically demonstrating an
enhancement of Rpyg due to magnetisation rotation assisted by the combined action of ﬁ FL
and the Oersted field.
It has been shown that the application of an in-plane current density of order

0.5%10'° Am~2 in a Nig;Fe o (4nm)/Pt (4.5nm) can have a dramatic effect on the magneti-
sation reversal as measured through the PHE and longitudinal MOKE. Using longitudinal
MOKE, the PHE magnetic field sweeps at different 6 could be characterised with respect

to the weak anisotropy present in the sample. From this it was inferred from the depen-

6 T T T T T T g \:l-l/ T M L 1 L] ) 1 1
0D = |'b) 9
= ol 4 N
=} : g 5 o
= | @ 2 ! :
N R g : E
o Ve ] ‘7 ® o
z _l %= 004 ) 2001 P
S |4 A 2000 é__é__.‘-——é" . = b s
o ab ESo00aps b | = % gyg
= | 04 -02 00 02 04 = %ﬁ%% . %%
~ L Cument density (x10" Am™) SEala o L s

06 -04 -02 00 02 04 06 - -06 -04 -02 00 02 04 06
. n 2 N . A 10 -2
Current density (x10" Am™) Current density (x10° Am ")

Figure 5.7: a) PHE peak voltage found from the field sweeps at 0° for different applied currents.
The inset shows the same data zoomed in the region of +0.52x10'° Am~2. The dashed line shows a
linear fit to the data. b) Rpyg calculated for each PHE peak voltage as a function of applied current
and plotted on a logarithmic scale. The dashed line is a guide for the eye.
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dence on current density for the PHE field sweeps at fixed 6 = 0° that the current-induced
effective field was causing magnetisation rotation and modifying the reversal process.

In a similar study, Fan et al. [155] were able to determine a field-like torque H fL of
1.3 Oe per 10'° Am~2 in a NigyFe,(2 nm)/Pt(5 nm) bilayer. Considering the low (= 1 Oe)
coercive field of our sample, an effective field on this scale would have a dramatic effect
on the PHE magnetic field sweeps. Here, significant modification of the PHE signal as a
function of applied current was observed, and this has been attributed to the same field-
like torque. However, it is important to note that in this study, the contribution of the
Oersted field was not measured, although other studies on similar systems with in-plane
magnetisation have demonstrated the SOT to be dominant current-induced field [24, 69,
155]. This chapter now progresses by turning to samples with perpendicular magnetic

anisotropy (PMA).

5.4 Spin-orbit torques in films with perpendicular mag-
netic anisotropy

From a technological point of view SOTs in perpendicular materials are of great interest
and have been demonstrated to be highly effective for magnetic reversal of perpendicularly
magnetised structures [23, 162, 163]. First, a description of how SOTs can be measured

using polar MOKE is presented.

5.4.1 Measurements of spin-orbit torques using polar MOKE with

lock-in detection

The effective fields due to the SOTs in a sample with PMA are shown in Fig. 5.8 a).
The SOTs act to move the magnetisation away from the perpendicular axis. This can be
measured using the anomalous Hall effect or the polar Kerr effect. The electrical approach
using the Hall effect is well established in the literature [14, 157]. However, the polar
Kerr effect has the advantage that the signal does not contain artefacts from the anomalous
Nernst effect [160]. Furthermore, unlike the Hall effect, for the polar MOKE measurement

the SOT arises in the first harmonic of the lock-in detection, which is much stronger than
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Figure 5.8: a) Schematic showmg heavy metal/ferromagnetic bilayer film with magnetlsatlon m
out- ogplane and current density je in the plane of the film with the resulting directions of H FL
and Hpp. b) When a constant transverse bias field, H 1 (0=90°¢ = 0°) is applied perpendicular
to the AC current flow, the resulting magnetisation oscillation is due to H rL. ¢) When a constant
longitudinal bias field, H | (@ = 0°, 9 = 0°) is applied along the AC current flow, the resulting
magnetisation oscillation is due to H DL.

the second harmonic signal required for the Hall effect measurement.

A schematic of the experimental setup using the polar Kerr effect is shown in Fig. 5.9.
The optics of the polar MOKE setup are the same as that described in chapter 3, the primary
difference being that an AC current is passed through the sample. When passing an AC
current through the sample, the SOTs cause the magnetisation to oscillate about the polar
axis. This oscillation in magnetisation results in an oscillation of the light intensity due
to the MOKE which was measured by the photodiode. This signal was sent to the lock-in
amplifier input which used the AC current frequency as its reference and measured the
amplitude of the oscillation as a function of the applied in-plane magnetic field. In all of
the measurements presented in this chapter, the AC current frequency was 492 Hz.

Magnetic fields were applied in the plane of the film between the pole pieces and a small
Helmholtz coil behind the sample was used to produce perpendicular fields (¢ = 90°) of
up to +£30 Oe.

As well as this, DC currents were applied, and the anomalous Hall effect was measured
this way by measuring the resulting Vagg with the oscilloscope as the in-plane magnetic

field was cycled. The transverse voltage contacts were pointed in order to minimise the
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Figure 5.9: Experimental setup for measuring SOTs in samples with PMA using polar MOKE
and lock-in detection. The laser beam was p-polarised and a beam splitter was required to gather
the signal reflected from polar incidence. The polar MOKE modifies the laser intensity at the
photodiode in a way that is proportional to the polar component of magnetisation. The magnitude
of the voltage oscillation measured by the photodiode due to the SOT was measured using a lock-in
amplifier. The inset shows a schematic of the sample surface with a 50 yum wire and Ti/Au contacts
patterned using optical lithography.

contribution of longitudinal voltage to the Hall voltage due to lateral offsets.

The MOKE signal was also passed to the oscilloscope so that the oscillation itself could
be investigated and as required, averaged over many AC current cycles. This was used for
measuring the current-induced magnetisation reversal (CIMR) hysteresis loops.

As shown previously in Fig 5.8 b), by applying a constant in-plane magnetic bias field

N
transverse to the AC current flow H (6 = 90°,¢ = 0°), the axis of the magnetisation os-
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cillation can be restricted such that only H rL 1s effective. Likewise, in Fig 5.8 ¢), applying
the magnetic field along the AC current flow, ﬁ | (0 =0°¢ = 0°), means that only I_f DL
will be effective. This method of separating the components of SOTs has been shown to be
effective in numerous studies in the literature [14,67, 68,150, 160, 164].

Sweeping either H | or H 1 whilst measuring the magnitude of the MOKE magneti-
sation oscillation with the lock-in amplifier yields a linear trend in oscillation amplitude
that passes through zero and for which the gradient is proportional to the magnitude of
the current-induced effective field. This is demonstrated schematically in Figs. 5.10 a) and
b) and occurs, since when an in-plane field is applied, the oscillation is offset away from
the polar axis and consequently positive and negative applied currents yield different com-

ponents of polar magnetisation. This results in a difference between the respective Kerr
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Figure 5.10: Schematics demonstrating the origin of the lock-in signal due to_th the SOT. For sim-
plicity only H pL has b been cons1dered but the same arguments would a apply to H pL if a transverse
bias field was used (H 1). a) With no H | applied, the effective field Hpr, under positive and neg-

ative currents both yield the same polar magnetisation component and hence have the same polar
Kerr voltage. This results in a signal that oscillates at double the AC frequency. Consequently the
lock—ln does not register a signal oscillating at the reference frequency. b) With the application of
H |» the symmetry is broken. Positive and negative currents result in different polar Kerr voltages
and a signal oscillating at the reference frequency is obtained. Note in this example the magnetisa-
tion oscillation is in anti-phase with the current, in this case the sign of the spin-Hall angle can be

determined to be negative.
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voltages which then registers as an oscillation at the frequency of the AC current sweep.
The phase of this oscillation also contains the sign of the spin Hall angle of the material,
since positive and negative spin Hall angles would cause the magnetisation to oscillate in
opposite directions with respect to positive and negative current directions, which would
result in a 180° difference in phase. 70

The functional form for the dependence of the magnetisation oscillation on the in-plane

bias field is given by [165];
— = ——|H 5.4.1)

Here, C,, is the first harmonic lock-in voltage, which is the magnitude of the polar Kerr
voltage oscillation due to the SOT. Cy is the magnitude of the Kerr voltage when the mag-
netisation is orientated along the polar axis. The ratio of these parameters therefore rep-
resents the fraction of polar magnetisation lost due to the magnetisation oscillation at ij—';.
Finally, Hy is the effective anisotropy field, which in this case is the applied field required
to rotate the magnetisation in-plane.

In addition to sweeping the in-plane field, the SOTs can be measured as a function of
the amplitude of the AC current oscillation, the magnitude of the DC offset applied to the
AC current, as well as perpendicular magnetic fields (¢ = 90°), giving further insight into
the mechanism of the SOTs. In the next section, the polar MOKE method for measuring

SOTs is applied to a system with weak PMA.

5.5 Spin-orbit torques in a structurally symmetric system

with weak PMA

In general, samples with strong uniaxial anisotropy have large coercive fields. By weak-
ening the anisotropy, the energy barrier for magnetisation reversal can be reduced and it
becomes easier to reverse the magnetisation. Therefore, in a weak PMA system, the effects
of SOTs can be more dramatic. From equation (5.4.1) it can be seen that the magnetisation
oscillation will be increased in a system with weak perpendicular anisotropy. With suffi-
ciently weak PMA, the SOT is ultimately capable of reversing the magnetisation [74, 162].

Throughout this section the same sample was used, which has the nominal structure
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Pt (1 nm)/Co (0.6 nm)/Pt (5 nm). This was patterned using two stages of optical lithogra-
phy. In the first stage an array of micro-wires with length 400 ym and widths of 16 yum,
20 pum, 30 ym and 50 um were patterned. The Pt/Co/Pt stack was then sputter deposited
through this onto a Si/SiO5 substrate under base pressures of order 5x 1072 Torr. The second
lithography stage was used to pattern Ti/Au contacts. A schematic of the sample structure
can be seen inset in Fig. 5.9.

The hysteresis loop shown in Fig. 5.11 a) shows PMA with a small coercive field of
30+2 Oe. The anisotropy field, Hy, required for equation (5.4.1) was obtained by fitting a
Stoner-Wohlfarth model,

% = cos(arcsin(H,/Hy)), (5.5.2)

to the longitudinal field sweep data in Fig. 5.11 b). Here, M, is the perpendicular compo-
nent of magnetisation, M is the saturation magnetisation and H| is the longitudinal field. A
value of Hy = (1340 +20) Oe was obtained from fitting equation (5.5.2) to the longitudinal
field sweep data. The weak anisotropy was achieved by varying the Co and Pt thicknesses
over many samples until a structure with the required magnetic anisotropy was found.
Alongside the weak PMA, the symmetric Pt (I nm)/Co (0.6 nm)/Pt (5 nm) sample
structure should minimise the contribution from the Rashba effect and therefore minimise
H rL. Furthermore, the buffer Pt layer is comparable to spin-diffusion length of Pt, 1y =~
1 — 2 nm [93]. This means that the spin-current at the top Co/Pt interface due to the
SHE in the top Pt(5 nm) layer would be larger than at the buffer Pt/Co interface due to

the Pt (1 nm) layer. This therefore prevents the cancellation of spin-currents from the
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Figure 5.11: a) Polar MOKE hysteresis loop for the Pt(1nm)/Co(0.6nm)/Pt(5Snm) trilayer. b) The
polar magnetisation component as a function of longitudinal applied field obtained using the anoma-
lous Hall effect. Solid line denotes the best fit using equation (5.5.2).
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symmetrical interfaces, leading to a net spin-current originating at the top Co/Pt interface

and an appreciable I_f DL-

5.5.1 Applying DC current to modify magnetisation switching

The magnetisation reversal of the Pt/Co/Pt sample was investigated with the application of
a DC current, and is shown in Fig. 5.12 a), where the polar Kerr voltage was measured with
an in-plane field and different DC current densities. With no DC current there is no mag-
netisation reversal when the in-plane field is swept, noting the smaller magnetic field range
than in Fig. 5.11 b). However, when a constant DC current density of 2.5x10!° Am~ is
applied, the in-plane field is capable of inducing magnetisation reversal. This is also ob-

——-3.5%x101% Am—2 - -2.5x109 Am 2 ——No DC offset 2.5%100 Am—2 —--3.5x10° Am—2
1.5 T
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Longitudinal magnetic field (Oe)

Anomalous Hall effect (mV)

5 . . . . .
-300 -200 -100 0 100 200 300
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Figure 5.12: Hysteresis loops measured as a function of the in-plane longitudinal magnetic field
with different DC current densities using a) polar MOKE and b) anomalous Hall effect. The polar
MOKE loops have been normalised to the saturation Kerr voltage.
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served in the anomalous Hall effect in Fig. 5.12 b). Since the SOT scales with current, the
effective longitudinal coercive field gets smaller as the DC current is increased.

The Oersted field and the field-like torque, H rL are independent of magnetisation di-
rection so would favour switching for one field polarity and hamper it for the other, which
would cause the loop to be displaced along the field axis. There is some evidence for
this, in that when the DC current is reversed there is a small difference in the longitudinal
coercive field, particularly for the + 2.5x10'© Am~2 measurements. Unlike the field-like
torque and the Oersted field, the damping-like torque depends on the magnetisation direc-
tion, ﬁ pL ~ M X 2 X gt, it therefore aids magnetisation reversal equally for both field
polarities since it changes direction once the magnetisation has reversed.

When the DC current is reversed, the sign of the polar Kerr voltage with positive/negative
longitudinal field reverses. Reversing the current changes the sign for H pL for up/down
magnetisation directions. Consequently, the longitudinal field polarities which favour
up/down magnetisation states are reversed as well, which causes the loop to invert. This
also occurs in the anomalous Hall effect (AHE) measurements, but since the AHE voltage
itself depends on the sign of the current, the loop is reversed a second time, cancelling the

effect.

5.5.2 Investigating the damping-like torque

In this section the damping-like torque is investigated in detail in the Pt/Co/Pt system with
weak PMA. In Fig. 5.13 lock-in measurements of the magnitude of the first harmonic
voltage (C,), normalised to the polar Kerr voltage magnitude (Cy) are shown as a function
of the longitudinal magnetic field. The sign of the voltage magnitude has been reversed
when the phase of C, changed by 180°, in order to demonstrate the change in sign with
field polarity. Since a longitudinal field, H | (@ =0°¢ =0°) was used, this measurement
is sensitive only to the effects of H pL, the damping-like torque.

There is linear behaviour in the low current and low field regimes and the straight lines
correspond to linear fits within this region which are used for the extraction of H pL from
equation (5.4.1). As the AC current density amplitude is increased the gradient of C,,
with H | increases, consistent with a H pL of increasing magnitude. However, saturation is
observed for some of the higher AC current density amplitude measurements, which is a
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Figure 5.13: Normalised first harmonic lock-in polar Kerr voltage, C,,/Cy, measured as a function
of longitudinal magnetic field (6 = 0°, ¢ = 0°) with different AC current density amplitudes.

result of current induced magnetisation reversal (CIMR).

Fig. 5.14 shows the phase of the first harmonic lock-in voltage with respect to the
applied AC current, as a function of the longitudinal magnetic field. There is a 180° phase
shift when the field polarity changes. This occurs because the field polarity determines the
magnetisation offset from the out-of-plane axis. This then determines whether the torques
increase of decreases the projection of the magnetisation on the out-of-plane axis. This is
demonstrated in the schematic shown in the inset of Fig. 5.14. With positive longitudinal
fields a positive current causes an increase in the projection of 1m along the out-of-plane
axis whereas a negative current causes a drop in the projection of m on the out-of-plane
axis, this results in a polar MOKE voltage oscillation that is in-phase with the AC current.
With negative fields the effects of positive and negative current on the polar component
of m are reversed, and the polar MOKE voltage oscillation is in anti-phase with the AC
current resulting in a 180° phase shift. The phase data becomes noisier for low H | and
low AC current density amplitudes because in these regions the polar MOKE oscillation is
small, and hence the phase is difficult to determine reliably.

Using equation (5.4.1), H pL was extracted from the linear fits in Fig. 5.13. The results

are plotted in Fig. 5.15. Contrary to reports in the literature [159, 160, 164, 166], the depen-
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Figure 5.14: The phase of the first harmonic relative to the AC current as a function of the longi-
tudinal magnetic field. Inset: Schematic demonstrating the origin of the 180° phase shift when the
field polarity is reversed.

dence of H pL on the current density is consistently non-linear. The inset shows that this
continues even at low current density. Furthermore, the magnitude of H pL 1S enormous
compared to those found in similar multilayer structures in the literature [67, 159, 160],
which typically range between 50-100 Oe with an 10'! Am~2 current density. This suggests
that the simple model employed by equation (5.4.1) is not valid in this system. This could
be because the model assumes coherent magnetisation rotation which does not account for
domain nucleation and magnetisation reversal. Reverse domain nucleation would result in
larger changes in C,, than would be accounted for by coherent magnetisation rotation under
the same SOT, consequently this would enhance the effective value of H pL extracted. This
could help explain the very large values of H pL obtained using this methodology.

