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Abstract

Both gadolinium gallium garnet (GGG) and yttrium aluminium garnet
(YAG) substrates are used to grow thin YIG films. It is known that sub-
strates of GGG are associated with reduced lattice strain (ε = 0.016%)

relative to YAG substrates (ε = 1.12%) for YIG lattices. In addition, it
was found that the structural and magnetic properties of thin YIG films
are influenced by oxygen contents. For instance, we found in this work
that the lattice constant for YIG/GGG films with 6.2% of the Oxygen con-
tent is similar to bulk value of YIG lattice constant ( 12.376 Å) and the
magnetic properties are similar to those of bulk YIG that have a coercive
field (Hc) < 1 Oe and saturation magnetisation (Ms=143emu/cm3).

The current study concerns all of the features of good quality nm-thin
sputtered YIG films with the identification of interfacial diffusion and the
impact it has in terms of suppressing magnetisation. The structural and
magnetic properties of nm-thin YIG films deposited on GGG and YAG
substrates by RF magnetron sputtering. A combination of X-ray diffrac-
tion (XRD), X-ray reflectivity (XRR) and atomic force microscopy (AFM)
were employed to assess the films’ morphology and structural character-
isation. Meanwhile, both a VSM and SQUID magnetometer were em-
ployed to determine the associated magnetic qualities. The YIG films have
a 111 crystalline orientation and a 1-3 Å surface roughness. The YIG films
have a coercive field of 0.30 ± 0.05 Oe, saturation magnetisation of 140
± 6 emu/cc. Furthermore, the saturation magnetic moment’s thickness de-
pendence has a dead layer. The dead layer thickness can be changed by
changing the Oxygen contents during sputtering. The thinnest dead layer
was 2.35nm in YIG film with 6.2% of Oxygen and the thickest dead layer
was 6 nm in YIG film with 5% of Oxygen.

When a normal metal (NM) makes contact with a magnetic material,
this can result in spin Hall magnetoresistance (SHMR). Insulating mag-
netic materials help to avoid magnetic effects because they are able to
effectively restrict electrons from leaving the NM. To help analyse this, an
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innovative means of producing YIG has been devised that utilises sputter-
ing methods, thereby enabling applications to be created in less time and at
lower cost relative to the liquid phase epitaxy (LPE) approach. The mag-
netic qualities of the YIG material have been specified at varying thick-
nesses. For thin samples, it is known that magnetisation is lower than the
bulk value and this is understood to be attributable to the substrate inter-
face having a layer that is interdiffused. Owing to the fact that the SHMR
is an interface effect, it is necessary to employ AFM and XRR to examine
how rough the films are.

The first measurements of SHMR were made using platinum and the
results achieved broadly matched those reported in the empirical literature.
A cryostat is used to measure angular dependence with four probe resis-
tance measures and a split pair magnet which enables the sample to be
positioned in all conceivable directions relative to the applied field. This
concurs with the established theory and research was conducted across
various temperatures from 2K to 300K. A range of models were then ap-
plied to fit the data for the spin diffusion length and it was found that the
temperature dependence is best explained by the Elliot-Yafet mechanism
(EY). The research is conducted into magneto-transport with bilayers of
platinum and YIG using different interfaces (2 nm of Pt on 40 nm of YIG
with different Oxygen contents) . Measuring resistivity as a function of
temperature, conventional magnetoresistance and angle-dependent mag-
netoresistance reveals that there is considerable reliance on the interface.
Consequently, it is necessary to develop the methods for preparing inter-
faces so as to observe a pure SHMR from enhanced spin mixing conduc-
tance.
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CHAPTER 1

Introduction
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Magnetic oxides offer useful magnetic properties and structural qualities that make
them particularly well-suited for a range of electronic applications including in telecom-
munications, radar and microwave appliances [1]. There are three types of magnetic
oxides: garnets, spinels and hexaferrites. What distinguishes each of these is their
crystal structure and this feature enables large numbers of cations to be accommodated
across various sites [2; 3].

Yttrium iron garnet (YIG) was discovered in 1956 by Geller and Gilleo [4] and be-
cause it serves as a ferrimagnetic insulator, it is regarded as the oxide with the largest
number of practical applications [3]. In addition, relative to the other oxides, YIG
offers excellent chemical stability, a high Curie temperature and minimal magnetic
damping. The spin waves persist in YIG owing to its excellent crystal properties, the
absence of carriers and minimal magneto-crystalline anisotropy [5]. Consequently,
YIG is well-suited to propagating spin waves [6] which result from the disorder as-
sociated with local magnetic ordering. These spin waves were initially identified in
1929 by Bloch [7] and are associated with the spin excitations that occur in magnetic
materials [8]. A practical application of these spin waves is in computers where they
serve as potential data carriers with a wavelength of below 1m, thereby offering a low
frequency. This low frequency is important because it enables spin information to
be transferred across greater distances (macroscopic) [9]. It is the manner in which
spin coupling interact that determines the features of spin waves; for instance, the in-
teraction can be a weak long-range dipole-dipole or it could be a strong short-range
exchange interaction [8]. Spin waves are required in various appliances that use mi-
crowave signals (e.g. circulators) [10]. YIG film insulators measuring just a nanometre
in thickness are employed in magnonics and spintronics [11; 12].

The purpose of spintronics is to either generate or influence spin currents to serve
a purpose in practical applications. Moreover, spintronics concerns the study of how
solid state and electron spin environments interact with the resulting knowledge be-
ing used to create innovative devices. Research in this area has been responsible for
technological advances in terms of the rate and performance of data processing; data
storage; and energy efficient dissipation. This experimental research will therefore
contribute to the existing body of knowledge regarding spintronics.
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Mott was a pioneer of spin polarised transport, establishing a knowledge base by
providing explanations for the unusual way in which the electrical resistance of fer-
romagnetic materials behaves and it is this that gives rise to magneto-resistive effects
[13; 14]. During the late-1980s, Fert [15] and Grünberg [16] discovered a previously
unobserved phenomenon referred to as giant magnetoresistance (GMR) in epitaxial Fe
| Cr multilayers. Subsequent research confirmed that GMR could also be observed in
alternative multilayer structures that are suitable for application in non-volatile mem-
ory applications [17; 18]. The first commercial magnetic sensor making use of GMR
was made available during 1994 [19] and this was followed by IBM creating mag-
netic hard disks that incorporated GMR read heads [20]. Tunnel magnetoresistance
(TMR) superseded GMR in the early 2000s [21; 22] and magnetic tunnel junctions
(MTJ) comprised the base element in a wide range of magnetic random-access mem-
ory (MRAM) appliances.

MTJs with a crystalline MgO tunnel barrier are required to achieve a high TMR
(200%). Whilst working separately, Berger and Slonczewski both proposed the spin
transfer torque effect during 1996 whereby a spin-polarised current transfers angular
momentum to a ferromagnet and influences the direction of its magnetisation in the ab-
sence of a magnetic field [23; 24]. A notable advance in spintronics was the realisation
of non-volatile MRAM for magnetic hard disks [25; 26]. Spin transfer torque-based
magnetisation switching [23; 24; 27] and magnetic domain wall racetrack memory [28]
offer alternative opportunities for the scaling of MRAM.