It 1s thought that the microscopic origin of H pL 1s predominantly due to the SHE.
Furthermore, in this symmetric system the Rashba effect should be minimised. The sign of
the effective field is a consequence of the sign convention for positive and negative fields
directions and current as well as the sign of the SOT. For this Pt (1 nm)/Co (0.6 nm)/Pt
(5 nm) multilayer, the thickness of the buffer Pt layer is comparable the spin-diffusion

length of Pt, [93], hence most spin-current due to the SHE will originate from the top
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Figure 5.15: Magnitude of H pL extracted from the longitudinal field sweeps as a function of AC
current density amplitude assuming coherent magnetisation reversal. The inset shows a magnified
version of the low current density data, demonstrating that the non-linear behaviour exists over all
measured AC current density amplitudes. The error bars are calculated from the 95% confidence
intervals from the linear fits to the longitudinal field sweep data.

Pt layer. Consequently, it is found here that H pL originating from a Co/Pt interface is
positive. Likewise, this means measurements of H pL originating from a Pt/Co interface
should result in a negative value if the sign convention for positive current and positive
field directions are maintained.

In Fig. 5.16 a) the switching map is shown. Here, the magnitude of the lock-in signal
is plotted as a function of both the applied longitudinal field and the AC current density
magnitude. After each longitudinal field sweep measurement the AC current density am-
plitude was increased and the field sweep was repeated. The yellow regions mark the areas
where CIMR occurs. Since the coercive field in this sample is so small, it is particularly
sensitive to small offsets in ¢ to the applied in-plane magnetic field. This gives rise to a
small asymmetry between positive and negative fields in Fig. 5.16 a). This asymmetry is
responsible for the large errors in the extracted H pL from AC current density amplitudes
between 6 - 8x10'° Am~2 in Fig. 5.15. For similar switching maps shown in the literature,
this asymmetry is not discussed, as only one field polarity was investigated when mak-
ing the parameter maps [67]. The switching map was also measured in reverse, starting
at an AC current density amplitude of 10'" Am~2 and reducing to 0.5x10'® Am~2, which

reproduced an identical map demonstrating that the large current densities used were not
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damaging the sample.

Using the oscilloscope, it is possible to measure the signal that is passed to the lock-in
amplifier at specific points on the switching map. Some examples are shown in Fig. 5.16 b)
which correspond to the points 1-4 on the switching map. All of the loops use an AC cur-
rent density magnitude of 9x10'°Am™2, but different values of the applied longitudinal
field. It can be seen that without a constant longitudinal field, no switching occurs. How-

ever, application of a small field of 35 Oe induces magnetisation reversal. As this field is
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Figure 5.16: a) Switching map demonstrating the interdependence of the magnetisation reversal
on AC current density amplitude and longitudinal field. Points 1-4 correspond in respective order
to the points in parameter space with 0 Oe, 54 Oe, 105 Oe and 154 Oe longitudinal field and a
9x10'°Am~2 AC current density amplitude. b) CIMR loops measured with the oscilloscope at
positions 1-4 in parameter space shown in a).
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further increased, it is also clear from Fig. 5.16 b) that the shape of the loop changes. The
critical current density, defined as the current density at which the magnetisation passes
through zero on reversal, decreases as the longitudinal field is increased. Interestingly, the
process is asymmetric, whereby the positive critical current density reduces at a slower
rate than the negative critical current density. This may be due to the Oersted field, which,
since it does not change direction when the magnetisation is reversed, would aid CIMR in
one direction and hamper it in the other. Likewise, the half-loop width, which is half the
difference between these values, analogous to the coercive magnetic field, decreases with
increasing field. This is summarised in Fig. 5.17 where the half-loop width and the positive

and negative critical current densities can all be seen to decrease linearly with increasing

longitudinal field.
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Figure 5.17: The variation of the half loop width for CIMR as well as the positive and negative
critical currents for magnetisation reversal under different static longitudinal fields. The dashed
lines are linear fits.

118



5.5. Spin-orbit torques in a structurally symmetric system with weak PMA 119

5.5.3 Discussion of the origin of the current induced magnetisation

reversal

For CIMR, the critical current density j. for magnetisation reversal as a result of the spin-

Hall effect is proportional to [166];

. a'MsHeﬂ
Je &

553
Bon (5.5.3)

where « is the magnetic damping, M is the saturation magnetisation, Heg¢ = Hy — 4nM
where Hy is the anisotropy field and sy is the spin Hall angle.

The magnetic damping counter-acts the damping-like torque and therefore increase
Je- A difficulty with PMA systems is that typically the magnetic damping is dramatically
enhanced due to the combination of ultrathin ferromagnetic layers and heavy metal layers.
A study by Mizukami et al. [167] on Pt/Co/Pt multilayers found « could be as large as 0.4
for similar Co thickness as used in this study.

In this system, this issue is overcome by engineering the sample structure such that Hy
and therefore H.¢ are small, which acts to reduce j.. Furthermore, it is likely the satu-
ration magnetisation is dramatically reduced as the Co layer is reduced to sub-monolayer
thickness, which further acts to reduce j.. A reduced M; reduces the anisotropy energy
and therefore reduces the energy barrier for magnetisation reversal. A study by P. F. Car-
cia [168] found that in Pt/Co/Pt super-lattices, for Co thickness between 3 - 10 A, M, was
between 50 - 300 emu/cm?. This is significantly less than the bulk M; of Co, which is 1400
emu/cm’. Hence the CIMR is a consequence of the reduced H and M, as well as the large

spin Hall angle of Pt, which is of the order 0.1 [81,93,94].

5.5.4 Measurements of the damping-like torque with perpendicular

magnetic fields

By applying a perpendicular magnetic field (¢ = 90°) the perpendicular anisotropy can be
effectively enhanced along one direction. The effect of a small constant perpendicular field
of 10 Oe on the longitudinal field sweeps at different AC current density amplitudes can

be seen in Fig. 5.18 a). The perpendicular field increases the longitudinal magnetisation
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switching field in both directions. The SOT is competing with the perpendicular field,
hence the effect becomes more pronounced as the AC current density amplitude is reduced,
since the SOT becomes weaker.

The effect of sweeping the perpendicular field (¢ = 90°) with a constant longitudinal
field (6 = 0°,¢ = 0°) of 200 Oe is shown in Fig. 5.18 b). With no perpendicular field the
CIMR occurs. This is suppressed by the application of the perpendicular field. The effect
is symmetrical with respect to positive and negative perpendicular fields because the phase

of the oscillation C,, is unchanged with respect to the AC current for positive and negative

8.5x10Y Am2-6-9%x10" Am—2 %9.5x10'% Am—2

i} a)

-200 -100 0 100 200
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Figure 5.18: a) Polar MOKE measurement of C,,/Cy as a function of longitudinal field (6 = 0°, ¢ =
0°), measured with a constant 10 Oe polar field (¢ = 90°) for three different AC current density
amplitudes. b) Polar MOKE measurement of C,,/Cy as a function of perpendicular field (¢ = 90°),
measured with a constant longitudinal field of 200 Oe (6 = 0°,¢ = 0°) and AC current density
amplitude of 9x10'© Am=2 .
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perpendicular fields.
In the next section, the study turns to investigate whether the field-like torque is present

in this Pt/Co/Pt system by measuring the angular dependence of the SOTs.

5.5.5 Investigating the contribution of the field-like torque

Since the Pt/Co/Pt multilayer lacks SIA it would not be expected to have a significant H FL-
As explained in Fig. 5.8, by applying a magnetic field at & = 0° and 90°, H pL and H FL
can be effectively separated. Initial measurements made using a transverse in-plane field
H 1 (6 =90° ¢ = 0°) showed little evidence of a significant field-like term, H FL. Within
the intervening angles both I_f pL and I_j r. would be expected to contribute as a function
of 0, in the form |ﬁ pL|cos 8 + |ﬁ rL| sin 6. By measuring the dependence of this combined
effective SOT on the angle between the in-plane field and the current, 6, further insight can
be gained into the SOT strength and the presence of a H rL in this sample.

From Fig. 5.19 a), it can be seen that the SOT is strongest for magnetic field sweeps
measured parallel to the current flow (6 = 0°,¢ = 0°), i.e the longitudinal geometry and
sensitive to H pL. When the field angle @ is increased, the saturation (which indicates
CIMR) occurs at larger in-plane field values, suggesting the effective SOT is less effective
along the given field orientation. For values of 6 above 70°, the effective SOT is not capable
of inducing CIMR within the range of longitudinal magnetic fields applied. There is a
change in sign above 90°. When 8 is greater than 90° the polarity of the positive and
negative current flow is reversed with respect to positive and negative longitudinal field
directions, and hence the change in sign.

The field sweep measured at (8 = 90°,¢ = 0°) with respect to the current flow, i.e.
the transverse geometry which is sensitive only to H rL, shows the smallest signal. There
are some features in this sweep, and it is suggested that these are measurement artifacts
due to the extreme sensitivity of this sample to the in-plane field alignment, which needs
to be precisely confined to the plane of the film when the PMA is weak and H. is small.
For this Pt/Co/Pt multilayer structure, with weak PMA, a small perpendicular component
of field due to an offset in ¢ can have significant effects when the SOT is weak. This is
the case for the measurements of H rL, and also the case for the measurements of H pL at
low AC current density, as was demonstrated by the asymmetry of the switching map in
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Fig. 5.16 a).
Although the magnitudes of H pL obtained using equation (5.4.1) may not be strictly
valid for a sample that exhibits domain formation due to a SOT, the methodology can

N
be used to compare the relative changes in net combined effective SOT from Hp; and

2) A =207 o 0% * 70° » 85° = 90° v 100°

1
0.5
S ..
S 0 .
O

_1 (8
-200 -100 0 100 200
Applied magnetic field (Oe)
b) 100 — . . . .
S
é 50 i
S
N Or
()
2
Z -507
M
-100 : : .

0 45 90 135 180
Magnetic field angle (deg)

Figure 5.19: a) Polar MOKE measurements of C,,/Cy as a function of the magnetic field applied
in the plane (¢ = 0°) and at different angles of 6 relative to the AC current. The AC current density
amplitude was 10'' Am~2 for all measurements. No perpendicular field (¢ = 90°) was applied. The
straight lines are linear fits in the region of + 70% of the saturated signal. b) Values of effective
SOT extrg:)ted from the Egld sweep measurements. The solid line shows the fit made using effective
SOT = |Hpy|cos@ + |HEg|sin0.
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H rL as a function of the angle 6. This effective SOT extracted from the linear fits shown
in Fig. 5.19 a) is plotted as a function the magnetic field angle with respect to the current
flow (0) in Fig. 5.19 b). The functional form, effective SOT = Iﬁ FL| cos @+ Iﬁ rL| sin @ has
been fitted to the data. The values for |ﬁ pL| and |ﬁ rL| extracted from the fit are (73 + 4)
kOe and (0 + 0.6) kOe respectively, for an AC current density amplitude of 10''Am™2,
The available data fits the distribution, passing through zero at 6 = 90° within the error
margins. Therefore the dominating contribution to the CIMR is H pL for this Pt/Co/Pt
multilayer structure with weak PMA. This is consistent with the Rashba effect being the
primary contribution to H rL and that the Rashba effect requires SIA and is minimised in
systems with symmetric interfaces above and below the ferromagnetic layer.

H rL has been measured in a variety of perpendicular magnetised systems in the lit-
erature, where SIA has been introduced with the use of dissimilar heavy metal and oxide
layers on either side of the ferromagnetic layer [22, 162, 164, 169]. There have been fewer
studies in which H rL and H pL have been measured independently without the presence
of an oxide [67, 153]. However, recent work by Yang et al. [166] using a symmetrical
Pt/NiCoNi/Pt structure also found, in agreement with this work, no evidence for I_f FL but
measured a sizeable H pL- In their experiment the current distribution was different be-
tween the two Pt layers, therefore preventing the cancellation of the spin-Hall currents.
These results suggest that the SIA is crucial for H rL Which is consistent with the Rashba
effect.

Within this setup, there is also the capability to sweep the AC current density amplitude
or the out-of-plane magnetic field. As before, an in-plane field was used to define the axis
of the magnetisation oscillation, and was applied at an in-plane angle 6. However, for these
measurements the magnitude of the in-plane field was kept constant and instead the AC
current density amplitude or perpendicular field were varied.

Fig. 5.20 a) shows perpendicular field sweeps (¢ = 90°), as was shown in Fig. 5.18 b),
but measured with the constant in-plane field applied at different azimuthal angles 8 relative
to the constant AC current density amplitude. As was shown in Fig. 5.18 b), the polar field
acts to suppress the current induced magnetisation reversal.

As 6 increases, the polar field reduces C,, more dramatically, which is consistent with

the effective SOT getting weaker. The downward slopes on either side of the data progress
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Figure 5.20: a) Polar field sweeps where a constant field of 50 Oe was applied in-the-plane of the
film and at different angles 6. The AC current density amplitude was 10'' Am~2 for all measure-
ments. b) AC current density amplitude sweeps measured with the in-plane field applied at different
angles 6 relative to the current. No polar field was applied.

to lower fields as 6 is increased. In the case of the constant in-plane field applied along
6 = 80°, 90° and 100° sweeps, even with no polar field, CIMR does not take place. At this
point the slopes overlap and the shape of the data changes. Again, as expected with H DL
being the dominant mechanism, there is a sign change above 6 = 90°.

Likewise, the AC current density amplitude was swept with a constant in-plane field
applied at different azimuthal angles 6, but with no out-of-plane field. This is shown in
Fig. 5.20 b). The signal rises with AC current density amplitude until it reaches saturation
where full CIMR occurs. The rate of this rise decreases as 6 increases from zero. There
is some hysteresis in the current sweeps, this could be due to Joule heating, which is ev-
idenced by the downward turn of the saturated region at the highest AC current density
amplitudes.

The 6 = 90° AC current density amplitude sweep is a flat line. H rL should have a
dependence on the current amplitude, so this is strong evidence that the features in the
perpendicular (¢ = 90°) and transverse in-plane field sweeps (6 = 90°,¢ = 0°) shown in
Fig. 5.19 a) and Fig. 5.20 a) are in fact measurement artefacts associated with the swept
field. This provides further evidence that H FL 1S not present in this sample. For current
density amplitude sweeps above 90° the sign is reversed because the component of the

constant in-plane field parallel to the current flow (and therefore probing H pL) reverses
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when 6 passes through 90°. In the final part of this section, the contribution from the
Oersted field is discussed in the context of the previous measurements, which so far has

been disregarded.

5.5.6 The contribution from the current induced Oersted field

When a current is passed through a wire, a magnetic field is created around that wire which
is referred to as the Oersted field. Here, this field would be present alongside the SOTs.
The Oersted field can be calculated using the Biot-Savart law, and by assuming the length
and width are infinite, as well as a uniform current distribution, the simplified form [170]

[;

i3

27 je

I,
J— +_
'Z 2

) (5.5.4)

can be used to calculate the in-plane Oersted field, Ho., at some position z through a film
with a thickness /..

Using equation (5.5.4), a Hp. = 6 Oe was calculated for the sample geometry using
a current density of 14x10'°Am™. This is significantly smaller than the values found
for II_{) pr| and is significantly smaller than H. = 30 Oe. Furthermore, the symmetry of
the Ho, 1s the same as that for H rL and hence would have an angular dependence that is
maximum at 90° to the current flow. The Oersted field therefore cannot explain the CIMR
observed in the Pt/Co/Pt sample.

In summary, CIMR has been observed in a symmetric Pt/Co/Pt structure due to I_f DL-
This was achieved by engineering the sample structure to ensure it had a small Hy as well
as having dissimilar thickness of Pt above and below the Co. No measurable H FL Was

observed consistent with the requirement of SIA for the Rashba effect.

5.6 Spin-orbit torques in a weak PMA system with inver-
sion asymmetry

As an extension to this study, a Pt (3 nm)/Co (0.6 nm)/MgO (2 nm)/Pt (1.5 nm) multilayer
was fabricated. Here it was expected that the MgO layer would isolate the top Pt layer from

the Co. Consequently the SOT would arise from the buffer Pt layer. The MgO layer also
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introduces the SIA required for the Rashba effect. However, after measuring this sample
it became apparent that the applied currents used to induce the SOTs modified the sample
causing the PMA to be weakened.

In Fig. 5.21 a) the change in hysteresis after the application of an AC current density
amplitude of 5x10!° Am~2 is shown. The PMA is dramatically weakened by the appli-
cation of the current, after which the remanence is significantly reduced. This is further
demonstrated in Fig. 5.21 b) where the AHE was measured for magnetic fields applied
predominantly in-plane with a small out-of-plane component ¢. Here, the Hall resistance
increases with ¢, demonstrating that the magnetisation must be orienting with a component
in-plane. It is still easiest to orient the magnetisation out-of-plane, as demonstrated by the
¢ = 90° measurement. However, when the field is removed the sample does not maintain
the perpendicular magnetisation.

In Fig. 5.22, the magnetisation as a function of an in-plane applied magnetic field is
shown. The data has been fitted with a Langevin function which assumes zero remanence
and hence also that the in-plane field direction is a magnetic hard axis. From the best fit
with a Langevin function, it was found that 95% of the magnetisation is oriented in-plane
with an in-plane field of 1700 Oe. The extracted magnetisation from the SQUID-VSM
measurement was (184 + 8) emu/cm?, which is substantially smaller than the bulk value
for Co of 1400 emu/cm?.

Since the sample does not have a clearly defined anisotropy, the interpretation of the
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Figure 5.21: a) Normalised polar MOKE hysteresis loops measured prior to and post application of
an AC current of 5x10' Am~2 . b) Anomalous Hall resistance measured as a function of magnetic
fields applied predominantly in-plane but with small offsets in the polar angle ¢. AHE measure-
ments were made at the University of Leeds with the assistance of Dr. P. M. Shepley.
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Figure 5.22: Magnetisation as a function of an in-plane magnetic field measured using the SQUID-
VSM at the University of Leeds with the assistance of Dr. P. M. Shepley. The solid line shows a fit
made using a Langevin function.

SOT measurements is challenging. However, it is still useful to discuss the following

measurements since they demonstrate some interesting features.

5.6.1 Contribution of damping-like and field-like SOT's

It would be expected that the MgO will introduce SIA and result in a measurable contri-
bution from H rL. To investigate this, the angular dependence of C,,/Cy was measured for
in-plane magnetic fields applied at increasing angle 6.

Consider first the § = 0° measurement shown in Fig. 5.23 a), which probes H pL only.
Contrary to the Pt/Co/Pt sample, the dependence is linear with longitudinal magnetic field.
This indicates that there is no CIMR, but instead a linearly increasing magnitude of mag-
netisation oscillation with field. Furthermore, at # = 0° the slope has the opposite gradient
to the Pt/Co/Pt sample, which indicates that H pL acts in the opposite direction for this
Pt/Co/MgO/Pt sample. In the Pt/Co/Pt the dominant source of spin-current was from the
top Co/Pt interface, hence this suggests that the MgO is reducing the spin-pumping from
the top Pt layer and the dominant source of spin-current from this sample is from the buffer
Pt/Co interface.

As was the case for the Pt/Co/Pt sample, the slope of the C,/C, data decreases as the

field sweeps were measured at increasing angle 6. This continues as far as 6§ = 90°, above
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which the SOT recovers but the slope has the opposite sign. As before, the change in

sign occurs because the polarity of the positive and negative current flow is reversed with

respect to positive and negative longitudinal field directions when 8 passes through 90°.
Again, using equation (5.4.1) the effective SOT was extracted from the slope of the

field sweeps as a function of angle 6 and is plotted in Fig. 5.23 b), and fitted with effective
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Figure 5.23: a) First harmonic measured as a function of applied in-plane magnetic field at different
angles 6. An AC current density amplitude of 10'" Am? was used for all magnetic field sweeps. b)
Effective SOT as a function of the angle being El)e applied field and current. The solid line denotes
a best fit using effective SOT = |ﬁDL| cos@+ |Hgp|sin6
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SOT = Iﬁ pL|cos @ + |1_LI) rL| sin 8. It was found from the SQUID-VSM measurement (see
Fig. 5.22) that 95% of the magnetisation was oriented in-plane with a field of 1700 Oe and
here this has been used as a rough estimate of Hy. However, since this sample lacks a well
defined anisotropy, the actual values of the effective SOT have limited meaning, but are
shown only for the comparison of the relative magnitudes of ﬁ pL and ﬁ FL-

There is reasonable agreement between the best fit and the experimental data and the fit
gives values of Hp, = (2.12 +0.07) kOe and Hy, = (0 +0.05) kOe at 10"' Am~2. The data
passes smoothly through zero at = 90° indicating that the magnitude of H FL 1s at least
smaller than the resolution of the experiment, which for this sample, is a current-induced
field of 0.15 kQOe. This is the current-induced field that produces a 1% increase in C,,/C
with the application of a 200 Oe in-plane external magnetic field. Thus these measurements
suggest that the field-like torque is not present in this system.

In this system the MgO layer should introduce SIA and allow for a measurable H FL
arising from the Rashba effect [22,162,164,169]. This was not observed, which may imply
that the damage to the sample from the applied current has modified the MgO layer and
disrupted the SIA. However, the sizeable H pL would suggest that the MgO is capable of
disrupting the spin-pumping from the top Pt layer and should therefore be inducing some
degree of asymmetry to the structure. However, since the buffer and top Pt thickness are
different in this sample, the situation is further complicated as the contribution from the

SHE from each Pt layer is therefore not necessarily symmetric.

5.6.2 Extraction of the damping-like field by applying DC offsets

For this sample, when the longitudinal magnetic field was swept C,/C, demonstrated a
linear dependence on the field. Interestingly, it was also found that by sweeping a DC offset
applied to the AC current, a similar linear dependence of C,,/Cy was observed without the
use of any external magnetic fields, rather by sweeping the effective field due to the SOT.
This linear dependence of C,,/C, on the DC offset is shown in Fig. 5.24 a). Furthermore, a
single conversion factor can be used, which maps the DC offset data onto the longitudinal
field sweep data. This factor was found by taking the ratio of the gradient of the DC offset
sweep data to the gradient of the longitudinal field sweep data. This gave a conversion
factor of (=39 + 1)x107'° Oe/Am~2. In Fig. 5.24 b) the DC offset sweep data shown
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Figure 5.24: a) First harmonic lock-in voltage measured as a function of the DC offset applied to
three different AC current density amplitudes. b) The DC offset sweeps converted into effective
fields using the SOT efficiency of —39x107!° Oe/Am~2. The longitudinal field sweep data per-
formed at the corresponding AC current density amplitude are shown underneath in black. The
same legend for AC current density amplitude applies.

in Fig. 5.24 a) has been multiplied by this factor to convert the DC current density into
effective longitudinal fields and demonstrates how a single conversion factor is sufficient
to map all DC offset datasets onto the respective longitudinal field sweep data.

It is important to note that sweeping the DC offset does not allow for the measurement
to single out H DL O H rL. However, since the angular dependence demonstrated that H L
is much smaller than the experimental resolution it can be assumed that in this particular
system these DC offset sweeps represent H pL only.

The conversion factor represents the term, Iﬁ pLl/je. If it is assumed that H pL arises
from the spin Hall effect, using |[Hpil/je = 39 x1071° Oe/Am™2, it is possible to calculate

the spin-Hall angle from [160];

| Hpy | _ hbsu
Je 2le|Mtey

(5.6.5)

For M, = 184 emu/cm?® and fpy = 0.6 nm, we obtain sy = 0.13 + 0.06, which is com-
parable to those found elsewhere in the literature [13, 74,81, 160]. This demonstrates that
through this self calibration method, whereby the DC offset sweeps were matched to the
longitudinal magnetic field sweeps, provides a method by which the spin-Hall angle can
be extracted. Since it is self calibrated from the magnetic field sweeps, it does not require
the values of M, or Hy. However, it relies on two underlying assumptions: that there is one

—> —>
dominant SOT, since the method can not separate Hp; and Hgp, and also that in the region
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of the DC offsets used, the SOT behaves in a manner comparable to the external magnetic
field i.e. it does not rotate with the magnetisation. This second assumption is invalid for
—> —>

Hp; when CIMR is observed, since Hp rotates with the magnetisation, but is reasonable

for small magnetisation oscillations as observed with the Pt/Co/MgO/Pt sample.

5.7 Chapter conclusions

In this chapter SOTs have been investigated in systems with in-plane magnetic anisotropy
and out-of-plane magnetic anisotropy. For the NiFe/Pt bilayer system with in-plane mag-
netic anisotropy, the SOTs were studied through the simultaneous measurement of the lon-
gitudinal MOKE and PHE. The key result from this was the observation of current-assisted
in-plane magnetisation reversal as measured through the PHE.

The investigation into systems with PMA employed the polar Kerr effect, which pro-
vides an all optical approach to characterising SOTs. SOTs were studied as a function
of in-plane magnetic fields. The contributions of H pL and H rL could be separated by
applying the in-plane field longitudinal or transverse to the current flow respectively.

A Pt/Co/Pt multilayer which had weak PMA was fabricated in order to investigate how
magnetic anisotropy influenced the response of the magnetisation to the SOTs. With the
much weaker Hy in this sample, it was possible to obtain CIMR and the dependence of
the switching current was analysed as a function of in-plane magnetic fields, perpendicular
magnetic fields and AC current density amplitude. It was found that the CIMR was more
effective at higher AC current density amplitudes, consistent with the increasing SOT. A
longitudinal magnetic field was always required to induce CIMR and increasing the magni-
tude of this reduced the critical switching current. The angular dependence of the in-plane
field was also investigated, and there was no evidence for the existence of H FL. Since this
multilayer lacks SIA, this result is consistent with the Rashba effect as the origin of H FL.

A Pt/Co/MgO/Pt multilayer with weak PMA was also fabricated in order to compare
a sample with SIA. However, the sample showed evidence of degradation after the appli-
cation of current. Again, H rL could not be measured, but this result is treated with some
caution since it is possible the sample degradation was due to damage to the MgO barrier

—
after the application of current. However, an appreciable Hp; could be measured in this
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sample. Interestingly, the longitudinal field sweep measurements of C,/Cy, which probe
H pL, could be reproduced by sweeping a DC offset that was applied to the AC current,
without the need for an external magnetic field. From these measurements a conversion

factor of |EI)DL|/]'e = -39 x 107!° Oe/Am? was found which gave a fsy = 0.13 + 0.06.
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Investigating the lengthscale of the induced
moment in Pt through the addition of Au

and Ir spacer layers

6.1 Introduction

When Pt is deposited adjacent to a ferromagnet, a spontaneous magnetic polarisation of the
Pt arises at the interface that persists through the first few atomic layers of Pt [40,171-175].
This proximity induced magnetism (PIM) in Pt is associated with the large Stoner factor
associated with higher-d transition elements, similarly, Pd has also been shown to exhibit
a large induced moment when placed in proximity to a ferromagnet [41, 176].

Some of the earliest indications of PIM came from the enormous moments measured
in FePd alloys [46,47]. Here the moment was too large to be accounted for by the itinerant
ferromagnetism of Fe alone and the ferromagnetism persisted down to Fe concentrations
as low as 1.25 at.% [46].

With the observations of perpendicular magnetic anisotropy in Pd/Co [37,177] and
Pt/Co multilayers [178,179] the role of interfacial PIM became of great interest with regard
to these phenomena [180, 181].

Furthermore, the development of x-ray magnetic circular dichroism (XMCD) [117]
opened up a method by which PIM could be measured directly. One of the first uses of
XMCD was to study PIM in Pt/Co multilayers, which showed that there existed undoubt-
edly a significant induced moment in Pt [182, 183]. Subsequently numerous other studies
using XMCD confirmed the existence of some degree of PIM across the entirety of the

5d transition elements, either in thin film multilayers or impurities in a ferromagnetic ma-
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trix [40,53,174, 184-188].

These higher-d transition metals such as Ta, Ir, Pd and in particular Pt also have a
history of use in magnetic heterostructures due to their large spin-orbit interaction. Re-
cently, they have found considerable use in investigating the spin-Hall effect [189], Rashba
effect [22, 164] and the Dzyaloshinskii-Morriya interaction (DMI) [44, 190].

Clearly the role of PIM must be considered with respect to these spin-orbit phenomenon.
A recent study which measured the temperature dependence of NigyFe,o/Pd and NigygFe,o/Pt
bilayers, as well as first principle calculations, suggested that PIM was detrimental to the
spin-Hall effect [98].

Studies into the DMI by Ryu et al. [21,55], within the group of S. S. P. Parkin, have
provided compelling evidence for a strong association of PIM with DMI. However, ab-
initio calculations conflict with this, suggesting that the role of PIM is negligible with
regard to DMI [56].

Fundamental to the experiments of Ryu ef al. [55] was the use of interface engineering
in which ultrathin Au spacer layers were used to modify the PIM. However, there was
no direct measurement of the PIM in these experiments only an inferred relationship with
DMI from domain wall velocity measurements and spacer layer thickness.

In the literature, spacer layers have been used to separate the ferromagnetic layer from
Pt when attempting to rule out PIM [55,98, 191]. However, the lengthscale of this is based
on existing measurements of the PIM lengthscale within the Pt, with a value of approx-
imately the order of 10 A [40]. To the best of one’s knowledge, no studies exist where
the Pt PIM was characterised as a function of spacer layers, where the contributions of
interface morphology, alloying and the choice of spacer layer could potentially change the
lengthscale of the interaction. There is therefore a need for a study by which the evolution
of the PIM is measured directly and as a function of spacer layers. In particular a technique
capable of measuring the PIM whilst simultaneously characterising the morphology.

X-ray resonant magnetic reflectivity (XRMR) offers this functionality since it com-
bines the element specificity of XMCD with the depth sensitivity of the x-ray reflectivity
technique, allowing depth resolved PIM profiles to be determined [40,41]. The element
specificity allows the measurement of the Pt PIM without the signal being dominated by

the ferromagnetic layer. Further details of the technique can be found in chapter 3 and a
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review article on XRMR can be found at Ref. [192].

In overview, this chapter concerns the evolution of the PIM as a function of Au and
Ir spacer layers inserted between the upper Co/Pt interface in Pt/Co/Pt trilayers with in-
plane magnetic anisotropy. The aim was to investigate the lengthscale of the interaction
and dependence on sample morphology with respect to each spacer to develop a general
understanding of how the Pt couples to the ferromagnetic layer. In chapter 9 this informa-
tion is used to search for correlations between the PIM and the DMI with reference to the

experiments of Ryu et al. [21,55].

6.2 Theinduced moment in Pt as a function of heavy metal

spacer layers

6.2.1 Description of samples and measurements

To investigate the modification of PIM as a function spacer layer (SL) material and thick-
ness, a series of multilayered samples consisting of Pt (54 A)/Co 25 A)/SL (1-20 A)/
Pt (26 A) were deposited onto thermally oxidized Si (111) substrates by DC and RF mag-
netron sputtering from a base pressure of order 1078 Torr. For this study the SL was either
Au or Ir. There are three reasons for the choice of SL: Au and Ir are positioned on either
side of Pt in the periodic table, Ir is fully miscible with Pt [193] whereas Au is not [194],
and Ir is expected to take on a moderate PIM itself [184] whereas Au is expected to have a
minimal PIM [53]. A basis sample was also made which had no spacer layer.

XRMR was used to measure the depth dependent PIM in these samples as a function
of the Au and Ir spacer layer (SL) thickness. Further detail on the experimental technique
can be found in chapter 3, but in summary XRMR is measured at grazing incidence using
circularly polarised x-rays, whereby the reflected intensity throughout the angular range
depends on the sample magnetisation direction. It is a resonant reflectivity technique which
combines depth sensitivity obtained from reflectivity with magnetic sensitivity obtained
since the x-ray energy is tuned to the resonant edge of Pt. The measurements in this chapter
were made at the Pt-L; edge to probe the PIM of the Pt.

A limitation of XRMR, which relates to the multilayer sample design, is that it is not
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possible to extract absolute magnitudes for induced moments using the sum rules, because
the magnetic scattering is correlated with both the resonant scattering factors and the size of
the induced interfacial moment. Resonant scattering factors can be obtained from neutron
scattering or XMCD and inserted as a constant in the fitting procedure. However, in this
investigation an alternative approach was used. Here, it was assumed that the PIM in the
buffer Pt layer would be the same for all spacer layers (SLs). Hence, this could be used as
a normalisation layer in the analysis, thus dividing the PIM in top Pt layer by that in the
buffer Pt layer allowed comparison between samples as a function of the SL thickness. The
buffer Pt layer acts as a control in each sample, measuring the change in PIM in the top Pt
layer relative to it.

The XRMR measurements for the Au and Ir SLs were performed on the XMaS beam-
line at the ESRF over two separate beam-time experiments. The Pt-L; resonance was found
at 11.564 keV in the first beam-time run and 11.562 keV in the second series. The sample
with no SL was measured in both runs for comparison.

Crucially from the XRMR measurement, the spin-asymmetry ratio was calculated and

is discussed in the next section.

6.2.2 X-ray resonant magnetic reflectivity measurements

The spin-asymmetry ratio, R,, contains all the structural and magnetic depth dependent

information for the sample. It is defined as

Ir-r
I+ I

(6.2.1)

a

where I* is the scattered intensity of circularly polarised light whilst the sample is saturated
under an in-plane positive magnetic field and /™ is the equivalent under negative magnetic
field. The helicity of the light could be reversed instead of the magnetic field, but in practice
it is faster to switch the magnetisation, and this was done in these measurements. The spin-
asymmetry ratio, R,, is calculated at every point along the specular reflectivity curve by

reversing the sample magnetisation repeatedly throughout the measurement.
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6.2. The induced moment in Pt as a function of heavy metal spacer layers 137

The specular reflectivity and spin-asymmetry, both measured at the Pt-L; edge for the
basis Pt/Co/Pt sample are shown in Fig. 6.1. The spin-asymmetry was measured with both
light helicities as a function of the scattering angle, 26. It can be seen that by reversing
the helicity of the polarised light, the spin asymmetry switches sign. This occurs because
reversing the helicity changes the sign of the momentum for the incoming photon.

Both specular reflectivity and spin asymmetry were fitted simultaneously in order to
obtain the best fitting solution that represents the structure and Pt moment of the sample.
The fits were made using the GenX software [116], which employs a Parratt recursive
method to simulate the data, described in chapter 3, and both fits are shown in Fig. 6.1.