Datta and Das developed a model for electron spin-based field effect transistor
(SFET) during 1990 in which the spins are controlled by the gate electrode’s electric
field [29]. The ferromagnets in a SFET are the source and drain and these serve as the
injector and detector for electronic spins. The SFET has been demonstrated experi-
mentally [30; 31] but not in ambient conditions. If this could be fully realised, it could
afford considerable practical benefits in fast programmable logic appliances and could
eradicate the time lag associated with data processing. Moreover, it is possible that it
could one day supplant electron charge-based conventional electronics. Conventional
spintronics offer a range of benefits but it is limited in the sense that the transfer and
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processing of information requires electrons to be transferred. In contrast, magnon
spintronics utilises spin waves to transfer and process information, thereby offering an
alternative approach [32–36]. Magnons are magnetic moments’ collective excitations
in materials that are magnetically ordered. It is possible for magnons to propagate over
a distance of several centimetres [33]. Information is transferred by means of spin an-
gular momentum and this is advantageous because there is not a flow of charge current,
thereby avoiding Joule heating dissipation. The microwave method is arguably the
classic form of magnon excitation and it continues to offer an effective means of man-
aging the wavelength, phase and frequency of injected magnons. Alternative means
of excitation include spin waves being parametrically amplified from thermal fluctua-
tions [37]; femtosecond laser methods whereby the magnetic system becomes excited
by a very short laser pulse [38]; and spin-transfer-torque-based (STT-based) magnon
injection [39–41]. Magnons provide the potential for innovative wave-based comput-
ing technologies to be devised. Moreover, by the geometry of magnetic structures and
proper selection of magnetic material, it is possible to achieve magnon properties on a
large scale. Essentially, this opens up opportunities to produce magnetic insulators for
highly energy-efficient applications. Insulator-based devices require converters that are
highly efficient to be able to convert charge current into spin currents and spin currents
into charge currents. It is the exchange interaction concerning insulator electrons and
conduction electron spins that produces the spin current transfer in the ferromagnetic
insulator/metal bilayers.

The generation and transfer of spin-polarized current to the normal metal layer
from the ferromagnetic layer, this is referred to as the spin pumping effect [42; 43]. It
is possible to switch the spin current to become a charge current in normal metal by
means of the inverse spin Hall effect (ISHE) [44; 45]. The spin Hall effect (SHE) has
the ability to transform a direct current in the paramagnetic layer into a spin current in
heterostructures [44; 46]. This spin current could then excite the ferromagnetic layer’s
magnetisation dynamics by means of spin transfer torque (STT), thereby resulting in
spin waves. It was during 2010 that Kajiwara et al. became the first to confirm the full
cycle of conversion process whereby a charge current in normal metal is converted to
achieve pure spin current before returning to a charge current in the magnetic insula-
tor/normal metal (YIG/Pt) bilayer [47]. During the same year, Slonczewski suggested
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the notion of using the thermal transport of magnons to produce STT [48]. Subse-
quently, there has been considerable interest in researching STT and spin pumping in
relation to the magnetisation dynamics in YIG/Pt bilayer structures. In 2010, Uchida
et al. demonstrated the presence of the spin Seebeck effect (SSE) in magnetic insu-
lators including Y3Fe5O12 and LaY2Fe5O12(La: YIG) [49]. This is a promising area
of research that could potentially yield innovations in thermoelectric generation that
could result in new energy saving technologies.

Considerable efforts have been made by researchers to improve our understanding
of YIG as a means of producing efficient insulator-based magnetic devices based on
spin currents. YIG offers a high Curie temperature, low damping (α ≈ 3 × 10−5)
[50], excellent chemical stability [51], good synthesis of single crystalline material,
and effective electrical insulation (band gap = 2.85 eV) [52]. In terms of its insulation
qualities, YIG experiences no parasitic heating effects as a result of conduction elec-
trons. YIG is utilised in a wide range of microwave appliances including delay lines,
microwave filters and magneto-optical equipment and, for this reason, it has been the
subject of considerable research efforts. Recently, YIG has proven influential in vari-
ous areas of innovation including spin transfer torque, spin pumping, thermally driven
spin caloritronics, and spin Hall magnetoresistance [53–60]. Meanwhile, theoretical
research has been conducted into a spin torque transistor comprising two lateral thin-
film spin valves linked by YIG via STT [61].

Research into magnonics and oxide spintronics has generated a demand for excep-
tionally thin YIG films of just a nanometre in thickness and offering good crystalline
quality along with minimal Gilbert damping. Various methods have been used to grow
YIG with the best quality being achieved when employing Liquid Phase Epitaxy (LPE)
[62–64], albeit that these films are relatively thick (measured in microns). Several stud-
ies have indicated that pulsed laser deposition (PLD) [6; 65–69] and laser molecular
beam epitaxy [70; 71] can be employed to produce nanometre-thick films of YIG.
However, it is Hauser et al. who have achieved the best results in terms of PLD sam-
ples with damping of just 7 × 10−5 when using a film 20 nm thick [72]. In addition,
researchers have devoted considerable efforts investigating RF sputtering followed by
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1.1 Thesis structure

post-growth annealing [73–75] or in situ annealing [60; 76]. Research has also con-
firmed that materials offering good crystalline qualities as well as acceptable magnetic
qualities in ambient conditions can be achieved using off-axis sputtering [58; 74]. Spin
Hall magnetoresistance (SHMR) was reported in 2012 and it is recent addition to the
known spin based effects [77]. The SHMR has been confirmed showing the effect in
platinum but there was argument about how to fit the experimental data to prove the
theory [78–83].

In this thesis, we have done detailed investigation of the structural and magnetic
properties of YIG films sputtered by RF for a better understanding of its properties and
optimisation. We have improved the YIG properties by changing the oxygen content
during sputtering. Also, in this thesis the work presented has been undertaken to un-
derstand more about SHMR phenomenon and modelling the fundamental parameters
of spin transport in the materials.

1.1 Thesis structure

Chapter Two presents an introduction to spintronics and its underlying principles with
reference to the progress that has been made in this area in the empirical literature. Not
only does this give background information regarding the contribution of the current
study but it also provides details of the science that has effectively shaped the current
research. Several spin transport effects will be reviewed along with the processes by
which they can be measured. Particular emphasis is placed on spin Hall magnetoresis-
tance and there is a discussion of the theoretical model that can be used to explain it.
From the empirical literature emerges a model against which the experimental results
can be tested. YIG is at the centre of this study and explanations are offered for why
this is so. In addition, the qualities of YIG are discussed, as are the methods used in its
deposition.

Chapter Three provides details of the experimental methods employed, including
the set-up applied. This includes details of the sample deposition, the ferromagnetic
resonance methods, as well as the structural and magnetic characterisation. The chap-
ter starts by discussing how RF magnetron sputtering is used for the deposition of the
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1.1 Thesis structure

YIG samples. Subsequently, details are provided of the annealing conditions required
to produce a single crystal YIG that has a 1-3Å surface roughness. It is described how
DC sputtering will be used to deposit Pt, as well as how the crystallinity and structural
qualities of YIG are examined by means of x-ray diffraction and x-ray reflectivity.
Atomic force microscopy (AFM) is applied to analyse the film’s morphology. Mean-
while, a vibrating sample magnetometer (VSM) as well as a superconducting quantum
interference device (SQUID) VSM are used to examine the magnetic qualities. De-
scriptions are then offered of the SHMR measuring methods that utilise cryogenic and
magnetic equipment to investigate metals’ spin transport qualities across a wide tem-
perature range.

Chapter Four provides a detailed account of the tests conducted to establish YIG’s
features and qualities. Full details are provided of the data used to establish the optimal
conditions for creating the material with the preferred features. Comparisons will be
made with the results in the empirical literature to help demonstrate how successful
the new sputtering method is. Furthermore, this chapter systematically investigates the
nanometre-thick films of YIG produced using on-axis sputtering with magnetic and
structural characterisation. The interfacial source of YIG film magnetisation reduction
is explored and it is these outcomes that provide details of YIG’s structural properties.
From this it is apparent that the interface of YIG and GGG has an interdiffusion. Partic-
ular attention is paid to the magnetic qualities and especially the magnetic information
at the interface that has improved in this work compares to the previously results.

Chapter Five provides details of the SHMR results, paying particular attention to
the efforts made concerning the platinum wires used to study the effect. It is demon-
strated how the angular rotations tally with the theory and details are provided for
temperature dependence. Platinum’s additional transport properties are described, em-
phasising how resistivity is affected by different oxygen contents in YIG films. Details
are provided for YIG films of varying oxygen content with a description of how the ex-
periments changed over time to achieve the anticipated size of the effect by improving
the method for preparing the sample. The data are subsequently fitted with the existing
theory based on various assumptions to arrive at conclusions. In addition, the problems
encountered and the factors that influenced the measuring process are described.
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1.1 Thesis structure

Finally, Chapter Six concludes by drawing together the research findings from the
various aspects of the investigation. These conclusions are then compared to those in
the empirical literature and subjected to a critical discussion. It is explained why the
results remain open to a degree of interpretation and suggestions are made to advise
researchers conducting similar work in future. It is apparent that there is a need for
further research into the YIG surface quality which could yield a better appreciation of
the SHMR effect and the practical applications for which it could be deployed.
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Background
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2.1 Introduction

2.1 Introduction

The qualities of various magnetic materials are utilised for a range of purposes includ-
ing microwave technology, medical equipment, data storage, transport and generating
electricity [84; 85]. The theoretical underpinnings are discussed in this chapter along
with the importance of interface effects. The first section offers a description of yttrium
iron garnet’s magnetic qualities and crystal structure. This is followed by considera-
tion of the principles associated with the associated magnetisation features and spin
Hall effect, the method for identifying spin currents, and the inverse spin Hall effect.
Finally, the chapter rounds off by addressing the spin Hall magnetoresistance and mag-
netoresistance in thin films.

2.2 YIG’s magnetic properties and crystal structure

Bertaut and Forrat discovered the ferrimagnetic insulator YIG (Y3Fe5O12) during 1956
[4; 86] and Kittel referred to it as the fruit fly of magnetism [87]. YIG has a complex
crystal structure, a definite composition and almost perfect cubic symmetry with a
density of 5.17g/cm3 [88] and magnetisation damping of just α ≈ 3× 10−5 [89]. Fur-
thermore, YIG’s Curie temperature is approximately 560K and its band gap is 2.85eV
[88].

The lattice constant of the YIG unit cell is 12.376 ± 0.004 Å and its most likely
space group is O10

h − Ia3d [4]. As can be seen in the figure below, YIG’s unit cell’s
cubic structure comprises 160 ions and 8 chemical formula units of Y3Fe5O12. Each
individual YIG formula unit comprises 3 dodecahedral (c site), 2 octahedral (a site) and
3 tetrahedral sites (d site) comprising 24 Y3+, 40 Fe3+ ions and 96 O2− ions. The Y 3+

ions are located at the dodecahedral (c) sites with each of these sites having 8 O2− ions
which create a 12-sided polyhedron with 8 corners. 24 Fe3+ are found at tetrahedral (d)
sites with 4 O2− ions to achieve tetrahedral symmetry. It is at the octahedral (a) sites
that the 16 Fe3+ are found and these are encircled by 6 O2− ions to achieve octahedral
symmetry. Meanwhile, it is on the h sites that the O2− ions are found with a single ion
at the junction between 1 tetrahedron, 1 octahedron and 2 polyhedrons. As such, every
O2− ion is encircled by 1 a site Fe3+ ion, 1 d site Fe3+ ion and 2 c site Y3+ ions.

10



2.2 YIG’s magnetic properties and crystal structure

Figure 2.1: YIG crystal structure [90]. YIG derives its magnetisation from the 16 Fe3+

ions on a sites and 24 Fe3+ ions at d sites experiencing super-exchange interactions.

Y 3+ ions are diamagnetic owing to the fact that they exhibit a closed shell elec-
tronic configuration

(
[Kr]4 d05 s0

)
. YIG derives its magnetisation from the 16 Fe3+

ions on a sites and 24 Fe3+ ions at d sites experiencing super-exchange interactions.
There are substantial distances separating the tetrahedral and octahedral sites from the
common oxygen ion of 2 Å and 1.88 Å super-exchange interactions. As a result of
this engagement, the a site Fe3+ ions’ and the d site Fe3+ ions’ magnetic moments
experience antiparallel alignment. It is because the Fe3+ ions each have a five Bohr
magneton (5µB) that the YIG exhibits spontaneous magnetisation. Because d sites
have 3 Fe3+ ions for every 2 Fe3+ ions at a sites, at T = 0 K there will be a magnetic
moment per formula unit of 5× 3(d site )− 5× 2(a site ) = 5µB. This closely reflects
the value of 4.96 µB that was recorded when conducting an experiment [91]. YIG
has cubic magneto-crystalline anisotropy and an easy axis in the (111) direction. At
room temperature, the first-order cubic anisotropy constant is K1 = −6000erg/cc and
the second-order cubic anisotropy constant is K2 = −260erg/cc [88]. Furthermore,
saturation magnetisation at room temperature is Ms = 140emu/cc(298 K), whilst Ms
at T = 0 K is196 emu/cc [88]. A film of (111) YIG offers an out-of-plane effec-
tive anisotropy field (2K1/Ms) of approximately 85 Oe as well as a threefold in-plane
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2.2 YIG’s magnetic properties and crystal structure

effective anisotropy field below 85 Oe. These are smaller fields than the external mag-
netic fields typically employed when conducting experimental research.

It is only the ferric ions that are magnetic in YIG and the ferric ions have a state
of L = 0 with spherical charge distribution. Consequently, they have only weak en-
gagement with lattice deformation and phonons and this means that YIG has partic-
ularly narrow linewidths when conducting experiments into ferro-magnetic resonance
(FMR). Intrinsic damping in YIG crystals results in a FMR linewidth of approximately
0.2 Oe at 10 GHz [89]. At this linewidth, the intrinsic Gilbert damping constant (α)
is approximately 3 × 10−5 and this is approximately two orders of magnitude lower
than is associated with ferromagnetic metals [92]. Whereas permalloy has a magnon
lifetime of just a few nanoseconds, the fact that YIG has the narrowest FMR linewidth
means that its magnon lifetime extends to several hundred nanoseconds. YIG also ex-
periences limited damping and this means that it is possible to propagate spin currents
across distances of several centimetres [33]. It is for this reason that YIG is the pre-
ferred material when researching spin waves or magnetic insulator-based spintronics.

It is typically the case that thin YIG films will be grown on substrates of (111)
gadolinium gallium garnet (GGG). GGG’s cubic crystalline structure has 8 formula
units to each unit cell and the lattice constant is 12.383 Å. In addition, they have a
similar thermal expansion coefficient of 1.04 × 10−5/◦C which enables nanometre-
thick YIG films to grow epitaxially on substrates of GGG.
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2.3 Electrical conductivity

2.3 Electrical conductivity

When a conductor is subjected to an electric field, the result is a flow of charge current
that is governed by electron mobility. Electron mobility experiences scattering events
resulting from a range of sources. When temperatures are held down, a metal’s im-
purities and defects are responsible for the majority of the resistivity. This is because
impurities and defects are responsible for scattering events as well as residual resis-
tivity whereby at 0K there is finite resistivity. In practical terms, these are additional
sources of scattering events which have the effect of diminishing the electrons’ mean
free path. The Bloch-Grueneisen formula in equation 2.1 can be used for the resistivity
of a NM:

ρ(T ) = ρ(0) + ρel−ph(T ) (2.1)

Reducing a material’s spatial dimensions has the result of shortening the electrons’
mean free path. The Fuchs-Sondheimer relation is used to model this and is presented
in equation 2.2 [93]:

ρ

ρ0

= 1 +
3

8

l0
d

(1− p) (2.2)

where, ρ0 represents bulk resistivity, l0 is the bulk mean free path of the electrons,
d is the thickness of the film and p is a specularity parameter which models the way in
which electrons scatter from the surface.
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2.4 Spin currents and spin diffusion

2.4 Spin currents and spin diffusion

As a result of spin of the electron, there is an internal angular momentum associated
with each electron. Spin current is the term used to refer to the flow of spin and this
behaves much like the flow of charge associated with electrical currents. Conservation
law is used as the basis for defining a charge current. Meanwhile, the charge current
density (jc) is defined using the continuity equation of charge [94; 95]:

ρ̇q = −∇ · jc (2.3)

It is possible to inject a spin current into a normal metal (NM) from a ferromagnet
(FM) if there is a bi-layer structure of ferromagnet and normal metal. Figure 2.2 illus-
trates a spin current in a junction of FM and NM where a charge current crosses the
interface. In a scenario where there is a diffusion or a drift spin current, the force is
the gradient derived from the discrepancy between the spin dependent electrochemical
potential associated with spin down (µ↓) and spin up (µ↑). In this scenario, it is pos-
sible to depict the spin current density js and the charge current density jc as follows
[96; 97]:

jc = j↑ + j↓ =
1

e
∇(σ↑µ↑ + σ↓µ↓) (2.4)

js = j↑ − j↓ =
1

e
∇(σ↑µ↑ − σ↓µ↓) (2.5)

whereby (σ↑) depicts spin up conductivity and (σ↓) represents spin down conduc-
tivity, respectively.