For this sample the resonant scattering factors were allowed to vary in the fitting pro-

cedure. The factors extracted from this fit were then used as fixed values in the subsequent

= 3 Pt (54 A)/Co (25 A)/Pt (26 A) E
(0] L ]
~ E E
> L b
= f
: ‘ Energy = 11.564 keV (Pt-L, edge) :
10 é T T T T T T T T T I T :
b)
~
S
N
©
@
| - . L
O Left circularly polarised x-rays
10 A Right circularly polarised x-rays

1 2 3 4 5
Scattering angle 26 (degrees)

Figure 6.1: a) Specular reflectivity measured at the Pt-L3 edge for the basis sample

Pt (54 A)/Co (25 A)/Pt (26 A). The solid line denotes the best fit. b) The spin asymmetry ratio,

R,, as the function of the specular scattering angle using left circularly polarised x-rays and using
right circularly polarised x-rays. The solid red line denotes the best fit.
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6.2. The induced moment in Pt as a function of heavy metal spacer layers 138

fits where a SL existed.

Both specular reflectivity, spin asymmetry and the best fitting models for all of the sam-
ples with Au and Ir spacer layers are shown in Fig. 6.2. It can be seen that the simulations
agree well with the data. From the R, measurements of both datasets there is evidence that
the magnitude of the asymmetry peaks are decreasing with increasing SL thickness. This
indicates that the total signal of polarised Pt is decreasing with increasing SL thickness.

The layer thickness, ¢, and interface width, o, extracted from the best fitting simulations
are shown in Table 6.1 for the Au SL samples and Table 6.2 for the Ir SL samples. Note
that o contains both topological roughness and chemical intermixing. In all cases the error

has been rounded up to 1 A since a sub-angstrom layer thickness variation would be non-

Au Ir
T r T - T T T .2 T .2 T r - IA_\“(le) T v T T T ¥ T T T T v T T B T h('zA) T
a) Au(5A) b) Ir(4A)
o Au(8A) & Ir(7TA)
Au(11A) Ir(10A)

Au(16A)
Au(24A)

Ii(13A)

Intensity (a.u)
Intensity (a.u)

._
o
(5]
S
hn
=)
~
o

(%)

R

Scattering angle 26 (deg) Scattering angle 26 (deg)

Figure 6.2: Specular reflectivity for Pt/Co/SL/Pt samples with different thickness of a) Au SLs and
b) Ir SLs. Spin asymmetry for Pt/Co/SL/Pt samples with different thickness of ¢) Au SLs and d) Ir
SLs. All datasets have been offset vertically in order to allow them to be plotted on the same figure.
The solid lines show the best fits to the data. For the samples with Au SLs the Pt-L3; edge found at
11.564 keV, whereas for the Ir SL samples the Pt-L3 edge found at 11.562 keV.
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Sample ‘ Pt Co Au Pt

tA) o) tA) [cA) ] tA) [cD) ] tA) |oc@)
No SL 52+1 4+1(24+1 4+1 |01 O0+1 |25+1 5=+1
Au(2A) 581 71 28+x1 6+1 |21 5+1|27+1 6=%1
Au(5A) |57+£1 5+£1|20+1 51| 3+1 6+1|27+1 8=x1
Au(8A) [57+1 5+1|25+1 5+1|6+1 8+1|24+1 9=x1
Au(11A) | 57+1 4+1|25+1 5+1|16+1 6+1[22+1 9=x1
Au(24A) 56+1 61 (251 61 |24+1 5+1 |24+1 7=+x1

Table 6.1: Extracted layer thickness, ¢, and interface widths, o from the best fitting simulations to
the specular reflectivity shown in Fig. 6.2 a).

Sample ‘ Pt Co Ir Pt

tA) [cD ] tA) e ] tA) [cA) ] tA) |oc@)
No SL 51«1 4+1(24+1 41|01 O0x1]22+1 5=1
IrQA) [54+1 4+1|21+1 3+1 |51 6+1|22+1 7=+1
Ir(4A) 53+1 6+1 (231 6+1 |51 6+1|24+1 T7=+1
Ir(7A) 54+1 5+1(23+x1 6+1 | 71 6+1 |23+1 7=+1
Ir(lOf\) 54+1 5+1 (241 61 101 5+1 (211 9=+1
Ir(13A) 57«1 4+1[23+1 61 [13+x1 5+1 (241 7=1

Table 6.2: Extracted layer thickness, ¢, and interface widths, o from the best fitting simulations to
the specular reflectivity shown in Fig. 6.2 b).

physical.

The values of o and ¢ of the Pt and Co layers are comparable between samples. Gener-
ally the top Pt layer has a slightly larger o~ as a result of the SL. The two measurements of
the sample with no SL give consistent structural parameters from both beam-time experi-
ments.

For the SLs, the similarity between the scattering lengths for Pt, Au and Ir make it
very difficult to distinguish reliably between these layers when the SL is below 10 A in
thickness. Above this thickness the measured SL thickness converges to the nominal SL
thickness shown in the far left column. From this it can be concluded that the sputtering
growth rate calibrations are correct, and form a more reliable measure of the SL thickness.
The interface width is approximately 6 A for all SLs, demonstrating that the two thinnest
SL samples from the Au and Ir sample series can be considered as discontinuous layers.

Magnetic roughness, magnetic thickness, and magnetic moment parameters were also

included in the model. These, alongside the structural parameters, characterise the interfa-
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cial Pt moment and were used to produce the best fits to the spin asymmetry data. However,
these parameters are strongly correlated, so various combinations of values can produce the
same fit. The values of magnetic roughness, thickness and moment are therefore not unique
and may be unreliable.

In the simulations the purpose of these parameters is to produce the scattering length
density profiles. These are described in detail in chapter 3, but they can be considered as
cross-sections through the samples. The structural scattering length density (sSLD) pro-
files represent the physical structure of the samples, and reflect the values of the interface
widths and the layer thicknesses. The magnetic scattering length density (mSLD) profiles
represent the depth dependent PIM in Pt throughout the samples. Although the magnetic
fitting parameters themselves were variable, they produced a consistent mSLD for the best

fits, and hence describe the same distribution of Pt induced moment throughout the sample.

6.2.3 Scattering length density profiles with variable spacer layer thick-

ness

Both sSLLD and mSLD profiles extracted from the Au SL samples as well as that for the
basis sample with no SL are shown in Fig. 6.3. The SLDs for the Ir SL samples are shown
in Fig. 6.4.

Looking first at the sSLD for the sample with no SL, see Fig. 6.3 a), the plateaux cor-
respond to each layer and how far they extend is dictated by the layer thickness. Schematic
shading of the layers has been superimposed onto all of the sSLD profiles as colour coded
blocks to make this clearer. Increased interface width, o, causes the slopes between the
layers to become shallower, extending further into the adjacent layer. The height of each
plateau is representative of the material in the layer, since it depends on the electron density
and scattering factors unique to the material.

The magnetic scattering length density (mSLD) shows the distribution of polarised Pt
throughout the sample. The mSLD is coupled to the sSLD, since the physical roughness
as well as the magnetic roughness influence the shape of the mSLD going from one layer
into the next. The mSLD profiles have been normalised, such that the height of the buffer
Pt mSLD peak is the same for all mSLD profiles. This is a reasonable assumption for the

PIM in the buffer Pt, and allows comparison between samples as it excludes variations in
140
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6.2. The induced moment in Pt as a function of heavy metal spacer layers 143

experimental measurement.

For the sample with no SL, the total moment of the polarised Pt above the Co is larger
than for the buffer Pt layer. This was measured on both beam-time experiments and this
difference in the PIM is reproduced in both Fig.6.3 a) and Fig.6.4 a) from the first and
second beam-time experiments respectively. PIM is intimately linked to interface mor-
phology [195, 196], hence it is possible that the observed difference in Pt moment could
be attributed to different interfacial structures for the Pt/Co and the Co/Pt interfaces, which
arise due to the differences between depositing Co onto Pt and vice versa [197]. However,
the interface widths for the Pt/Co and Co/Pt interfaces extracted from the fits, shown in
Table 6.1, are both 4 A. In a tomographic atomic probe study of Pt/Co multilayers it was
found that a greater degree of intermixing occurred at the top Co/Pt interface compared
to the bottom Pt/Co interface [197]. It is possible that this is present within this sample
also, since the contribution of chemical intermixing and topological roughness cannot be
separated from the interface width using XRR alone. A greater degree of intermixing at
the Co/Pt interface would agree with the observed mSLD profiles, since it is known that
intermixing at the ferromagnet interface can give rise to enhanced proximity induced mo-
ments [196].

Comparing the two extracted mSLD profiles for the sample with no SL, there is dis-
agreement in the magnitude of the top Pt PIM relative to the buffer Pt PIM. The origin
of this discrepancy is not clear, it may be a result of the slight difference in energy used,
though this seems unlikely, or possibly a variation in the degree of circular polarisation
between the experiments. Alternatively the sample may have deteriorated between the two
beam-time experiments. However, it is shown later that this discrepancy is not important
for the overall SL thickness dependence of the PIM.

The effect of adding the Au spacer layers is shown in Fig. 6.3 b)-f) and Ir spacer layers
in Fig. 6.4 b)-f). Looking first at the effect of the addition of Au SLs on the sSLD. This
causes a rounding of the top of the Pt sSLD plateau due to increased interfacial width
between Co, Au and Pt. As the Au SL becomes thicker than 10 A (Figs. 6.4 e),f) ), a
pronounced peak in the sSLD is observed and the Au thickness can be resolved more
definitively.

It can be seen in Fig. 6.3 b) that a Au (2 A) SL has little effect on the induced moment.
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6.2. The induced moment in Pt as a function of heavy metal spacer layers 144

Contrary to this, Fig. 6.4 b) shows that the Pt PIM was greatly modified by the insertion of
anlr (2 A) SL. Pt-Au phase diagrams show a large miscibility gap for alloys composed pri-
marily of Pt [194], whereas Pt-Ir alloys are entirely miscible [193]. This may explain why
the moment may be sustained under the Au (2 A) SL, which would result in island growth
of the Au and a slower coverage of the Co/Pt interface. Conversely, Ir would immediately
alloy with the Pt, pushing it further from the Stoner criterion. However, Tables 6.1 and 6.2
show that for the Au (2 A) and Ir (2 A) SL samples, the interfacial widths of the Co layers
and SLs are very similar. As was suggested previously for Co/Pt and Pt/Co interfaces, there
may exist a difference in topological roughness and intermixing between the Au and Ir SLs
which is not separable in the XRR measurement.

With the addition of thicker Au spacer layers the PIM at the top Pt interface drops
dramatically. It can be seen in Fig. 6.3 d) that for the Au (8 A) sample, the majority of
the Pt that is polarised resides inside the Au/Pt interfacial region, which may indicate the
presence of polarised islands of Pt in a Au matrix.

Focusing now on the Ir SL samples, the sSLD are similar to those observed with Au,
with a pronounced peak forming for Ir SL thicknesses above 10 A, where the Ir layer
begins to be resolved as continuous from the Co and Pt. The mSLD shows a dramatic
change with the addition of Ir SLs. A discontinuous Ir (2 A) SL reduces the top Pt mSLD
peak amplitude to below that of the buffer Pt. Further increases in SL thickness then causes
the rapid loss of the PIM from the top Pt interface.

In summary, from the difference between the Au (2 A) and Ir (2 A) SL samples, the
results suggest that the loss of PIM cannot be described as the result of the SL separating
the Pt further from the ferromagnetic layer alone, but in fact the morphology and alloying
of the interface is crucial to the process. This is further evidenced by the differences in
PIM at the Pt/Co and Co/Pt interfaces in the sample with no SL.

In the next section the Pt moment ratio is calculated and the Pt PIM lengthscale is

characterised as a function of the SL thickness.
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6.3. Investigating the lengthscale of the induced Pt moment 145

6.3 Investigating the lengthscale of the induced Pt mo-
ment

The area under each mSLD peak can be thought of as proportional to the total induced
moment at that interface. However, it is not possible to obtain the absolute moments with-
out having measured the resonant scattering factors. The Pt moment ratio was defined to
resolve this. This is the ratio of areas under the mSLD peaks for the top Co/Pt interface
to the area under the control buffer Pt/Co interface mSLD peak. This does not allow for
absolute moments to be extracted, but it does allow comparison between samples measured
in the same way since the buffer Pt should be the same irrespective of SL behaviour. The
Pt moment ratio as a function of SL thickness is shown in Fig. 6.5 a).

The ratio obtained for the sample with no SL was (1.9 + 0.2) for the first beam-time
experiment with x-ray energy of 11.564 keV and (1.3 + 0.2) for the second beam-time
experiment with x-ray energy of 11.562 keV. These are shown as the two blue triangular
data points in Fig. 6.5 a). It is assumed that this discrepancy is due to differences in the
experimental conditions, in particular the slight difference between the energies that these
measurements were taken at. An attempt to account for this is discussed later.

It appears that the Ir causes the PIM at the top Co/Pt interface to be reduced more
rapidly, eradicating the top Pt moment within the error margins for a Ir (4 A) SL. The
Au thickness dependence appears more gradual, with the PIM persisting for a Au (11 A)
SL. Interestingly these lengthscales are much smaller than that observed in a study of
[Pd/Cu/Nig, Fe 9/Cul,, super-lattices, which measured a Pd polarisation across a Cu (30 A)
spacer layer [187]. This may indicate that in the Pd/Cu/Nig,Fe 9 system a different mech-
anism induces the PIM, namely the RKKY interaction mediated by the s-electrons of Cu,
whereas in this study the PIM is induced by short-ranged interfacial d-orbital hybridisation.

The dashed lines are exponential decays fitted to quantitatively characterise the length-
scale of the PIM interaction. For the Au SLs, an exponential decay constant of (2.3 + 0.4)
was found and for the Ir SLs a value of (1.9 + 0.4) was obtained. These results overlap
within the errors, hence it cannot be shown conclusively that Ir causes a more rapid loss
of PIM. Both the lengthscales are extremely short, with the PIM vanishing on the order

of one lattice constant for Ir and three lattice constants for Au. Correspondence between
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Figure 6.5: a) Pt moment ratio as a function of Au and Ir SL thickness. The blue triangles labelled 1
and 2 show the measurements at 11.564 keV and 11.562 keV of the sample with no SL respectively.
These correspond to the Pt moment ratio from the mSLD in Fig. 6.3 a) and Fig. 6.4 a) respectively.
b) The Pt moment ratio normalised to data point 1 for the Au SL series and data point 2 for the Ir
SL series. This is interpreted as the percentage PIM at the top Co/Pt interface relative to the no SL.
sample measurement. The dashed lines in both figures show fitted exponential decays to quantify
the lengthscale over which the PIM vanishes.
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these lengthscales and those measured in the same samples for the Dzyaloshinskii-Moriya
interaction as well as the Gilbert damping are discussed in chapter 8.

In an attempt to allow better comparison between the two datasets taken on the separate
beam-time runs, a second normalisation was made. Here, the Pt moment ratio for the SL
samples measured on each run were divided by the value for the Pt moment ratio found for
the sample with no SL for that respective beam-time (which assuming no sample degra-
dation, should be the same). This converts the Pt moment ratio into the percentage PIM
remaining at the top Co/Pt interface relative to what was measured originally with no SL
and is shown as a function of SL thickness in Fig. 6.5 b).

The main effect of mapping the two datasets onto each other in this way is that it
increases the relative size of the Ir (2 A) SL data point compared to the Au (2 A) data point.
However, within this region the PIM is falling so rapidly with SL that it does little to change
the trend of the SL thickness dependence. Again, exponential decays have been fitted to
this data, yielding a decay constant of (2.2 + (0.3) for the Au spacer layers and (2.0 + 0.4)
for the Ir spacer layers, which are consistent with the fits from Fig 6.5 a). Therefore, the
discrepancy between the Pt moment ratio between beam-time experiments for the sample
with no SL does not influence the extracted lengthscale of the PIM interaction.

These measurements confirm conclusively that the PIM in Pt is rapidly lost with the
insertion of SLs. For both Au and Ir SLs the PIM is lost for SL thicknesses greater than
10 A, and the evidence suggests Ir causes the PIM to vanish on a shorter lengthscale, with
a SL of just 4 A thickness.

The sSLD and mSLD profiles showed that the interface morphology influences the
PIM and the evidence for a difference in lengthscale for the Pt PIM for Au and Ir spacer
layers suggests that the contributions of topological roughness and alloying at the interface
may be important. The next section combines the information gained from the specular

reflectivity in order to gain some insight into this.

6.3.1 Interpretation of the induced Pt moment with regard to inter-

face morphology

The measurements of the Pt PIM as a function of the SL thickness indicated that Ir causes

the PIM to vanish more rapidly than Au. The role of interface morphology is potentially
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important in understanding this difference.

At the Co/Pt interface, the PIM in Pt arises due to the enhanced density of states of the
Pt at Ef as a result of the d-orbital hybridisation with the Co atoms [51]. This subsequently
leads to the satisfaction of the Stoner criterion for Pt in the vicinity of Co.

With the insertion of ultrathin discontinuous spacer layers, first a Co-Ir-Pt or Co-Au-Pt
alloy or matrix is formed in the interfacial region. It may be surmised that Pt atoms in Pt-Ir
and Pt-Au alloys are less likely to proximity polarise since the alloy would have a lower
Stoner enhanced paramagnetic susceptibility relative to the pure Pt.

Structurally, the difference between Au and Ir is their ability to wet with Co and Pt,
where Au is almost entirely immiscible [194] and Ir is fully miscible [193] with Pt. It
would be expected that Au would develop island-like growth, thus allowing a significant
amount of direct contact between the Co and Pt at the interface, whereas for Ir mixing
would be more homogeneous and direct Co/Pt contact less common.