The following are the continuity equations for steady state charge and spin:

∇.(j↑ + j↓) = 0 (2.6)

∇ · (j↑ − j↓) = −eδn↑
τ↑↓

+ e
δn↓
τ↓↑

(2.7)

whereby δn↑(↓) signifies spin up (down) deviation from carrier density equilib-
rium; (τ↑↓) represents an electron’s scattering time either from spin state up to spin
state down or from spin state down to spin state up. Applying the balance principle
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2.4 Spin currents and spin diffusion

and continuity equations N↑
τ↑↓

= N↓
τ↑↓

and this confirms that there is an absence of net spin
scattering in equilibrium. The fundamental equations used when describing charge and
spin transport are as follows [96; 97]:

∇2(σ↑µ↑ + σ↓µ↓) = 0 (2.8)

∇2(µ↑ − µ↓) =
1

λ2
sd

(µ↑ − µ↓) (2.9)

In the spin diffusion equation 2.9, λsd =
√
Dτsf signifies the length of the spin

diffusion, D represents the spin-averaged diffusion constant, whilst τsf denotes the
spin relaxation time.

Figure 2.2: This figure represents a ferromagnet/normal metal (FM/NM) junction and
illustrates the spin dependent electrochemical potentials’ spatial variation across a
current-carrying interface. The LsF and LsN in spin diffusion lengths characterise
spin accumulation decay when not at the interface, where LsF refers to the FM region
and LsN in refers to the NM region. [98].

At junctions of FM and NM, when the NM experiences a spin polarised current
passing into it, there is a short-range disparity in the spin up and spin down chemical
potentials and the result is that NM experiences spin accumulation. The electrical
conductivity of metals that are not magnetic is not dependent on spin and there is no
spin polarisation associated with the charge current. Therefore, the spin accumulation
disappears by spin flip scattering over a distance called the spin diffusion length.
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2.5 Spin relaxation mechanisms

2.5 Spin relaxation mechanisms

An electron’s spin experiences relaxation along a timeframe of τsf . In this timeframe,
the distance travelled the electron is referred to as the diffusion length λ. The ability
to gauge the length scale is important because it is a factor that effectively constrains
the practical application of spintronic appliances.

Meanwhile, the following equation demonstrates that the diffusion constant (D)
and momentum scattering time (τp) are related [98]:

D ∝ τp (2.10)

Equation 2.11 shows how the product of the spin diffusion time and the diffusion
constant gives the spin diffusion length:

λ =
√
Dτsf (2.11)

It is the way in which the spin relaxation time responds to the momentum scattering
time that governs the behaviour of the spin diffusion length. Numerous mechanisms
have been advocated with regards to this and these are discussed below.
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2.6 Spin wave current

2.5.1 Elliot-Yafet

It was Elliot [99] in 1954 who was the first to suggest that momentum scattering was
responsible for the relaxation of conduction electron spins via the spin-orbit interac-
tion. Yafet amended this by making allowance for phonons, thereby resulting in the
Elliot-Yafet mechanism [100]. We may write

1

τsf
=

η

τp
(2.12)

Where η is the probability of a spin-flip event occurring during electron - phonon
scattering.

D = 1/3vF l = 1/3v2
F τp (2.13)

Where l is the mfp :

λ =

√
1

3
v2
F τ

2
p τsf =

√
1

3
v2
fτ

2
p /η = vF τp

√
1/3η (2.14)

Since ρ ∝ 1
τp

and ρ approximately linear in T above the T 5 region we have

λ ∝ 1

T
(2.15)

Which we will use in the theory of the spin Hall magnetoresistance (SHMR).

2.6 Spin wave current

It is possible for spin waves to transport spin currents in a process that entails spins
in close proximity to each other coupling and dissipating angular momentum. When
the materials involved are magnetic, the spin on electrons that are close by move in
the same direction as a result of exchange interaction, this can be represented by the
Heisenberg Hamiltonian:

Ei = −2J
∑
j

si · sj (2.16)
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2.6 Spin wave current

In Equation2.16, J is the exchange integral that results from the overlap of the
electrons’ wave function. The spins may be either ferromagnetic or anti-ferromagnetic
and this is determined by the exchange integral’s sign.

Each dipole’s magnetic moment is exposed to a torque which attempts to ensure
it becomes aligned to the direction of the field being applied. Having established a
magnetic moment, the angular momentum of the dipole results in a situation whereby
the torque acts upon the moment, causing it to precess in the same direction as the field
being applied, in much the same way as gravity affects an object when it is spinning.
Equation2.17 is the Landau-Lifschitz equation and refers to the relationship between
the magnetisation vector’s time derivative, the gyromagnetic ratio (γ) and the field
being applied (H)..

dM

dt
= γM×H (2.17)

Multiplying the applied field and the gyromagnetic ratio gives the precession’s an-
gular frequency. The moment of the dipole experiences damping and, consequently, it
relaxes to achieve a low-energy parallel to the field being applied. This occurs because
of interactions with lattice vibrations and environmental degrees of freedom which
causes angular momentum to be transferred. Incorporating the Gilbert term into Equa-
tion2.17 produces the Landau-Lifschitz-Gilbert equation, thereby accounting for the
relaxation (see Equation2.18):

dM

dt
= −γM×H +

α

Ms

M× dM

dt
(2.18)

Where α represents the parameter of Gilbert damping. This is especially low for
YIG (< 10−4), thereby enabling the long-distance transport of spin waves (>1mm)
[101; 102]. In magnetic materials, the different spins are coupled as a result of ex-
change interaction. As such, if one spin is disturbed, the result is a wave that affects
the surrounding spins, creating movement similar to that of a spring. This may be trig-
gered by thermal energy or alternatively by microwaves being absorbed in FMR. With
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2.6 Spin wave current

regard to the exchange spin current, the electrons experience successive excitations
and this results in a spin wave with angular momentum (see Figure2.3 [47].

Figure 2.3: Depiction of a spin wave in which exchange coupled spins undergo propa-
gation. The image represents the spin currents that occur in magnetic insulators [47].

Magnons are spins waves that are thermally derived. Moreover, magnons are able
to explain the loss of a material’s saturation magnetisation at finite temperatures when
the magnetic order experiences disruption. It is possible for a spin current to be in-
jected into metal by means of such spin waves using the process of spin pumping.
This is still possible if the magnetic material has insulating properties (e.g. YIG). In
spintronics, spin pumping effectively does the job performed by batteries in standard
electronics. The spin wave has angular momentum and this wave passes over to a
NM in which spin transfer torque brings about spin accumulation. The accumulation
then experiences spin relaxation. There is a need for spin pumping conductance A↑↓ to
be applied in order to introduce a spin current across a FM/NM interface in this way.
The conductance is effectively the discrepancy between the spin mixing conductance
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2.7 Ordinary Hall effect

transmitted (gt↑↓) and the spin mixing conductance reflected (gr↑↓) (see Equation2.19)
[103; 104]

A↑↓ = gt↑↓ − gr↑↓ (2.19)

This refers to the spin current passing into normal metal as well as the spin current
that is reflected and is associated with the contact area. It is usually the case that quotes
of the spin mixing conductance (G↑↓) are made in reference to it as the product of spin
mixing conductance and quantum conductance (see Equation2.20).

G↑↓ =
e2

h
g↑↓ (2.20)

G↑↓ units are Ω−1m−2 to indicate conductance per unit area. In order to remain
consistent with practices in the empirical literature, this will be referred to as the spin
mixing conductance (G). In the case of a magnetic insulator, spin mixing conductance
is the rate at which spin polarisation is absorbed by NMs as a result of spin torque
transfer due to the fact that conduction electrons are incapable of passing into YIG
[105].

2.7 Ordinary Hall effect

Hall was the first to demonstrate the ordinary Hall effect in 1879 [106]. This effect
results from the conduction electrons experiencing the Lorentz force:

F = q(E + v ×B) (2.21)

where, F is the force that the conduction electrons experience, q represents the
charge, E is the electric field that is experienced, v represents velocity and B is the
magnetic field. It is the application of a magnetic field perpendicular to a sample’s
plane that brings about the ordinary Hall effect, resulting in electrons being deflected
to a particular side of the conductor. In turn, this causes a charge to build up, resulting
in a Hall potential along the conductor’s transverse direction. It is possible to position
probes alongside the sample to measure the Hall voltage which is calculated using the
following equation:

20



2.8 Spin Hall effect and inverse spin Hall effect

VH =
IB

net
(2.22)

where, VH represents the Hall voltage, I is the charge current’s magnitude,B signi-
fies the magnetic field, n is the charge carriers’ density, e is the electron’s charge, and t
is the sample’s thickness. The ordinary Hall coefficient characterises the ordinary Hall
effect as follows:

RH =
Ey
jxB

=
VHt

IB
=

1

ne
(2.23)

where RH signifies the ordinary Hall coefficient, Ey is the transverse electric field,
and jx is the current density. The geometry of the sample has no bearing on this
quantity, thereby making it suitable for a standard coefficient [106–108]. The following
equation is used to calculate Hall resistivity:

ρxy =
VHt

I
= RHB (2.24)

where ρxy signifies Hall resistivity. By plotting Hall resistivity against B (applied
field), the result is a linear gradient that gives RH (the Hall coefficient).

2.8 Spin Hall effect and inverse spin Hall effect

The spin Hall effect (SHE) is a term used to refer to the process of transverse spin
current production by an electric charge current whereby spins are polarised along an
axis perpendicular to the plane containg the charge and spin current [109]. Figure
2.4a illustrates how electrons with spin up are scattered in a particular direction that is
orthogonal to the flow of electric charge current. In contrast, electrons with spin down
are scattered in the opposite direction (see Figure 2.4a). There is no need for a magnetic
field in this process. D’yakonov and Perel [110; 111] were the first to suggest that this
may be the case back in 1971. However, it was not until Hirsch [44] and Zhang [46] re-
examined this theoretical work in 1999 that it started to attract the attention it deserved
from those with an interest in spintronics. The inverse spin Hall effect (ISHE) is the
term used to refer to the opposite effect whereby a spin current is injected with the
result being a transverse electric charge current produced in a NM (see Figure 2.4b).
Researchers have made considerable efforts to study the SHE and ISHE across various
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2.8 Spin Hall effect and inverse spin Hall effect

systems including semiconductors such as ZnSe [112], GaAs [113–115] as well as
metals such as Al [116] and Pt [117; 118].

It is spin orbit interactions that bring about the SHE [119]. The following equation
denotes the spin orbit interaction that occurs in a vacuum [120] :

HSO = −λ
2
0

4~
[p×∇V (r)] · σ (2.25)

whereby λ0 = ~
mc
' 3 × 10−3 Å signifies the electron’s Compton wavelength di-

vided by 2π, p represents momentum, V (r) is the potential experienced by the electron
and σ is the Pauli spin matrix. Conventionally, this particular form would be described
as being the electric field’s ∇V relativistic transformation to the electron’s rest frame
[120]. The result is spin-orbit coupling:

HSO(k) = −1

2
σ ·B(k) (2.26)

whereby B(k) signifies a k-dependent magnetic field associated with the specific
electron band under consideration. Consequently, the conduction electron momentum
experiences a spin dependent perturbation.

22



2.8 Spin Hall effect and inverse spin Hall effect

Figure 2.4: (a)The SHE concerns the creation of a spin current (js) from a NM that is
vertical relative to the charge current (jc). (b) The ISHE concerns the creation of a jc
in a NM that is vertical relative to a js (jc = js × σ). [121].

Based on the mechanisms associated with the SHE, it is possible to categorise the
SHE as either intrinsic SHEs or extrinsic SHEs. The mechanism of the intrinsic SHE
is associated with the material’s spin-dependent band structure [122].
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2.8 Spin Hall effect and inverse spin Hall effect

Figure 2.5: An electron’s typical motion following scattering initiated from a central
potential with spin-orbit interaction present. (a) depiction of skew scattering in which
colliding with an impurity causes the trajectory to change to a degree equivalent to
the angle δ. (b) depiction of a side jump relative to the initial trajectory of∆ y. The
electron’s spin relative to the plane is directed normally [123].

Extrinsic effects are caused by impurities. There are two variations of this par-
ticular mechanism: the first is the skew scattering mechanism whilst the other is the
side-jump mechanism. When spin up and spin down electrons experience asymmetric
scattering involving central potential where there is spin-orbit interaction, the result is
skew scattering [124; 125]. An illustration of this can be seen in Figure 2.5a. When
electrons collide with impurities, this causes the trajectory of the electrons to change.
It is this effect that is responsible for bringing about spin polarisation by means of
a beam of electrons that is unpolarised. The following is the equation for the skew
scattering influence of the conductivity associated with the SHE [120]:

σsHss = σsρssσc (2.27)

where σc signifies Drude conductivity, σs represents spin conductivity, while resis-
tivity ρss = m∗

ne2τss
. In this case, n is the density of the electron, m∗ represents the

conduction band’s effective mass and 1
τss

denotes the rate of skew scattering.

In a spin-orbit coupled system, it is from the anomalous velocity operator that
the side-jump mechanism is derived [123; 126]. This is considered to be an electron
being discontinuously and finitely displaced from the initial direction. It is because of
electrons and impurities colliding at random that this occurs. It is important to note
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2.8 Spin Hall effect and inverse spin Hall effect

that the jump can occur in any direction relative to the direction of the incident wave.
Owing to the fact that there is an identical displacement for both spin up and spin down
electrons (albeit in opposite directions), the result is a spin current that is perpendicular
relative to the original unpolarised charge current. The following equation is used to
arrive at the contribution that the side-jump makes to spin Hall conductivity [120]:

σsnsj = −2
e2

h
nλ2

c (2.28)

whereby λc denotes the conduction band’s coupling constant and n signifies the
density of the electron. Consequently, spin Hall conductivity is represented by the
combination of two elements: σSH = σSHSS + σSHsj .

Spin Hall resistivity ρH has a term that is quadratic and linear in the electric resis-
tivity ρ [127] :

ρH = askewρ+ bsideρ
2 (2.29)

whereby askew and bside represent temperature-dependent factors that respectively
provide insight into the contributions of skew scattering and side jumps.