From the specular reflectivity fits, the parameter, o/, the ratio of the interface width,
o, to the thickness of the SL, 7, has been calculated. A ratio greater than one indicates a
discontinuous spacer layer. It is important to note that this does not distinguish between
a discontinuous barrier formed by roughness greater than the spacer layer thickness and a
discontinuous barrier formed by an intermixed region greater than the spacer layer thick-
ness. The percentage of PIM remaining has been plotted as a function of o /7 in Fig. 6.6.

Viewing Fig. 6.6 from right to left, in this crude analysis the samples transition from
discontinuous SLs to continuous SLs where the vertical dashed line indicates the onset of a
continuous SL. It is interesting to note that for Ir SLs, it can be conclusively stated that the
moment is completely lost before a continuous film has been formed. This must be related
to the alloying of Ir with Pt, which modifies the density of states, since for a discontinuous
Ir SL a proportion of the Pt atoms would continue be in contact with the Co.

For the Au SLs, the moment persists until a complete continuous layer is formed, which
occurs for a Au thickness between 8-10 A. The island-like growth of Au may give rise to
greater topological roughness but less intermixing compared to more homogeneous alloy-
ing of Ir, which would give rise to a greater amount of intermixing but smaller roughness.
Unfortunately these two components cannot be resolved using reflectivity alone and addi-

tional transverse diffuse scans are required to separate these components. Transverse dif-
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Figure 6.6: The percentage PIM at the top Co/Pt interface (calculated relative to the sample with no
SL) plotted as a function of the ratio of interface width to spacer layer thickness (o7/¢) as extracted
from the specular reflectivity measurements.

fuse scans were measured using the Bede D1 x-ray reflectometer, which has a monochro-
mated Cu-K, laboratory source, and is described in chapter 3. However, the intensity of the
source was too low to measure the diffuse scatter in sufficient detail to reliably determine
whether the topological roughness is greater at the Au/Pt interface and the intermixing is
greater at the Ir/Pt interface.

However, based on the miscibilities of Au and Ir with Pt [193, 194], then it would
not be entirely unreasonable to assume this is the case. These results would then suggest
that the Pt PIM is more sensitive to intermixing than topological roughness, as would be
expected since homogeneous alloying would result in modifications to the Pt band struc-
ture and therefore push Pt further from the Stoner criterion. Similarly, measurements of
FePt,_,Ir, alloys demonstrate that the ferromagnetism vanishes for Ir concentrations of x >
0.2 [198]. These results demonstrate the extreme sensitivity of PIM to the micro-structure

of the interface.
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6.4 Chapter conclusions

This investigation studied the modification of PIM within Pt in Pt/Co/SL/Pt structures as
a function of Au and Ir SL thicknesses between 2-20 A. XRMR was used to obtain the
depth resolved PIM throughout the sample cross-section. Particular attention was given
to establishing the SL thickness over which the PIM existed and the role of the interface
morphology.

The spin asymmetry was measured at the Pt-L; edge and was fitted alongside the spec-
ular reflectivity. From the fits to each sample the respective sSLD profiles and mSLD
profiles were extracted. The insertion of the SL resulted in a rise in the interface width
for the top Pt layer, as extracted from the specular reflectivity fits, compared to the sample
with no SL. The mSLD for the sample with no SL showed a larger induced moment at the
top Co/Pt interface compared to the buffer Pt/Co interface. It was suggested that this was
due a greater degree of intermixing at the Co/Pt interface [197] which then enhanced the
orbital hybridisation between the Co and Pt.

The insertion of a Au (2 A) SL made little difference to the mSLD profile. However,
the insertion of an Ir (2 A) SL resulted in a dramatic loss of PIM at the top Co/Pt interface.
Further addition of Au and Ir SLs of increasing thickness resulted in the dramatic reduction
of PIM in the top Pt layer. In particular, for the Au (8 A) SL sample the majority of the
remaining Pt moment resided within the Au/Pt interfacial region.

The PIM within the top Pt was eradicated for SLs of Au and Ir thicker than 11 A and
4 A respectively. The percentage PIM at the Co/Pt interface relative to the Pt/Co interface
was found as a function of SL thickness and was fitted with exponentials. From these fits,
decay lengths of (2.2 + 0.3) A and 2.0 £ 04) A were obtained for the Au and Ir SLs
respectively. The large errors are due to the shortage of data-points in the ultrathin SL
region.

To gain more insight into the role of the interface morphology, the ratio o/t was cal-
culated for each SL using parameters extracted from the specular reflectivity fits, and the
percentage PIM at the Co/Pt interface was plotted as a function of this. Here, it was shown
that the Ir (4 A) SL eradicated the PIM before forming a complete layer. Since this Ir SL

was discontinuous, Pt atoms would continue to be in contact with Co atoms, hence this
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loss of PIM must be a result of the alloying of Ir with Pt and the resulting change in the
density of states. The Au SLs showed that the PIM was only lost once a continuous SL
was formed. This difference in behaviour was attributed to the miscibility gap in Pt-Au
alloys [194] which is expected to result in island-like growth and a topologically rough
interface. In contrast, Ir is expected to mix well with Pt, even at low concentrations [193]
producing an interface with a greater degree of alloying and therefore a greater degree of

orbital hybridisation between the Ir and Pt.
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The effect of changing Co thickness and
magnetic anisotropy on the induced

moment 1in Pt

7.1 Introduction

Continuing with the interface modification of proximity induced magnetism (PIM) demon-
strated in the previous chapter, this short chapter focuses on the effect of the Co thickness in
the Pt/Co/Pt structure and thereby proportionately increases the interfacial contribution to
the magnetic anisotropy in the Co. The focus is on comparison of the element specific hys-
teresis loops from x-ray resonant magnetic reflectivity (XRMR), with the loops obtained
using the magneto-optical Kerr effect (MOKE).

The previous chapter demonstrated the important role of interface morphology in the
PIM on Pt, whereby the Co/Pt interface was modified by the insertion of ultra thin spacer
layers of Au and Ir. An important aim of this work was to attempt to resolve the conflict in
the literature between the role of PIM in the Dzyaloshinskii-Moryia interaction (DMI).

Most experimental studies into the DMI used samples with perpendicular magnetic
anisotropy (PMA) [44,55,55]. Therefore in order to consider the results from the previous
chapter regarding in-plane magnetised Co in the context of the DMI it is also useful to
understand how the PIM in Pt changes as the Co thickness is reduced and the magnetic
anisotropy is changed.

In the literature, there have been various XMCD and XRMR studies of Pt/ferromagnetic
structures with both in-plane and out-of-plane magnetic anisotropy [40,174,181,195,199].

In particular, a study by Figueroa et al. [200] demonstrated that in a perpendicularly mag-
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netised Co-Pt multilayer, the hysteresis loops obtained at the Co-K edge, Pt-L; edge and
using SQUID magnetometery were identical. This result demonstrated that proximity po-
larised Pt takes on the same magnetic anisotropy as that of the Co. However, these mea-
surements were only made on a single perpendicularly magnetised sample and at 14 K,
but this demonstrated that the PIM continues to exist when the ferromagnetic layer is thin
enough to be perpendicularly magnetised.

In this investigation the evolution of the element specific hysteresis loops were stud-
ied over a range of Co thicknesses and at room temperature to investigate any changes
of the PIM in comparison to the total magnetisation loop measurements obtained using

longitudinal and polar MOKE.

7.2 Sample structure and characterisation using XRR

A series of samples with Pt (50 A)/Co (n/Pt (50 A) structure were sputter deposited onto
Si/SiO, substrates, with base pressures of order 1x107® Torr. The Co thickness, ¢, varied
from 4-20 A between the samples. The XRR and best fits for all the samples are shown in
Fig. 7.1. The XRR measurements were made using circularly polarised x-rays at the Pt-L;
edge, with x-ray energy 11.564 keV.

The structural parameters extracted from the best fits are shown in Table 7.1. The values
of the interface width, o, extracted for the Co layer, decrease as the layer gets thicker. This
is perhaps associated with a greater degree of film continuity for the thicker Co layers, and
therefore a reduction in alloying. Likewise, o for the top Pt layer generally reduces in
accordance with the Co o, suggesting that the Co structure has some influence on the Pt
structure. In chapter 6, there was difficulty resolving the ultrathin Au and Ir spacer layers
with thickness below 10 A, likewise, there is difficultly in resolving the Co thickness when
below 10 A in thickness. However, this analysis indicates that the growth rate calibration
was reliable, obtaining within 1 A of the expected thickness of the Co, hence these nominal

Co thickness are used for the Co thickness throughout this chapter.
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Sample ‘ Buffer Pt Co Top Pt

0 tA) o@D | tAD oA | tA [ @)
CodA) [54+1 7+1|5+£1 17x3[45+1 2=zx1
Co(6A) |48+1 10+1| 7+1 10+1|46x1 101
Co@8A) [52+1 6+1 | 7+1 8+1 [48x1 7=x1
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Co(15A) |52+1 71 |15+1 7+1 [47+x1 4=x1
Co(20A) |53+1 5+1 [20+x1 6+1 [48+x1 4=zx1

Table 7.1: Structural parameters extracted from the best fits to the specular reflectivity shown in
Fig. 7.1. Nominal Co thicknesses are shown in the far left column. The Co thicknesses extracted
from best fits to the XRR data are within the error margins of +1 A of the nominal Co thickness.
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Figure 7.1: Specular reflectivity measured at the Pt-L3 edge for Pt (50 A)/Co (1)/Pt (50 A) samples.
All datasets have been offset vertically in order to allow them to be plotted on the same figure. The
solid lines represent the best fitting simulations.
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7.3 Magnetic measurements using longitudinal and polar

MOKE

The samples were studied using longitudinal and polar MOKE. Longitudinal and polar
hysteresis loops obtained for the samples with different Co thickness are shown in Fig. 7.2.
The changing shape of the loops reflects the changing magnetic anisotropy as the Co thick-
ness is varied.

The polar MOKE hysteresis loops obtained for the Co (4 A), Co (6 A) and Co (8 A)
samples indicates perpendicular anisotropy. Furthermore, when the field is applied in-
plane for the longitudinal measurements, a hard axis is observed with no remanence for
the Co (4 A) and Co (6 A) samples. As the Co thickness is further increased the polar
MOKE loops have reduced magnetic remanence, M, and an increased coercive field, H..
In contrast, the longitudinal MOKE loops show an increasing M, and decreasing H. with
increasing Co thickness, which reflects the changing magnetic anisotropy.

For the samples where it was possible to saturate the magnetisation, the magnetic re-
manence is plotted as a function of Co thickness in Fig. 7.3 a) for both in-plane magnetic
fields and out-of-plane magnetic fields. The perpendicular loops are square, showing near
100% remanence for the thinnest three samples and a slight dip for the Co (10 A) sample
measurement. For thicker Co layers, it was not possible to saturate the magnetisation out-
of-plane with the magnetic field available. The in-plane field remanence shows a reverse
trend where the thickest Co samples have the highest remanence.

The coercive fields of the samples that could be saturated in the MOKE measurements
are shown in Fig.7.3 b). H, has a complex dependence on anisotropy, in-plane grain size,
defects, and surface roughness [201]. For the polar Kerr loops, the magnitude of H, should
decrease with increasing Co thickness, since the PMA reduces with increasing Co thick-
ness. This trend is observed for Co thicknesses between 6-10 A. The reduction in H._ for
the thinnest Co (4 A) film may suggest a reduced PMA which could occur due to signifi-
cant discontinuity within the film and alloying with the Pt [178]. In contrast, the reducing
grain size and increasing contribution of defects as the Co thickness is reduced would in-
crease the number of domain wall pinning sites and act to increase H.. The interpretation

of H. is therefore extremely complex. For the in-plane magnetised films, the decrease in
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Figure 7.2: Longitudinal (black) and polar (red) MOKE loops for Pt/Co/Pt films with increasing
Co thickness. Note that since the longitudinal MOKE loops for the Co (4 A) and Co (6 10\) samples
could not be saturated, for comparison they have been normalised to the extrapolated saturation
from the Co (8 A) sample, which is a good approximation of the saturation Kerr voltage. Likewise,
the polar MOKE loops for the Co (20 A) and Co (15 10\) samples have been normalised to the
Co (10 A) saturation polar Kerr voltage.
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Figure 7.3: a) Percentage remanence as a function of Co thickness after saturation with a magnetic
field in the plane of the film or out of the plane of the film. b) The coercive field as a function of Co
thickness and saturation field applied in-plane and out of the plane of the film.

H_ with increasing Co thickness in the longitudinal MOKE measurements is likely due to
the increased grain size in the thicker films resulting in less domain wall pinning.
This chapter now continues by comparing these hysteresis loops with the element spe-

cific loops obtained at the Pt-L3 edge.

7.4 Element specific hysteresis loops obtained at the Pt-/;
edge for varying Co thickness

Before the element specific hysteresis loops were measured, the angular dependence of
the spin asymmetry ratio, R,, was measured in order to find the optimum position in the

reflectivity to measure the hysteresis loop.

7.4.1 Spin-asymmetry ratio measurements

The spin-asymmetry ratio was extracted from the XRMR as a function of scattering angle,
20, for all the Co samples and is shown in Fig 7.4. The x-rays were circularly polarised
and the energy was 11.564 keV. A 1 kOe in-plane magnetic field was applied along the
x-ray scattering axis and was used to switch the magnetisation of the samples in the plane
of the film to calculate R,. From the MOKE loops in Fig. 7.2, and assuming the PIM in
the Pt takes on the same anisotropy as the Co, the samples with Co thickness greater than

6 A would be saturated in-plane by the 1 kOe field.
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The significant noise for the measurement of the Co (10 A) sample at high angle oc-
curred because the synchrotron beam was lost partway through this measurement, which
resulted in a loss of alignment when the beam returned. The sample was realigned before
measuring the element specific hysteresis loop.

The height of the peaks in the magnetic reflectivity are proportional to the size of the
total induced moment. For the samples with Co layers of thickness between 8-20 A the
magnitude of the R, peaks are fairly comparable, approximately 2-3%. For the Co (6 A)
samples there is a significant drop in the magnitude of the R, peaks, with only one statis-
tically significant peak, occurring at 1.8°. This was where the element specific hysteresis
loop was measured. For the Co (4 A) sample, no statistically significant peaks could be
resolved. This indicates that either the Pt was not polarised or the 1 kOe in-plane field was
insufficient to rotate a measurable component of the PIM into the plane and along the scat-
tering direction. The periodic spikes in noise in R, are associated with the Keissig minima

in the XRR which result in low count statistics.

o Co(4A) © Co(6A) ~ Co(8A) ‘
Co(10A) © Co(15A) Co(20A)

5%:|:

R, (%)

Scattering angle 26 (deg)

Figure 7.4: Magnetic reflectivity measured for Pt (50 A)/Co (0)/Pt (50 A) multilayers with different
Co thickness, t. Constant offsets were applied to the data to allow it to be plotted on the same figure.
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7.4.2 Element specific hysteresis loops

The Pt-L; edge hysteresis loops were measured in four of the six samples. The experimen-
tal method for the element specific hysteresis loop measurement was discussed in detail
in chapter 3, but in summary, R, was measured by switching the light helicity, and as a
function of the in-plane magnetic field at a fixed scattering angle 26.

XRMR is sensitive to the magnetisation components along the scattering vector, hence
for the grazing incidence reflectivity configuration used here, this corresponds to magneti-
sation components in the plane of the film and along the beam direction. The magnetic
field was swept along the scattering vector, hence this provides the x-ray equivalent to lon-
gitudinal MOKE. Perpendicular components of magnetisation can be measured using an
x-ray transmission configuration and measuring the spin dependent absorption, this was
not done here.

The element specific hysteresis loops are shown in Fig. 7.5. The orientation of the
magnetic field in the plane of the film was the same as that in the longitudinal MOKE mea-
surements, in case of any uniaxial in-plane anisotropy present in the thickest Co samples.
The loops have been fitted with Langevin functions to extract M, and H..

Clearly the anisotropy of the polarised Pt changes as the Co thickness is varied. The
hard-axis observed for the Co (6 A) sample suggests that the reason no magnetic signal
was observed for the Co (4 A) sample was that the 1 kOe in-plane magnetic field was not
sufficient to reorientate a measurable component of the polarised Pt into the plane of the
film. Based on the longitudinal MOKE measurement for this sample, shown in Fig. 7.2 a),
a 1 kOe in-plane field would result in an in-plane component of magnetisation equal to
approximately 10-15% of the saturation magnetisation. This is comparable to the error
bars on the R, measurements which would explain why no statistically significant spin-
asymmetry could be measured for the Co (4 A) sample.

The extracted values of M, and H. from the fits using Langevin functions are shown in
Fig 7.6 and compared to those found from the longitudinal MOKE measurements. There is
convincing similarity between the extracted values for M, and H, from the element specific
hysteresis loops and those from the longitudinal MOKE measurements. Consistent with the

changing Co anisotropy, the M, of the proximity polarised Pt increases with Co thickness.
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Figure 7.5: Element specific hysteresis loops measured at the Pt-Lz edge for

Pt (50 A)/Co (1)/Pt (50 A) with a) t = 6 A, b)r =8 A, ¢)t =10 A and d) r = 20 A.
Langevin functions have been fitted and are shown as the solid lines. The datasets have been
normalised to the saturation R, found from the Langevin fit to aid comparison.
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Figure 7.6: Comparison of extracted a) M;/M; and b) H. from longitudinal MOKE and XRMR
hysteresis loops.