The following equations demonstrate the nature of the relationship between the
density of the spin current js and the density of the charge current jc [127]:

jc = j0c + θSHE
2e

~
(js × σ) (2.30)

js = j0s + θSHE
2e

~
(jc × σ) (2.31)

whereby j0
c and j0

s signify the initial current densities, θSHE represents the angle
of the spin Hall and σ denotes the spin polarisation vector. The angle of the spin Hall
θSHE is arrived at by adding together the contributions made by the side jump and
skew scattering mechanisms. Furthermore, the SHE is arrived at using the angle of
the spin Hall θSHE which is the ratio of spin conductivity to electrical conductivity. It
is apparent from equations 2.30 and 2.31 that a transverse charge current is brought
about by a spin current, whereas a transverse spin current is brought about by a charge
current.
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2.9 Spin Hall magnetoresistance

When a metal layer that is not magnetic has a spin current injected into it, the spin
current subsequently decays along the y axis as a result of spin relaxation [128] :

js(y) =
sinh dN−y

λsd

sinh dN
λsd

j0
s (2.32)

whereby dN denotes the thickness of the metal, λsd refers to the length of the
spin-diffusion and j0

s signifies the density of the spin current at the interface. ISHE is
responsible for transforming the spin current into charge current. In this instance, j0

c is
0 and, therefore, equation 2.30 becomes:

jc = θSHE
2e

~
(js × σ) (2.33)

Using equation 2.32 to replace js in equation 2.33 and averaging across the thick-
ness of Pt results in the average current density [128]:

j̄c =
1

dPt

∫ dPt

0

jc(y)dy = θSHE
2e

~
λsd
dPt

tanh

(
dpt

2λsd

)
j0
s (2.34)

whereby dPt signifies Pt’s thickness and λsd denotes the length of the spin diffusion.
A represents the Pt layer’s cross-sectional area and the charge current for ISHE is
arrived at by calculating IISHE = Aj̄c. Therefore, the ISHE voltage is calculated as
EISHE = IISHER, whereby R denotes the Pt layer’s electrical resistance.

2.9 Spin Hall magnetoresistance

2.9.1 Theoretical model of SHMR

When undertaking spin Hall magnetoresistance (SHMR) experiments, the basic device
comprises an FM insulator upon which a NM such as platinum is deposited and through
which a current is passed. The charge current is unable to enter the FM because of its
insulating qualities. The various stages of SHMR are illustrated below:

26



2.9 Spin Hall magnetoresistance

Figure 2.6: Diagram depicting the various stages of the SHMR effect and the sepa-
rate contributions of the spin Hall effect and inverse spin Hall effect. When a metal
has a charge current passed through it, it experiences the spin Hall effect (a), causing
electrons to be deflected in a vertical direction relative to charge current with the spin
orientation determining whether they are deflected upwards or downwards. When spin
polarised electrons are reflected from the surface of the metal in the opposite direction,
electrons are deflected as a result of the inverse spin Hall effect in the same direction
as the charge current (b and c). Assuming that just a single surface of the NM makes
contact with the magnetic insulator, it is with the FM’s magnetisation that spin po-
larised electrons will interact. If FM’s magnetisation is aligned with the interface spin
polarisation in either a parallel manner, electrons are reflected from the interface with
no spin transfer of angular momentum (d). Rotating FM’s magnetisation in relation
to spin polarisation causes the spin of the conduction electrons to engage with FM’s
magnetic moment and this causes FM to receive angular momentum. The reflected
spin current is reduced by spin torque transfer into the FM thereby reducing the mag-
nitude of Js and hence by the ISHE, the magnitude of Jc. The reduction in Jc reduces
the voltage leading to an apparent increase in resistance. [105].

It is possible to measure the SHMR’s size by measuring resistivity whilst rotating a
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2.9 Spin Hall magnetoresistance

magnetic field around the current’s direction. Altering the angle between the electron
spin orientation and the applied field causes the SHMR to change. However, for the
majority of MR it is the angle between the flow of current and magnetisation that mat-
ters. Consequently, this offers a way of differentiating between SHMR and alternative
effects (e.g. AMR). It is possible to verify that an effect has not resulted merely as a
result of numerous separate effects combining with alternative angular dependence by
changing the orientation of how the magnetisation rotates. The following equation is
used to arrive at the effect’s angular dependence

ρ = ρ0 −∆ρ sin2 α (2.35)

whereby α represents the angle of FM’s magnetisation vector relative to NM’s spin
polarisation of electrons.

It is the cross product of spin accumulation along with the spin mixing conductance
at the interface of NM that gives the density of the spin current. Owing to the fact that
both of these measures relate to the applied field’s angle, sin2 dependence is predicted.

The scale of the difference in resistivity, ∆ρ
ρ0

, can be calculated using the follow-
ing equation which involves a squared dependence on the angle of the spin Hall, θsh.
Consequently, only a small effect is discernible. It is because the ISHE and spin accu-
mulation are proportional to the angle of the spin Hall that there is such dependence.

∆ρ

ρ0

= θ2
sh

λ

d

2λG tanh2 d
2λ

σ + 2λG coth d
λ

(2.36)

λ is used to represent the spin diffusion length, whilst d signifies the thickness. It
is the ratio of d to λ that governs where maximum SHMR resistivity is found because
the length of the spin diffusion effectively constrains the effect of ISHE and spin ac-
cumulation. If the thickness is significantly greater than the length of spin diffusion,
resistivity is not affected by the ISHE effect. If the thickness of FM is less than the
length of the spin diffusion, interface spin accumulation is mixed owing to the close
proximity. σ represents the metal’s conductivity and G signifies the spin mixing con-
ductance. The experimental data are fitted by this equation in Chapter Five.
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2.9 Spin Hall magnetoresistance

2.9.2 Experimental observations of SHMR

Initial measurements of the effect were taken by utilising magnetic field sweeps rather
than adjusting the angle. A known problem with this approach is that it fails to de-
termine the full extent of the resistivity change. However, the magnetic field sweep
achieves saturation for the YIG. If saturation were not achieved, there would not be
a uniform direction of magnetisation at the platinum interface. It is this lack of uni-
formity that results in a different spin scattering compared to when saturated. Conse-
quently, the resistivity change is different but it enables comparison between the effect
and the YIG’s hysteresis loop. Both the SHMR and the magnetisation have the same
saturation points.

An experiment was undertaken to help clarify the issue of magnetic proximity. It
is anticipated that the range of magnetic proximity will be relatively short owing to the
fact that it relies on exchange interaction to be transmitted. For this to occur, there must
be contact between the magnetic material and the platinum. A 5nm layer of copper was
grown to separate the YIG and platinum, thereby ensuring that the platinum does not
experience exchange interaction and there is no possibility of the proximity effect.
Figure 2.7 presents the associated data. The SHMR of other materials has been found
for example figure 2.8 shows the SHMR data for different thicknesses of tungsten on
YIG as a function of temperature [129]. Also, figure 2.9 shows the SHMR data for
different thicknesses of Ta on YIG [130].

A number of additional materials have recently been included in the effect with
confirmation for palladium, tungsten, tantalum and iridium manganese. The results for
palladium are especially curious because the angular dependence indicates that two
effects are at play. In each of these experiments, the resistivity of the metals used is
either the same as that of normal metal or the resistivity is not specified. The results
for tungsten are the first to confirm that a metal’s SHMR fails to adhere to this trend.
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2.9 Spin Hall magnetoresistance

Figure 2.7: An illustration of field sweeps depicting the SHMR associated with 12nm
platinum wire with various spacers positioned to separate the YI and metal. The effect
is only realised if the YIG interface comes into contact with conduction electrons;
magnetic proximity has no role to play in this [105].

Figure 2.8: The SHMR for different thicknesses of tungsten on YIG as function of
temperature. The blue and red are two fits for the EY mechanism [129].
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2.10 Conventional Thin Film Transport

Figure 2.9: The SHMR for different thicknesses of Ta on YIG (blue) and Ta on YIG
covered by C60 (red) [130].

2.10 Conventional Thin Film Transport

Thin metallic films of the same thickness are utilised in the current study. The purpose
is to examine the concepts underpinning how impurities and geometry affect the resis-
tivity of thin films. When discussing thin films’ conductivity, the free electron theory
of metals is utilised which was developed by Fuchs in 1938 [93]. This was subse-
quently incorporated with the theories of Sondheimer regarding electrons’ mean free
path in real metals [131] to produce the Fuchs-Sondheimer thin film resistivity theory.
This theory has been extensively utilised and applies to the vast majority of thin film
systems [132].

Classical physics teaches that a thin film’s resistivity will be greater than that of a
bulk sample. In the event that the thickness of a film is similar to the conduction elec-
trons’ mean free path, resistivity will effectively be dominated by the surface scattering
of the film [132]. It is known from Matthiesen’s rule that it is possible to calculate the
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2.10 Conventional Thin Film Transport

scattering process’ contribution to resistivity independently and this can be combined
utilising the relaxation time in an additive way [107; 133]

1

τ
=

1

τph
+

1

τskew
+

1

τ0

(2.37)

Equation2.37 provides an example of this whereby 1
τ

represents the rate of total
scattering, τ denotes the relaxation time, τph signifies the relaxation time from phonon
scattering, τskew is the scattering resulting from skew scattering, and τ0 is the scatter-
ing resulting from the film’s defects. This equation plays a central role in the Fuchs-
Sondheimer theory and comprises one aspect of the free electron theory of metals. An
approximate equation was arrived at by Sondheimer so as to produce a simplified ver-
sion of Fuchs-Sondheimer theory. This is important because it enables the effect that
the thickness of a film has on resistivity to be established in a simple way [93; 131; 132]

ρ(d) ≈ ρ∞ +
3

8
(ρl)∞

1

d
(1− p) (2.38)

Whereby ρ(d) represents a film of d thickness’ resistivity,l∞ signifies the conduc-
tion electrons’ mean free path in bulk, ρ∞ indicates the bulk sample’s resistivity when
the sample has the same composition, and p represents the factor that determines from
the surface scattering.It is assumed that the surfaces of the film are parallel and smooth
[93; 131; 132]. Whilst there are more advanced versions of this theory that consider
matters other than the free electron model, this relatively simple version is valid in the
majority of instances [132].

The total thin metal film resistivity can be calculated by a model with three types
of electron scattering mechanisms, these three types are simultaneously operative: the
scattering because of the external surfaces, the isotropic background scattering due
to the point defects and phonons’ combined effects, and the scattering because of
the distribution of planar potentials (grain boundaries)[134] . The total resistivity is
gained from imposing boundary conditions because of the external surfaces (as in the
Fuchs theory) on Boltzmann equation. The intrinsic or bulk resistivity is gained from
Boltzmann equation solving where both grain-boundary and background scattering are
accounted for.[134]
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2.11 Magnetoresistance in Thin Films

Subjecting a thin film to a magnetic field has an effect on its resistance. Typically,
the introduction of a magnetic field will cause a thin film’s resistance to increase but
the opposite is true in certain cases [135]. If we have a lot of boundary scattering
when we do the magnetoresistance then the electrons hitting the surface a lot but if
we put a magnetic field for example longitudinal then the electrons will spiral around
the magnetic field. So, as we increase the field the we stop the electrons from hitting
the surface then the resistance goes down. With regards to magnetoresistance (MR),
Kohler’s rule applies:

∆ρ

ρ0

= F

(
H

ρ0

)
(2.39)

Whereby ∆ρ
ρ0

represents for the magnitude of the magnetoresistance in the thin film,
ρ0 signifies the resistivity for the zero-field, and ∆ρ indicates the effect that applying
field H has on resistivity. The parameter F represents a function of the sample’s com-
position and geometry, causing MR at various temperatures to be positioned along a
given curve, albeit achieving differing magnitudes [135; 136]. As such, when mea-
surements are taken at relatively low temperatures (i.e. when ρ0 is relatively low), this
indicates a greater ∆ρ as well as a more pronounced MR.

It is possible that a negative MR can be realised when utilising ferromagnets if
there is a prevalence of s-d scattering and the respective domains have a magnetic
polarisation that is distinct from that of the majority of the sample. It is also possible
that s-d scattering could become elevated as a result of impurities and this could result
in the MR becoming negative and non-standard. This occurs as a result of the spins at
impurity sites experiencing magnetic polarisation and being impacted by the magnetic
field they are subjected to [135; 137].
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3.1 Introduction

This chapter initially provides details of the methods by which the deposition of nm-
thick YIG films can be achieved along with a number of innovative approaches to char-
acterise thin YIG films. This starts with a description of how RF magnetron sputtering
can be used for the deposition of YIG as well as how YIG/Pt bilayer structures can be
grown. X-ray diffraction (XRD) and x-ray reflectivity (XRR) are used to characterise
thin YIG films so as to arrive at their crystallinity, thickness and quality. Meanwhile,
atomic force microscopy (AFM) is utilised to gauge how rough the surfaces of these
films are. Meanwhile, vibrating sample magnetometer (VSM) and superconducting
quantum interference devices (SQUID) VSM are employed to determine YIG films’
magnetic qualities. Furthermore, low temperature transport measurements are used to
investigate the spin hall magnetoresistance and anisotropic magnetoresistance in the
YIG/Pt.

3.2 Deposition methods

3.2.1 Substrates

Owing to the fact that the crystal structure of YIG is highly complex, it is necessary to
select an appropriate substrate to ensure the as-sputtered material grows as intended.
Provided that the lattice constant as well as the structure of the substrate have a struc-
ture the same as the desired YIG, it is possible to produce epitaxial films. In addition,
it is necessary for the lattice constants to be alike. In the event that the lattice constants
differ, the films will experience strain at the interface [138]. In the empirical litera-
ture, gadolinium gallium garnet (GGG) is widely used and it has been selected for the
current study. The chemical formula of GGG is Gd3Ga5O12 and it shares its garnet
crystal structure with YIG. GGG has a lattice constant of 12.383 Å, whereas that of
YIG is 12.376 Å [139].

The Czochralski process is employed to produce GGG with a seed sample and the
constituent elements being subjected to molten flux [140; 141]. A comparable process
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is used to produce YIG through liquid phase epitaxy (LPE). Each of the substrates
share the same <111> crystal axis protruding from the plane and it is ensured that the
interface is smooth by carefully polishing the surface. Utilising AFM, it was confirmed
that the RMS roughness of the surface was under 0.2nm. It is the roughness of the sur-
face that ultimately governs how smooth the films will be that are produced upon the
surface. Such is the strength of the GGG paramagnet that it can interfere with magnetic
measurements. YIG films have relatively limited magnetic moments in comparison to
this background effect and, therefore, it must be removed. However, this proves prob-
lematic when the temperature is low. Curie’s law applies to paramagnetism because
there is an inverse relationship between magnetisation and temperature. Figure 3.1 il-
lustrates the moment for a sample of GGG, demonstrating the scale of the issue. For
a YIG film of 40 nm in thickness, the contribution to the moment will be in the re-
gion of 10−3 emu. If the temperature is sufficiently low, paramagnetism can result in
a sufficiently large signal to cause the lock-in amplifier to become overloaded, thereby
ensuring that data cannot be taken. Thermal stability is critical when the temperature
is relatively low.
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Figure 3.1: The relationship between temperature and magnetic moment for GGG at a
10mT applied field. This moment is of a similar size to that of thin YIG films, with the
result that problems are likely to be encountered when measuring the hysteresis loop
when temperatures are low.

The diamagnetism of Yttrium aluminium garnet (YAG) is particularly weak and
this overcomes the issues with intense para-magnetism. Unlike YIG, the lattice con-
stant of YAG is 11.953 Å [142] and, consequently, this has a bearing on how magnons
are propagated as well as resulting in additional strain.

3.2.2 Fabrication of materials

It has been necessary to produce numerous samples for the current study including
YIG magnetic insulator thin films as well as metallic element thin films. Direct current
(DC) magnetron sputtering was utilised to produce metallic thin films, whereas radio
frequency (RF) magnetron sputtering was employed to create the YIG thin films. A
detailed account of these processes is provided below.
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3.2.2.1 YIG Preparation

There are various options for how to produce the complex YIG material including RF
magnetron sputtering, liquid phase epitaxy (LPE) and pulsed laser deposition (PLD).
However, for the current study, the decision was taken to employ RF magnetron sput-
tering because of the benefits it affords in terms of cost and the speed of the process
(two qualities that are highly desirable in manufacturing processes). Following deposi-
tion by sputtering, further processing is necessary to achieve a film with ferrimagnetic
ordering and this entails annealing.