Likewise, the H. of the Pt decreases with increasing Co thickness. The similarity of

H_. between the measurements is particularly interesting since the polarised region of the

160



7.4. Element specific hysteresis loops obtained at the Pt-1; edge for varying Co

thickness 161

Pt would not necessarily have the same extrinsic contributions to H., i.e defects and grain
boundaries, as that of the Co.

To further emphasise the consistency between the longitudinal MOKE hysteresis loops
and those measured at the Pt-L; edge, both measurements are plotted together in Fig. 7.7.
Since the MOKE is dominated by the Co signal and the Pt-L; edge hysteresis loops are
sensitive only to the Pt moment, the comparable evolution of the hysteresis loops with
changing Co thickness gives strong evidence that the magnetic anisotropy of the polarised
Pt is directly linked to the orientation of the Co, such that when the Co anisotropy changes
the Pt PIM follows it.

Since the polarised Pt has only one defined interface, that which occurs with the Co,
the other magnetic interface instead decays exponentially into the Pt itself, it is interesting

that the polarised Pt points out-of-plane when the Co thickness is reduced. This suggests
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Figure 7.7: Element specific hysteresis loops measured at the Pt-L3 edge for

Pt(50 A)/Co (1)/Pt (50 A) with a) r =6 A, b)r=8 A, c)r=10A and d) r = 20 A. The
In a) the normalisation has been made to the
saturation R, estimated by the Langevin fit which is shown in the inset of the figure.

longitudinal MOKE loops are shown in grey.
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that the Pt PIM must be strongly coupled to the Co, in order to overcome the large energy

cost of the demagnetisation field.

7.5 Chapter conclusions

The purpose of this investigation was to study the change in PIM with decreasing Co
thickness, in particular the transition from in-plane magnetic anisotropy to out-of-plane
magnetic anisotropy. Samples with the structure Pt (50 A)/Co (n/Pt (50 /0%), where the
Co thickness was varied between t = 4-20 A, were structurally characterised using x-ray
specular reflectivity and measured magnetically using polar and longitudinal MOKE and
element specific XRMR. Over the range of Co thicknesses, the magnetic anisotropy tran-
sitioned from a strong out-of-plane magnetic anisotropy to in-plane magnetic anisotropy
with increasing Co thickness.

Element specific hysteresis loops were measured at the Pt-L3; edge and therefore only
sensitive to the Pt polarisation. These were compared to the MOKE longitudinal hystere-
sis loops and good agreement was found between the shapes of these loops. Importantly
the consistency between the loops was found for all four Co thicknesses measured, inde-
pendent of the Co anisotropy and morphology. This demonstrated that the polarised Pt
magnetic orientation closely followed the Co magnetic anisotropy, and both polarised Pt
and Co moments must therefore be strongly coupled.

This study also demonstrated the existence of PIM over a range of Co thicknesses and
as indicated in these results and demonstrated by the XMCD measurements of perpendic-
ular Pt/Co multilayers by Figueroa et al. [200], it can be expected that the PIM is still in
existence in the perpendicularly magnetised samples used in recent high profile studies of

the DMI [44,55].
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Role of interfacial proximity induced
magnetism in magnetic damping and the

Dzyaloshinskii-Moriya interaction

8.1 Introduction

The previous two chapters focused heavily on the proximity induced magnetism that arises
in Pt and how it can be modified in response to changing ferromagnetic anisotropy and
interface engineering with heavy metal spacer layers at the Co/Pt interface.

Due to the large spin-orbit interaction (SOI) of P, it is now established as a standard
component for inducing a variety of spin-orbit phenomena [12,22,79, 160]. However, the
proximity induced magnetism (PIM) in Pt clearly gives rise to questions regarding the role
of PIM in these phenomena.

For example, for the recently observed spin-Hall magnetoresistance in YIG/Pt bilay-
ers [94, 191], there is an ongoing debate concerning whether the effect is in fact a conse-
quence of an interfacial AMR within a proximity polarised Pt layer [202]. Alongside this, a
similar discussion has surrounded the spin-Seebeck effect [6,203], in which it was proposed
that the transverse voltage in YIG/Pt is actually a result of the anomalous Nernst effect from
a proximity polarised Pt layer [173,204]. Consequently there followed a number of XMCD
studies of various ferromagnetic insulator/Pt bilayer systems to address this [174,205,206].

The XRMR data obtained here, on the Pt/Co/Pt samples which were extensively anal-
ysed in chapter 6, is presented with measurements and analysis of the large magnetic damp-
ing [207] and the Dzyaloshinksii-Moriya interaction [10,208] (DMI) associated with the

Pt/ferromagnet interface.
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The reason for focusing on these two effects is that they are both intrinsic to ferromag-
nets. Unlike for example the spin-Hall effect, which requires only a large SOI, magnetic
damping and DMI both require an exchange interaction, by which the spin-spin interac-
tions are modified in the presence of the SOI. In this regard, it may be considered that the
induced exchange through PIM within a material with a strong SOI, such as Pt, may yield
a significant modification to either or both the total damping or the DMI.

The chapter is split into two sections, the first discusses the role of PIM in magnetic
damping and the second regarding PIM with respect to the DMI. The PIM characterised as
a function of Au and Ir spacer layers (SLs) at the top Co/Pt interface is compared with mea-
surements of magnetic damping and DMI made on the same samples using time-resolved

MOKE and Brillouin light scattering respectively.

8.2 Magnetic damping

Magnetic damping describes the dissipation of energy away from the magnetisation as it
precesses around an applied magnetic field. The effect was described in chapter 2. The
microscopic mechanisms by which the energy is dissipated are poorly understood, but is
known to have a dependence on the SOI [15]. The presence of heavy met al layers along-
side ferromagnetic layers would enhance the SOI and theoretical studies have predicted
intrinsic components of damping due to spin-pumping that arise due to this [75]. There
have consequently been a variety of experimental investigations in the literature by which
the dependence of damping on heavy metal capping layers is investigated. Some results
relevant to the motivation of this study with regard to PIM, where Pt and Pd capping layers

are used, are discussed below.

8.2.1 Studies in the literature

An important study by Mizukami et al. [209] investigated the variation of the damping pa-
rameter, @, on NigoFe,, film thickness when sandwiched between non-magnetic layers of
Pt, Pd, Ta and Cu. The results are reproduced in Fig. 8.1 a). The damping rapidly rises as
NiggFe,( thickness is reduced and the rate of rise is highest for the Stoner enhanced para-

magnets Pt and Pd. This work inspired the pioneering theoretical study by Tserkovnyak et
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al. [75] who ascribed the enhancement to a new form of energy dissipation, by which an-
gular momentum is spin-pumped away from the magnetisation as it precesses. Due to the
strong SOI in the heavy metals Pt, Pd and Ta, the spin diffusion length is short and hence
they are good spin sinks by which no spin-accumulation occurs. Conversely, the large spin
diffusion length of Cu, g4 ~300 nm at room temperature [210], leads to spin-accumulation
in the Cu and limits the effectiveness of spin pumping.

The spin-flip relaxation time, 7, should scale as Z* in accordance with the SOI [75] and
consequently Pd has a longer spin diffusion length A,y ~7 nm at room temperature [211]
compared to the A4,g ~2 nm measured for Ta [91]. It would therefore seem inconsistent that
Pd has such a large damping associated with it, which suggests that perhaps the PIM of Pd
enhances the damping.

Another theoretical study by Barati et al. [76] demonstrated the importance of orbital
hybridisation at the interface, in particular d-orbital hybridisation of bands at the Fermi
energy (Er). Pd has a large density of d-states at Eg, which is why it is a Stoner enhanced
paramagnet, and explains why these materials result in an enormous enhancement of damp-
ing. In this study, the PIM associated with Pt and Pd was not considered. However, the
question is: is the damping enhancement brought about by the d-d hybridisation alone, or

is the fact the Pt is magnetically polarised an important consideration?
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Figure 8.1: a) The damping parameter as a function of NiggFey( thickness in transition metal mul-
tilayer sandwiches. A significant enhancement in damping is associated with the Stoner enhanced
paramagnets Pt and Pd. Data reproduced from Ref. [209]. b) The damping parameter as a func-
tion of FIB irradiation dose for Nig;Fe9 films capped with Au and Pt, reproduced from Refs. [38]
and [79] for the Au and Pt datasets respectively. The hashed region denotes where the peak in
damping for Nig; Fe9/Pt films would be expected to occur based on the trend of the data.
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In a separate later study, Mizukami et al. [212] investigated a Cu/NigyFe,(/Pt structure
and the effect of inserting Cu SLs between the top NigyFe,o/Pt interface. They observed an
initial sharp drop in damping with a Cu (30 A) SL followed by a gradual reduction in damp-
ing over a Cu thickness of 300 nm. The latter effect is explained by spin-pumping through
the Cu with Ay ~300 nm, whereas this initial interfacial reduction was unexplained.

A study by Sun et al. [213] used YIG/Pt bilayers and claimed that the PIM in Pt was
directly responsible for an observed step-like enhancement of damping with a 3 nm Pt
cap. They then inserted Cu SLs between the YIG/Pt interface to disrupt the PIM and
observed the same interfacial reduction in damping as Mizukami et al. [212]. However,
the significant roughness of their nanoscale YIG, o ~1.4 nm would result in large extrinsic
contributions as the continuous Pt layer is formed [78] over the thickness range of 3 nm,
which would require detailed analysis of the precession frequency to rule out.

Shown in Fig. 8.1 b) is the combined works of King et al. [38] and Ganguly et al. [79],
who studied the modification of damping through controlled intermixing of NigFe;q/Au
and Nig;Fe,o/Pt bilayers respectively using focused ion beam irradiation. Both datasets
rise with dose which can be understood through an enhancement of the two-magnon scat-
tering mechanism [77]. However, even though Au and Pt have similar atomic weights,
the enhancement in damping for Pt is much more significant, which possibly suggests an
additional component, which could perhaps be an enhancement in total moment due to the
polarisation of the intermixed Pt at low doses. Further increasing the dose would eventu-
ally result in the loss of M, from the Nig;Fe9 and a loss of PIM in the Pt [39], which could
explain the peak in damping. Alongside this, increasing dose would result in sputtering
away of the Pt cap which would also contribute to the reduction in damping. Contrary to
the Pt, the Au would be expected to exhibit a minimal PIM [188] and shows a uniform
increase in damping over the full range of FIB dose.

Hence there is much evidence to motivate a study into the role of PIM and magnetic
damping. In the next section the measurements of the magnetic damping parameter in

Pt/Co/SL/Pt structures is presented.
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8.2.2 Magnetic damping as a function of spacer layer thickness

In this section, measurements of the Pt (54 A)/Co (25 A)/Au (1-25 A)/Pt (26 A) multilayers
made using the time-resolved MOKE (TR-MOKE) technique are presented. TR-MOKE
measurements for the Ir SL. samples were not available to allow comparison of the PIM
and damping between two SL series. However, samples with a Pt (54 A)/Co (25 A)/Cu (1-
25 A)/Pt (26 A) structure, where the Cu thickness was varied, were also measured using
TR-MOKE. Even though the PIM data on the Cu spacer samples is not available, the
comparison of Cu and Au is useful because Cu has a significantly larger spin diffusion
length, A4,q ~ 300 nm [212]. This means that within the thickness range investigated, all
the Cu spacer layers may be expected to be essentially spin-transparent and not disrupt
spin-pumping into the top Pt layer. The spin diffusion length of Auis Aq = 32 nm [214] so
could be expected to show some differing behaviour in this regard. Although Au and Cu
can be expected to disrupt the spin-pumping differently, they will both at some thickness
cause the PIM to vanish.

TR-MOKE can be used to measure the precessional motion of the magnetisation about
an external applied field. It is a pump-probe technique by which a delay stage is used to
sample the magnetisation state at different time intervals throughout a repeated magneti-
sation precession process. The laser beam hits the sample at normal incidence, hence the
polar component of magnetisation normal to the film plane was measured. The technique
is presented in more detail in chapter 3.

Examples of the measured magnetisation precession for the Pt/Co/Au (1-25 A)/Pt sam-
ples are shown in Fig. 8.2. The Kerr voltage V., has been normalised to the amplitude
of the first oscillation to allow comparison. To extract the damping parameter, the Kerr

voltage, Vi, was fitted with the damped sinusoid expression;
Vierr = AeT0sinQ2r f(t — 1)) (8.2.1)
where A is the oscillation amplitude, 7 is the decay time constant, f is the precession

frequency and #, a constant lateral offset. The damping constant was extracted using

1
@= 2nfr
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Figure 8.2: Example magnetisation precession data measured using TR-MOKE for
Pt (54 A)/Co (25 A)/Au (1-24 A)/Pt (26 A) samples with different thicknesses of Au SLs. Solid lines
show best fits made by A. Ganguly using equation (8.2.1), from which the precession frequency, f
and damping parameter, @ were extracted.

The precession is clearly apparent in all the samples and the fits are generally a good
representation of the data. The calculated values of @ from the fits show that the damping
is reducing with increasing Au SL thickness.

The values of a for both the Au and Cu spacer series are shown in Fig. 8.3 a). The
damping shows a significant reduction compared to the pure Pt/Co/Pt sample as the thick-

ness of the SL is increased. Four contributions that could result in this decrease were
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considered. Firstly the loss of PIM at the Co/Pt interface. Secondly, a reduction in d-d
hybridisation, which in itself would be intimately coupled to the PIM [51, 54]. Thirdly, a
reduction in two-magnon scattering as the SL thickness is increased and develops into a
continuous film [78]. However, this two-magnon contribution would be primarily associ-
ated with an initial increase in magnetic damping since the initial dusting of the SL would
introduce numerous scattering centres. Finally, spin-pumping through Au and Cu spacer
layers into the Pt spin-sink.

Considering the two-magnon scattering contribution, insight can be gained from the
precession frequency as a function of the SL thickness, as is shown in Fig 8.3 b). A
drop in precession frequency is indicative of an enhanced extrinsic two-magnon scattering
contribution due to island-like growth of the SL [78] and the presence of scattering centres
due to the discontinuous SL. This is observed for both Au and Cu SLs. The frequency
recovery for Cu SLs is more rapid and is perhaps representative of the high miscibility of
Cu-Pt [215] resulting in the formation of a continuous layer of Cu more rapidly than for
Au.

It is interesting that no enhancement of damping is observed for the thinnest Cu (2 A),
Au (2 A) and Au (5 A) SLs, where there is a dip in the precession frequency. The total
damping is always reduced by the addition of the ultra-thin SL which suggests that any

enhancement in damping brought about by two-magnon scattering is more than compen-
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Figure 8.3: a) Extracted total damping parameter, a as a function of Au and Cu SL thickness. b)
Change in precession frequency as a function of Au and Cu SLs. The same legend applies as in a).
In both figures, the dashed lines are guides to the eye. All fits to the TR-MOKE data from which
these parameters were extracted were made by A. Ganguly, except for the Cu (2 A), Cu (5 A) and
Cu (7 A) SLs which were made by the author.
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sated for by the reduction in d-d hybridisation and PIM as a result of the SL. This suggests
that for these samples, two-magnon scattering is not the dominant mechanism. There is
a second dip in the precession frequency associated with the Cu (11 A) SL. The origin of
this is unknown and may be an outlier datapoint.

To address the contribution of spin-pumping we consider the Cu series. Here, A4 1S so
large in Cu that this would not be expected to have a significant effect until much greater
SL thicknesses, between 50-300 nm [212]. The dramatic change in damping corresponds
to a thickness comparable to that for forming a continuous layer, dropping over a thick-
ness of just 11 A which suggests that this is a purely interfacial effect not associated with
spin-pumping. The damping parameter falls to (0.049 + 0.002) with a Cu (11 A) SL
where the effect flattens off. However, it is likely that for thicker Cu spacer layers, be-
tween 50-300 nm, the damping would continue to fall where the spin-flip scattering within
the Cu layer will contribute as the thickness approaches Ay of Cu. This weak thickness
dependence has been confirmed by Mizukami et al. [212].

When the normal metal layer thickness is significantly below A4, as is the case for
Cu (24 A) SL, the contribution to damping from spin-pumping, asp is governed by the

spin-mixing conductivity, g;; of the interface and it is reasonable to approximate it as [216];

Qsp = 81— (823)

with ug = 9.274x 107! erg/G is the Bohr magneton, g = 2.17 the bulk Landé g-factor [12],
M, = 1400 emu/cm™ the saturation magnetisation and fpy = 25 A is the Co film thick-
ness. From ref [217], the spin mixing conductivity of a Co/Cu interface was found to be
g1, = 1.8x 10" ¢cm™2. This yields a contribution of asp = 8.2x 107> which clearly is signif-
icantly smaller than the observed drop in damping due to the Cu SL thickness. Therefore
the change in spin-mixing conductance associated with the new Co/Cu interface is not suf-
ficient to explain the large drop in damping in terms of spin-pumping over such a small
lengthscale .

The dependence on the Au SL also shows a drop in the damping parameter with increas-
ing SL thickness. However, the rate of reduction is less dramatic, falling to (0.052 + 0.002)

over a SL thickness of 16 A. Again, this is not a consequence of spin-pumping, since the
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Au SLs with the shorter A,; would be more effective at isolating the Pt spin-sink and there-
fore would be expected to modify the damping parameter more rapidly than the Cu SLs.
The difference in the rate of modification of the damping is likely associated with the inter-
face structure, by which Au would be associated with island like growth and would likely
require a greater thickness to form a continuous film.

The larger damping with a Au (24 A) SL compared to that with a Cu (24 A) SL reflects
the difference in contributions from the SLs themselves, where the Au over-layer with the
larger SOI would be expected to contribute more to the total damping.

In summary, the drop in magnetic damping with SL thickness cannot be explained
by changes in two-magnon scattering or spin-pumping, hence it is a consequence of the
changes in d-d hybridisation or PIM or both. We now discuss the damping parameter in

the context of the PIM as a function of SL.

8.2.3 Discussion of the magnetic damping with regard to the proxim-

ity induced magnetism

As was shown in chapter 6, the PIM is extremely sensitive to the interface structure. Cu is
fully miscible within Pt [215] and therefore in a similar manner to Ir, would be expected
to cause the PIM to vanish more rapidly than Au with increasing Cu thickness. This is in
agreement with the observed behaviour in Fig. 8.3 a).

For the Au SL series, the PIM can be plotted against the damping parameter directly
and is shown in Fig. 8.4. It is clear from this figure that any potential correlation between
PIM and magnetic damping with increasing Au SL thickness is not a simple linear re-
lationship. The magnetic damping and PIM fall on similar lengthscales. However, the
damping parameter continues to drop once the PIM at the top Co/Pt interface can be con-
sidered to have been entirely eradicated. As stated before, there are multiple contributions
to the damping parameter as the SL thickness is increased, so this does not rule out the
importance of PIM.

As the SL thickness is increased past 11 A and the PIM has vanished, continued im-
provements in interfacial structure with SL would be expected to further reduce the contri-
butions from two-magnon scattering. However, this would manifest itself as a continuous

increase in precession frequency which is not observed. It may be that the d-d hybridisation
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Figure 8.4: Damping parameter plotted against the percentage PIM at the top Co/Pt interface as Au
SLs of increasing thickness are inserted to disrupt the PIM. The percentage is relative to the PIM at
the Co/Pt interface prior to the addition of Au. The grey area denotes the region where the PIM can
be considered to have vanished based on the sensitivity of the XRMR measurement.

continues to have a significant effect on the electronic structure of the Co, but not enough
on the Pt to manifest itself as a magnetic polarisation. The continued addition of Au in
this case would reduce the hybridisation and continue to reduce the intrinsic contribution
to damping.

It would seem then that the change in damping is dominated by the changing electronic
structure in the interfacial region through the orbital hybridisation. This is in agreement
with theoretical study of Barati et al., who concluded that the d-d hybridisation of bands
crossing the Fermi energy results in an enormous enhancement of magnetic damping [76].
However, the PIM is intimately linked with orbital hybridisation [51,54]. With this respect
it is fundamentally difficult to decouple the contributions of hybridisation and PIM because

without the hybridisation the Pt would not be magnetic.

8.2.4 Conclusion: Proximity induced magnetism and magnetic
damping

The magnetic damping in Pt/Co/Au/Pt and Pt/Co/Cu/Pt samples has been measured with

varying thickness of Au and Cu SLs. With both SLs there was a dramatic reduction in

172



8.3. Dzyaloshinskii-Moriya interaction 173

damping as SL thickness was increased. For Au SLs the reduction occurred over a larger
lengthscale than Cu and it is expected that this is because Au may exhibit island like growth
and consequently require a greater thicknesses to form a continuous film relative to Cu.

The rapid drop in damping cannot be explained by spin-pumping since the drop in
damping occurred over a lengthscale that is comparable to one atomic layer and the val-
ues of Ay are too large for both Au and Cu to account for this. Two-magnon scattering
would be expected to enhance the damping and there is an indicative drop in the pre-
cession frequency for the thinnest SLs. However, this was not expressed in the damping
parameter which showed a reduction in damping for all SL thicknesses. Therefore the
dominant mechanism for the damping is associated with the reduction in d-d hybridisation
that arises due the large density of d-states at the Fermi energy for Pt and is disrupted by
the increasing thickness of SLs used. However, it is known that this hybridisation is also
intimately linked to the PIM.

Plotting the PIM at the Co/Pt interface for the Au SLs against the magnetic damping
parameter showed non-linear behaviour and that the damping parameter continued to fall
after the PIM could be confirmed to have vanished. This suggested that the main contri-
bution to the enhanced damping in the Pt/Co/Pt structures was the d-d hybridisation at the
interface. Any dependence on the PIM is non-trivial, with the effects of the orbital hy-
bridisation contribution continuing after the induced moment has vanished. It is therefore
clear that the enhanced magnetic damping observed in Pt/NigoFe,o/Pt and Pd/NigyFe,,/Pd
by Mizukami et al. [209] had a significant contribution from the large density of d-states
at Er in Pt and Pd. However, since this is a property inherent to PIM, the induced mag-
netism cannot be disregarded in the context of the enhanced damping, and fundamentally

it is challenging to decouple this from the d-d hybridisation.

8.3 Dzyaloshinskii-Moriya interaction

In the second part of this chapter, the role of PIM in the DMI is considered. This work was
motivated by the results of Ryu ez al. [55] in the group of S.S.P. Parkin which are discussed

in the following section.
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8.3.1 Link between proximity induced magnetism and Dzyaloshinskii-

Moriya interaction from domain wall velocity measurements

As was discussed in chapter 2, the DMI is an antisymmetric exchange interaction that

favours orthogonal alignment of spins and the Hamiltonian takes the form;
Hom = Dy - S; % S, (8.3.4)

where D) is the Dzyaloshinskii-Moriya vector, which is non-zero only in the presence of
inversion asymmetry and couples the spins S; and Sj. The DMI stabilises Néel magnetic
domain walls by acting as an effective internal magnetic field and also induces a specific
chirality which depends on the sign of this effective DMI field [13,21,45].

Using Kerr microscopy, Ryu et al. [55] made a series of measurements of domain wall
velocities in perpendicularly magnetised nanowires driven by the spin Hall effect. Each
nanowire had a different heavy metal underlayer (UL), which was either Au, Pt, Pd or Ir
in an UL/Co/Ni/Co/TaN structure and is shown schematically in Fig. 8.5 a). They found
that the domain wall velocity was very sensitive to magnetic fields applied longitudinally
along the length of the nanowires for Pt, Pd and Ir underlayers, which all exhibit at least a
moderate PIM [40,41, 184].

By applying a longitudinal magnetic field, H,,,, which acts along the domain wall
width, the effective field due to the DMI can be cancelled and the current-induced domain
wall motion stopped. This occurs because the spin-Hall effect can only drive Néel type
magnetic domain walls [13]. The magnitude of this magnetic field was referred to as the
crossing field and it is proportional to the strength of the DMI. If the Pt underlayer was
replaced with Au, which has a minimal PIM, no dependence on the longitudinal mag-
netic field was observed. Furthermore, as shown in Fig. 8.5 a), the crossing field reduced
dramatically as ultrathin Au spacer layers were inserted at the lower Pt/Co interface, on
a lengthscale similar to that expected for the PIM to vanish. Likewise, the domain wall
velocity reduced on a similar length scale. From this it was concluded that the PIM was

critical to obtain a significant DMI.
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Figure 8.5: a) Schematic of sample structure used by Ryu ez al. [55]. The longitudinal field, Hiong,
was applied along the length of the nanowire and current density, J, used to drive domain wall
motion through the spin-Hall effect. b) Crossing field as a function of Au SL inserted between the
Pt/Ni underlayer interface. Crossing fields were only shown up to Au (3 A) in the manuscript. The
Pt underlayer was 15 A thick. ¢) Domain wall velocity as a function of Au SL thickness inserted
between the Pt/Ni underlayer.

8.3.2 Dzyaloshinskii-Moriya interaction as a function of heavy metal

spacer layer thickness

Following the results of Ryu et al. [55], in order to test whether the PIM is crucial to the
DML, the effective DMI constant D.g was extracted from the Pt/Co/Au,Ir/Pt samples.

The effective DMI constant Dt was determined using Brillouin light scattering (BLS)
as a function of Au and Ir SL thickness in the Pt/Co/SL/Pt sample series. The DMI intro-
duces non-reciprocity for spin-wave propagation dependent on the sign of the spin-wave
number. This manifests itself as a frequency shift for spin-wave modes travelling in oppo-
site directions. The BLS technique was discussed in more detail in chapter 3.

The measurement geometry was such that the Damon-Eshbach surface spin-wave mode
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was probed. The frequency of the stokes and anti-stokes inelastic magnon lines were com-
pared, where any shift in frequency was due to the interfacial DMI.

Two examples of BLS spectra for SLs of Au (2 A) and Au (16 A) are shown in
Fig. 8.6 a) and b) respectively. The black curves show the spectra reflected in the y-axis in
order to emphasise the frequency shift between stokes and anti-stokes lines (Af = f; — fas)-
For the Au (2 A) SL a small frequency shift of Af = 0.14 GHz is just resolvable. The fre-
quency shift for the Au (16 A) SL sample is much larger with Af = 0.88 GHz and can be
clearly observed as a difference in peak position between the stokes and anti-stokes lines.

If the DMl is purely an interfacial effect, then the expected thickness dependence would
follow D.g = D,/t where Dy is the interfacial DMI constant, which is the more funda-

mental parameter. The frequency shift, Af, can be converted to the interfacial DMI term

using [12];
Mtem A
Dg = Detpm = 7 Mitewd]

8.3.5
2y kg ( )

where 7y is the gyromagnetic ratio y = gug/hi = g X 8.794 x 10° Hz/G, tpy = 25 A is the

ferromagnetic layer thickness and ks, is the spin-wave number given by;

4
ky = -2 sin @ (8.3.6)
Aopt

where Aoy = 0.532 um is the laser wavelength and 6 = 50° is the angle of incidence with

respect to the surface normal. These were kept constant between measurements, hence
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Figure 8.6: Stokes and anti-stokes magnon lines for the a) Pt/Co/Au (2 A)/Pt and b)
Pt/Co/Au (16 A)/Pt samples under a +4 kOe magnetic field. The red spectrum shows the distri-
bution reflected in the y-axis in order to show the frequency shifts more clearly.
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scattering with spin-waves with wave numbers kg, = 18.095 um~' were measured.

The bulk saturation magnetisation of Co, M, = 1400 emu/cm? was used for all samples.
This is justified since typical values of PIM for Pt are up, = 0.21 ug/atom [40] compared to
Uco = 1.4 ug/atom for Co. Therefore one can calculate the increase in Co thickness, Atc,,
which would be equivalent to a 10 A wide Pt polarised interface fppy;, which is a reasonable
approximation for the thickness of the polarised interface based on the results in chapter 6.

Comparing the up, and uc, moments, the expression;

M O [e]
= He Mcm, = 1A (8.3.7)

AI‘CO
Hco PcoMpy

is obtained, where ppy, pco, Mp;, M, are the mass density and molar masses of Pt and Co
respectively. The value of Afc, obtained is equal to the error in the Co thickness, hence
any magnetisation measurement would be dominated by the Co contribution and the Pt
polarisation would be lost in the error associated with the sample volume.

The Dy calculated from equation (8.3.5) for the different SL thicknesses is shown in
Fig. 8.7. The first thing to note is that with no SL no net Dy is observed. This is in
contrast to the measurements of Dy made through domain bubble expansion experiments
by Hrabec et al. [44], which found that unless the structure was epitaxial, the asymmetry
of the microstructure between the buffer Pt/Co and top Co/Pt interface can still give rise to
a finite net D in symmetric Pt/Co/Pt multilayers with perpendicular magnetic anisotropy.
The interfacial nature of DMI requires that it is larger for thinner Co films [12], hence this
difference could be related to the comparatively thick polycrystalline Co used here meaning
that we are not sensitive to the microstructure of the interfaces.

The rise in Dy with SL thickness is on a lengthscale consistent with the interface width
determined by XRR, which was approximately 6 A, and was the same for both Au or
Ir SLs. This rapid rise in Dy with Ir SL thickness is consistent with the 7 A found for
perpendicular Pt/Co/Ir/Pt structures elsewhere [44].

Since the PIM decay length is governed by an exponential [40], here the D; for the Au

and Ir SL series have been fitted with the function
Dy = Do(1 — exp(—t/ty)) (8.3.8)
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Figure 8.7: The change in interfacial DMI constant, Ds, with the addition of Au and Ir SLs of
increasing thickness at the Co/Pt interface. The distributions have been fitted with equation (8.3.8).

where ¢, is the decay length of the exponential and D is the saturation value of the in-
terfacial DMI constant once a complete Au or Ir interface has formed. The values of 7
extracted for the Ir SLs was (4 + 1) A and for Au SLs was (4.0 £ 0.6) A. These are both
larger than the values extracted in chapter 6 from the exponential decays fitted to the PIM
as a function of SL thickness, which were (2.0 = 0.4) A and 2.2 = 0.3) A for Ir and Au
SLs respectively.

Interestingly D; saturates to very similar values for the Au and Ir SLs, with D, =
(1.49 = 0.13) pJ/m and (1.45 + 0.12) pJ/m for Au and Ir SLs respectively. These val-
ues are comparable with previous work for Pt/Co/AlOx [12] with perpendicular magnetic
anisotropy which gave a slightly higher D, of 1.7 pJ/m. As would be expected, the sign is
also the same (f,s > f;), since Pt is at the bottom in both cases. This would suggest that in
both cases the dominant contribution to Dy is from the buffer Pt/Co interface.

The ab initio calculations of H. Yang et al. [56] predicted a D; of -0.39 pJ/m for Au/Co
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and -0.24 pJ/m for Ir/Co, compared to +1.95 pJ/m for Pt/Co interfaces. From this it
would be expected that the total Dy would saturate at 2.34 pJ/m for Au, and 2.19 pJ/m
for Ir SLs. These predicted values are all above the maximum Dy observed, which was
(1.53 = 0.15) pJ/m. Structural imperfections reduce Dy which would explain why the
measured value is lower than that predicted for an ideal structure by Yang et al. [56]. The
difference in D; predicted between the Au and Ir SLs is 0.15 pJ/m, which is the same as the
error and therefore below the resolution of the measurement, particularly when structural
imperfections are taken into account.

In the next section the results are discussed with reference to the PIM characterised in

these samples.

8.3.3 Proximity induced magnetism and Dzyaloshinskii-Moriya inter-

action

We now turn to focus directly on correlations between the DMI and PIM data. Firstly,
no net D was detected for the symmetrical Pt/Co/Pt sample, even though the PIM at the
Co/Pt and Pt/Co interfaces was substantially different. This suggests that the DMI requires
inversion asymmetry over the whole ferromagnet and that differences in PIM at each inter-
face do not contribute. However, it must be noted that the sensitivity to D, reduces as the
ferromagnet thickness increases and it may be that the difference is below the resolution of
the measurement for the 25 A Co films used in this study.

The rise of the D; in Fig. 8.7 with SL thickness is due to the SL preventing the complete
cancellation of the DMI contributions from the top Co/Pt and bottom Pt/Co interfaces.
However, if there exists a contribution from the PIM, this would change the way in which
the net DMI emerges for the different SLs. Since the XRMR measurements suggested that
the Ir SLs reduce the moment at the top Pt interface more rapidly than the Au SLs, then
it would therefore cause the DMI at that Co/Pt interface to vanish more rapidly as well,
which in turn would result in a more rapid rise in total DMI from the sole contribution of
the buffer Pt/Co interface.

The fits of equation (8.3.8) in Fig. 8.7 suggest this is the case, but it would be wrong
to take this as conclusive since the difference is comparable to the error bars on the SL

thickness.
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Regarding the differences between the DMI contributions from the Co/Ir and Co/Au
interfaces themselves, it would be expected that the induced moment on Ir [184,188] would
be greater than that for Au [53]. This forms part of the argument for the importance of PIM
by Ryu et al. [55] for which Ir exhibited a crossing field and Au did not. Assuming that
both Co/Ir and Co/Au produce positive DMI contributions (since the Au and Ir layers are
now on the top) [44,56,218], hence if PIM is critical to DMI then it would be expected that
after the formation of a complete SL then the Pt/Co/Ir/Pt samples would have the largest
total Ds. However, the maximum values, which correspond to the thickest Au and Ir SLs,
show that the Dj is the same. This is in agreement with Yang et al. [56] who predicted only
a small difference between Au and Ir, even though the PIM would be different.

To gain further insight into any potential correlations between the DMI and PIM, the
percentage moment lost at the top Pt interface is plotted against Ds in Fig. 8.8. The dashed

line represents a 1:1 correspondence. The trend initially seems linear in the ultrathin SL
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Figure 8.8: The percentage moment at top Co/Pt interfaces plotted against the D for Au and Ir
SLs. The dashed line denotes a 1:1 correlation. It can be seen that more datapoints lie to the right of
the line. The grey area denotes the region where the PIM can be considered to have vanished based
on the sensitivity of the XRMR measurement.

180



8.3. Dzyaloshinskii-Moriya interaction 181

regime, although the shortage of datapoints in the lower frequency DMI shift region makes
this difficult to say conclusively. Most data points fall on the right hand side of the line,
suggesting that Dy is rising more rapidly than the PIM is vanishing. The lateral placement
of datapoints where the PIM is entirely lost reflects that the DMI continues to rise after
the induced moment has vanished. The D, associated with the Co/Ir and Co/Au interfaces
must be small in comparison to that from the Pt/Co interface since they both converged
to approximately the same D, with the thickest SLs. Therefore this continued rise after
the PIM has gone must be associated with the continued change in the top Co interface,

notably the reduction in Pt atoms at the alloyed top Co interface as the SL is made thicker.

8.3.4 Conclusion: Dependence of the Dzyaloshinskii-Moriya interac-

tion on proximity induced magnetism

The interfacial DMI constant, D, was measured in Pt/Co/SL/Pt samples where the PIM
at the top Co/Pt interface with respect to the addition of Au and Ir SLs was known. The
change in Dy with increasing SL thickness was discussed in context of the PIM at the top
Co/Pt interface.

No net Ds was observed in the symmetric Pt/Co/Pt sample even though the induced
moments at the Pt/Co and Co/Pt interfaces were different. With the addition of SLs at the
top Co/Pt interface, the net Dy emerged due to the prevention of the cancellation of the
identical DMI contributions from the bottom Pt/Co and top Co/Pt interfaces. Fits to the
datasets suggested that the rise in Dy occurred at the same rate with both Au and Ir SLs,
even though the XRMR data indicated that Ir destroyed the PIM on a shorter lengthscale.
However, the error in the decay lengths for Au and Ir were relatively large due to the
shortage of datapoints in the ultrathin SL region.

The saturation values of Dy were very similar for both Au and Ir, which is consistent
with the predictions of Yang et al. [56] and disagrees with the difference expected based on
the difference in PIM that would be associated with Au and Ir. This is in contradiction with
the conclusions of Ryu et al. [55] who emphasised the importance of PIM within DMI .

Plotting the Co/Pt interfacial PIM against D, demonstrated that the Dg continues to rise
after the PIM had vanished. These results demonstrate that the dominant contribution to

the DMI is not the PIM but the presence of Pt atoms at the top Co interface.
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Conclusions and further work

In this thesis, phenomena relating to the spin-orbit interaction have been studied, namely,
the anisotropic magnetoresistance, the spin Hall effect, the Rashba effect, the Dzyaloshinskii-
Moriya interaction and magnetic damping. When investigating these phenomena, particu-
lar attention was given to the role of the interfaces and how these can modify the behaviour.
In particular the proximity induced magnetism in Pt was characterised in detail, and the
consequences of this interfacial polarisation were investigated with regard to the DMI and

magnetic damping.

9.1 Thesis conclusions

In chapter 4, AMR was measured in Ni, NigsVs and NigsCrs films of various thickness
and analysed theoretically using the Campbell, Fert and Jaoul (CFJ) model. The films
were structurally characterised using XRR and TEM, from which it was established that
the onset of discontinuities occurred for Ni films thinner than 6 nm. From the AMR mea-
surements in these films it was found that a rapid loss of the absolute resistivity change
due to AMR (Ap ) occurred for films thinner than 6 nm irrespective of the dopant. Prior to
this investigation, this thickness dependence of Ap was unexplained. This loss of Ap co-
incided with the onset of discontinuities in the Ni films. The relationship between sample
morphology and AMR was further evidenced by the linear scaling between Ap and the film
resistivity. The spin-wave stiffness, D, was measured in the Ni films and a linear correlation
between Ap and D was observed. From the reduction in D with reducing film thickness, it
was inferred that the magnon density of states was enhanced as film thickness reduced. In
turn, this would lead to enhanced electron-magnon scattering, which is a spin-flip scatter-
ing process, which then results in mixing of the spin-channels within the Mott-two-current

model, effectively preventing spin-dependent conduction and coupling the spin-channels
182



9.1. Thesis conclusions 183

leading to the loss of AMR.

Within the CFJ model, this spin-flip scattering leads to an enhancement of the spin-
mixing resistivity, p;;, which is isotropic with respect to the magnetisation orientation. It
was shown that the functional form of the film resistivity can be used to include a gen-
eralised thickness dependence to pjy. This successfully reproduced the AMR data and
provides a generalised explanation and a method by which the thickness dependence of Ap
can be found in any system, so long as the functional form of the thickness dependence of
the film resistivity is known.

In chapter 5, SOTs were studied in systems with in-plane magnetic anisotropy as well
as systems with weak out-of-plane magnetic anisotropy. First a NigFe9 (4 nm)/Pt (4.5
nm) bilayer system with in-plane magnetic anisotropy was investigated, whereby the field-
like torque was studied using the simultaneous measurement of the longitudinal MOKE
and the planar Hall effect (PHE). Here, it was shown that on the application of current
densities greater than 0.5x10'° Am~ the shape of the PHE magnetic field sweeps were
dramatically modified. Comparison of these PHE measurements at high current density
with those measured at different in-plane field angles with respect to the current suggested
that the SOT was altering the magnetisation reversal.

Following this, a Pt (1 nm)/Co (0.6 nm)/Pt (5 nm) multilayer which had weak PMA
was investigated using polar MOKE with a lock-in detection method. Using this method
the contributions of damping-like and field-like torques could be separated by applying the
in-plane magnetic field longitudinal or transverse to the current flow respectively. With
this sample, current-induced magnetisation reversal (CIMR) was observed using current
densities as low as 4x10'© Am=2 . This was considered to be the result of the weak PMA.
To induce CIMR, an in-plane magnetic field along the current direction was required, and
increasing the magnitude of this reduced the critical switching current. Since the field
was applied longitudinal to the current flow, the magnetisation switching was due to the
damping-like torque. Applying the field transverse to the current flow investigated the
field-like torque, for which no evidence for the existence of this was found in this sample.
Since the Pt/Co/Pt multilayer was symmetric and lacking structural inversion asymmetry
(SIA), this result was consistent with the Rashba effect as the origin of the field-like torque.

Alongside this, a Pt (3 nm)/Co (0.6 nm)/MgO (2 nm)/Pt (1.5 nm) multilayer, which
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also had weak PMA, was investigated using the same polar MOKE with lock-in detection
method. However, the sample showed signs of degradation following the SOT measure-
ments, so these results were treated with caution. It was shown that the magnetisation
oscillation due to the SOT measured by sweeping the longitudinal field could be replicated
by sweeping the DC offset applied to the AC current used to excite the SOTs. A single con-
version factor of (=39 + 1) x 107! Oe/Am~2 was found that mapped the DC offset sweep
data onto the longitudinal field sweep data. From this a spin Hall angle of (0.13 + 0.06)
was calculated, which is consistent with values found elsewhere in the literature [81, 160].
Again no field-like torque was observed, even though this sample had SIA. However, it is
possible the sample degradation was associated with a loss of integrity to the MgO layer,
and therefore disrupted the SIA.

In chapter 6, the PIM in Pt was studied in Pt (54 A)/Co (25 A)/Pt (26 A) multilayers
with in-plane magnetic anisotropy as a function of Au and Ir spacer layers inserted at the
top Co/Pt interface with thicknesses between 2-20 A. XRMR was used to obtain the depth
resolved PIM throughout the sample cross-section in order to establish the spacer layer
thickness over which the PIM existed.

The spin asymmetry ratio was measured at the Pt-L; edge and was therefore sensitive
only to the Pt induced moment. The structural scattering length density (sSLD) and mag-
netic scattering length density (mSLD) profiles for each sample were extracted from the
best fits to the spin asymmetry. From the mSLD for the Pt/Co/Pt sample with no spacer,
it was shown that a larger induced moment existed at the top Co/Pt interface compared to
the buffer Pt/Co interface. Enhanced intermixing at the top Co/Pt interface compared with
the buffer Pt/Co interface has been observed in Co/Pt multilayers in the literature [197].
However, here no difference was observed in the interface widths of the Pt/Co and Co/Pt
interfaces extracted from best fits to the specular reflectivity. However, XRR is not capa-
ble of separating the contributions from intermixing and topographical roughness, so this
similarity in interface width extracted for the Pt/Co and Co/Pt interfaces does not exclude
the possibility of different degrees of intermixing between the interfaces.

The insertion of an Ir (2 A) spacer layer resulted in a significant reduction in PIM at the
top Co/Pt interface. In contrast a Au (2 A) spacer layer made little difference to the PIM.

Further increasing the thickness of the Au and Ir spacer layers resulted in a dramatic loss of
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PIM. The PIM at the Co/Pt interface could be considered to have vanished for a Au spacer
layer thicker than 11 A and for an Ir spacer layer thicker than 4 A. The percentage PIM
remaining at the Co/Pt interface was plotted as a function of spacer layer thickness and
fitted with exponentials, from which decay lengths of (2.2 + 0.3) A and (2.0+0.4) A were
obtained for the Au and Ir SLs respectively. This is referred to later when comparing the
characteristic lengthscale of the PIM with that observed in the same samples for the DMI.

In an attempt to consider the role of interface morphology on the PIM, the ratio of
spacer layer interface width to spacer layer thickness was calculated using the parameters
extracted from the specular reflectivity fits. By comparing this with the percentage PIM
remaining at the Co/Pt interface it was shown that for the Ir (4 A) spacer layer, the PIM
was eradicated before a continuous layer had formed. In contrast, the Au spacer layers
showed that the PIM was only lost after the formation of a continuous film. This further
emphasised the importance of intermixing and alloying at the interface with regard to the
PIM. Interfacial alloying of Pt with the spacer layer modifies the density of states and
prevents Pt from satisfying the Stoner criterion [198]. This therefore demonstrates the
importance of electronic hybridisation and the influence the interface structure has on this.
The difference in behaviour between Au and Ir was therefore attributed to the difference
in miscibilities between Pt-Au [194] and Pt-Ir alloys [193], resulting in a greater degree of
alloying for Ir spacer layers and a greater degree of hybridisation between the Pt and Ir.

In chapter 7 XRMR was used to investigate Pt (50 A)/Co (0/Pt (50 A) multilayers with
different Co thickness, ¢. The range of Co thicknesses were between 4-20 A such that the
magnetic anisotropy of the Co transitioned from out-of-plane to in-plane with increasing
Co thickness. Longitudinal and polar MOKE measurement were used to characterise the
in-plane and out-of-plane magnetisation reversal for the whole Pt/Co/Pt multilayer respec-
tively. The longitudinal MOKE loops showed a decreasing remanence with decreasing Co
thickness, consistent with the changing magnetic anisotropy of the film. Following this, el-
ement specific hysteresis loops were measured at the Pt L; edge which were sensitive to the
in-plane magnetisation orientation of the polarised Pt only. The extracted remanence and
coercive fields from the longitudinal MOKE and element specific hysteresis loops were
very similar. The element specific hysteresis loops reproduced the longitudinal MOKE

loops and reflected the changing magnetic anisotropy of the Co with decreasing thickness,
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therefore confirming that the polarised Pt obtained the same magnetic anisotropy as the Co.

In chapter 8, the same samples for which the Pt PIM had been characterised in chapter
6 were used to investigate potential correlations between the PIM, magnetic damping and
the DMI. Time-resolved MOKE was used to measure the Pt/Co/Au (¢)/Pt samples to extract
the magnetic damping parameter as a function of Au spacer layer thickness. Furthermore,
a series of Pt/Co/Cu (#)/Pt samples were also measured in order to compare the contribution
to damping from spin-pumping. A rapid drop in magnetic damping was observed for both
spacer layers, where for Au the damping parameter fell to a value of (0.052 +0.002) over a
Au spacer thickness of 16A, whereas for Cu the damping parameter fell to (0.049 + 0.002)
over a Cu spacer thickness of 11 A.

The change in damping could not be explained by spin-pumping due the short length-
scale that it occurred over and the magnitude of the change. It was concluded the that
primary contribution was the reduction in d-d hybridisation at the interface, and also con-
sequently the PIM, as the spacer layer thickness increased. By comparing the change in
damping with the change in PIM for the Pt/Co/Au (¢)/Pt samples, it was demonstrated that
the damping continued to fall after the PIM in the top Pt layer had vanished. This showed
that any dependence of the magnetic damping on the polarisation of the Pt is non-trivial,
and that the dominant contribution is due to the d-d hybridisation. However, it is funda-
mentally challenging to decouple the d-d hybridisation from the PIM, since this in itself is
the origin of the PIM.

In the final study, the DMI was investigated in the Pt/Co/Au (¢)/Pt and Pt/Co/Ir (¢)/Pt
samples in order to investigate the correlation between DMI and PIM observed by Ryu et
al. [55]. The interfacial DMI constant, Dg was extracted using Brillouin light scattering.
No measurable D, was found for the Pt/Co/Pt sample with no spacer layer, even though the
induced moments at the top and bottom interfaces were different.

Introducing the Au and Ir spacer layers resulted in a rapid rise in Dy, since the spacer
layer prevented the cancellation of the equal and opposite D contributions from the buffer
Pt/Co and top Co/Pt interfaces. The rise in Dg was fitted with exponentials, which yielded
characteristic lengths of (4 + 0.6) A and (4 + 1) A for the Au and Ir spacer layers respec-
tively. This was longer than the characteristic lengthscale extracted for the Pt PIM, which

was (2.2 + 0.3) A and (2.0 + 0.4) A for the Au and Ir spacer layers respectively. This pro-
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vided evidence to suggest that the PIM and DMI are not correlated. Furthermore, for the
thickest spacer layers, Dy saturated to the same value irrespective of the spacer layers. This
demonstrated that the DMI contributions of Co/Au and Co/Ir interfaces were similar, even
though the Ir was expected to exhibit a moderate induced moment [184]. This behaviour
is consistent with the ab initio calculations of Yang et al. [166], who found no dependence
of the DMI on PIM.

When the PIM was plotted with Dy, it was shown that the DMI continued to rise after
the PIM had vanished, which demonstrated that the lengthscale of the rise in D was differ-
ent to the lengthscale over which the PIM vanished. This demonstrated that the dominant

contribution to the DMI was not the PIM but the presence of Pt atoms at the Co interface.

9.2 Further work

Almost all the work in this thesis can be extended for further studies of the spin-orbit
phenomena investigated. Although much of the work presented has reached a suitable
conclusion, where there are still questions to be answered, in this section, some possible
routes to further this work are highlighted.

It would seem that the work presented in chapter 4 reached a satisfactory conclusion,
where an explanation for the thickness dependence of AMR was presented and justified
by experiment. However, this work has further emphasised the sensitivity of AMR to
film morphology and structure. It would be interesting to study whether the same loss of
Ap could be observed at fixed thickness, instead using structural modification of the film
by adjusting the working gas pressure used for the sputter deposition. AMR could then
be used as a characterisation tool, sensitive to the film quality and used to optimise depo-
sition parameters. The dramatic change in Ap observed would make this a very sensitive
technique for optimising film structure.

With regard to the investigation of SOTs, recent studies in the literature have demon-
strated that the application of a gate voltage can be used to obtain reversible control of
PMA through interface ion migration [219] or strain-induced control [220], and offer ex-
citing methods by which the PMA can be functionalised. It would be interesting with

regard to applications to demonstrate magnetisation reversal using the SOTs, whereby the
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reversal is either switched “on” or “off” by enhancing or weakening the PMA dependent
on the gate voltage polarity.

There is still much to learn with regard to the microscopic origin of the SOTs. In order
to attempt to separate the contributions of the Rashba and spin-Hall effects, it would be
useful to investigate a structure by which SIA could be introduced gradually. This could
be achieved in a Pt/Co/MgO (#)/Pt structure, by which the SOTs could be characterised as
a function MgO thickness, #, ranging from 0-50 A.

In chapter 6, it was suggested that Ir spacer layers caused a more rapid loss of PIM
in comparison to Au spacer layers due to the difference in intermixing and topological
roughness of the respective interfaces. These components of intermixing and topologi-
cal roughness could in principle be separated using high resolution cross-sectional TEM
measurements of the Co/Au/Pt and Co/Ir/Pt interfaces.

The work of chapter 7 showed that as the magnetic anisotropy of the Co changed with
reducing thickness, the anisotropy of the polarised Pt evolved alongside it. The element
specific hysteresis loops were sensitive to the in-plane component of magnetisation. It
would be insightful to repeat the measurements in the transmission scattering geometry,
sensitive to the out-of-plane component of magnetisation to confirm that they reflect the
polar MOKE loops. In the literature this has been demonstrated for a single Co-Pt film
with strong PMA [200], but to the best of one’s knowledge the transition from the in-plane
to out-of-plane anisotropy has not been measured.

In chapter 8, where the magnetic damping within the Pt/Co/Au (¢)/Pt and Pt/Co/Cu (¢)/Pt
multilayers was investigated, there was difficulty in establishing whether the PIM was nec-
essary for the enhancement in damping associated with the Co/Pt interface, or whether
it was a result of d-d hybridisation at the Co/Pt interfaces alone. It has been shown in
Pd/Fe/Pd multilayers that the proximity induced magnetism in the Pd layers has a different
temperature dependence to that of the magnetism in the Fe layer [41]. This may well be the
case in the Pt/Co/Pt structures also, and in principle, by measuring the temperature depen-
dence of the magnetic damping, the contribution from d-d hybridisation could be separated
from any contribution to magnetic damping from the PIM.

With regard to the investigation of PIM and DML, as a further investigation, it would be

insightful to measure Dy in a Pt/Co/Pd (#)/Pt structure whereby the increasing Pd thickness,
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t, would be expected to disrupt the PIM at the top Co/Pt interface but unlike Au would take
on a substantial moment itself. Furthermore, the Pd is expected to have a Dy of similar mag-
nitude but opposite sign to Au [56] and would therefore make an interesting comparison.
However, this would require further XRMR measurements, since the substantial induced
moment on the Pd could significantly modify the lengthscale over which the PIM in the Pt

layer persists.
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