3.2.2.2 Growing Pt on YIG

A mask with an independent substrate wheel is employed to produce the metals re-
quired for the current study. An illustration of the mask used is provided in Figure
3.2. Numerous samples can be deposited using just a single mask because between
the sample wheel and mask wheel is a motor capable of moving the mask between
substrates. When it is necessary to produce wires of various thicknesses or to create
tunnel junctions, several masks can be employed. In order to produce films with clearly
defined edges, pressure is applied to the mask to ensure it is flush with the substrate
positioned on a firm spring to achieve a good contact. Unless a good contact is made
between the mask and sample, the edges of the film are likely to be poorly defined
when the shadow masking method is utilised.
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Figure 3.2: Depiction of the shadow mask utilised when depositing metals by means
of sputtering.

3.2.3 RF and DC sputtering deposition

Sputtering entails thin films being vapour deposited upon substrates and is a form of
plasma deposition. This entails the electrical ionisation of sputtered gas with the result
being a plasma. Subsequently, ion bombardment coupled with target material being
ejected to the substrate causes the target material to be removed. Sputtering offers
a number of benefits including excellent control over thickness and smoothness; a
high rate of deposition; consistent application over relatively large areas; considerable
versatility utilising momentum transfer rather than reactions of a chemical or thermal
nature, thereby ensuring that all materials are capable of being sputtered.

There are two electrodes in the sputtering deposition chamber which are held in
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a vacuum supplied with high voltage power from an external source. The ‘target’ is
the material being deposited and this is effectively the cathode. The sample wheel is
earthed and it is upon this wheel that the substrates are positioned. Figure 3.3 illustrates
the sputtering system. Into the vacuum chamber is added the sputtering gas. In order
for an atom to be sputtered from the target, it is necessary for the ion-induced collision
to have sufficient momentum transfer to surmount the binding energy that creates a
surface barrier. There is electrical discharge generated as a result of a voltage being
applied between the anode and cathode and the result is that the gas becomes partially
ionised. When the energy with which these ions hit the target is adequate to cause
surface atoms on the target to be ejected, they will then be deposited onto the substrate.
As this process continues, the voltage accelerates the free electrons and ionised gas,
causing them to collide and resulting in the gas continuing to ionise. Upon reaching
a breakdown condition, the plasma becomes stabilised. It is the secondary electron
emission that provides most of the electrons required for the plasma to be sustained.
The sputter yield is a term used to refer to the rate at which surface atoms are ejected
represented as a ratio of atoms ejected from the surface (mean value) to the number
of incident ions striking the target. There are various factors that can affect the sputter
yield including the particles’ incident angles; the incident particles’ energy; the target
atom and ion’s atomic weights; and the crystal structure of the surface of the target
[143]. The maximum sputter yield is realised with an energy of between 10keV and
100keV and with an incident angle of between 60◦ − 80◦[143].
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Figure 3.3: Illustration of on-axis sputtering. The evacuated chamber has sputtering
gas added and among the anode and cathode there is a RF voltage. As the electrons
between the electrodes accelerate, this causes the ionisation of the argon atoms and
this creates plasma. As the target is bombarded with ionised ions, the target’s surface
ejects materials that are then deposited upon the substrate [121].

The choice of material being deposited determines whether the RF or DC sputter-
ing methods are employed. RF sputtering is used to deposit thin films of insulators and
DC sputtering is employed when depositing metal. For the purposes of RF sputtering,
an oscillating radio frequency (RF) voltage in the region of 13.56MHz is used so as
to ensure the glow discharge is sustained and the electrode is biased. The use of an
alternating current ensures that the front of the insulator will not experience an accu-
mulation of a surface charge of positive ions. For the purposes of DC sputtering, in
order to generate plasma between the electrodes, a DC voltage of at least 400V is re-
quired. During the negative cycle, the target is sputtered and during the positive cycle
the cathode attracts electrons, resulting in a negative bias. Having ejected the sput-
tered atoms, they become deposited upon the substrate. Magnetron sputtering entails
the target having permanent magnets positioned underneath, thereby ensuring that the
Lorentz force causes the plasma to be confined.
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When electrons are ejected, their motion is cycloidal and their orbits migrate to-
wards ~E × ~B, where ~E represents the discharge’s electric field and ~B is the transverse
magnetic field (see Figure 3.4 a). The orientation of the magnetic field ensures that the
electrons’ move in a manner that encircles the target, thereby serving as an electron
trap (see Figure 3.4 b). Trapping electrons makes it more likely that the sputtering gas
will be ionised, thereby causing the plasma to become more dense and accelerating the
rate at which deposition occurs.

There are a total of 7 sputtering guns in the on-axis sputtering system: 1 for insula-
tor, 2 for magnetic, and 4 for the deposition of metal. There is also a single evaporation
source. There are 16 separate slots on the sample wheel for the substrate and a shutter
system to enable multilayers of various materials to be grown.

Figure 3.4: a) A closed loop results from the movement of an electron when faced with
magnetic and electric fields; b) A cycloidal path results from electrons moving towards
E x B when the velocity of movement is E/B [121].

Computer software is used to manipulate the sample wheel as well as the position
of the shutter. A distance of approximately 7 cm is maintained between the substrate
and target. A vacuum is required for sputtering at a pressure of approximately 10−8

Torr. Initially, a cryopump and roughing pump create a pressure of 10−7 in the cham-
ber but then a Meissner nitrogen trap reduces the pressure to 2 × 10−8 Torr with the
result that atmospheric residual water vapour is condensed. RF magnetron sputtering
was employed to grow thin YIG films on both (111) GGG and YAG substrates. A
combination of the temperature, pressure, flow of sputtering gas and RF power gov-
ern the rate of deposition. Whilst YIG films are being deposited, a base pressure of
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2.4× 10−8 Torr is maintained in the chamber along with total rate 24 SCCM of argon
flow and oxygen flow (different oxygen content in the sputtering atmosphere between
5% to 6.8%) produces the most accurate YIG stoichiometry. Finally, RF power was
held constant at 50W at 13.56MHz. Intersecting the discharge chamber and power
supply is an impedence-matching network set to avoid power being reflected back to
the source. It is necessary to use water to cool the inductor and target in the matching
network. Upon deposition, the YIG film is amorphous and this suggests that YIG is
deposited as a combination of the elements it comprises. The elements that make up
YIG are not of a uniform mass and, therefore, each of these elements has its own sput-
ter rate and mean free path. Oxygen is incorporated into the atmosphere of argon so
as to slow the rate of growth and ensure that iron and yttrium are deposited with the
stoichiometry required for YIG. The measured rate of deposition was 0.16 Å/s. This
rate was set based on how thick the samples were following the x-ray reflectivity curve
being fitted.

DC magnetron sputtering is used to deposit Pt onto samples of annealed YIG to
produce YIG/Pt bilayer samples. An ultrasonic bath with isopropanol and acetone is
used to clean the sample of Pt prior to initiating the depositing process. Using 9W of
power and 25mA, the rate at which Pt was deposited was 1.65Å/s.

3.2.4 Annealing

Owing to the fact that the deposited YIG films are not magnetic and also amorphous,
there is a need for them to be annealed to produce crystalline YIG throughout the length
of the GGG crystalline plane. Isopropanol and acetone are used to clean the samples
for the purpose of annealing and the samples are swiftly put into a tube furnace for a
period of 2 hours at 850 ◦C in open air conditions. The samples must by positioned
within an area of 15cm at the centre of the furnace to ensure that they experience the
same temperature. Cycles of heating and cooling are initiated at 5 ◦C/minute to ensure
that the films do not experience strain. Having been annealed, it is necessary for the
samples to be returned to the sputtering chamber so that the YIG can receive deposit
of Pt.
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3.3 Surface and Structural Characterisation

3.3.1 X ray reflectivity

Thin films can undergo structural characterisation without the possibility of being dam-
aged by utilising XRR. XRR offers a proven means of establishing the parameters of
thin films including their density and thickness as well as the roughness of their inter-
faces and surfaces. In cases where x-rays are incident on the sample, the material’s
refractive index n is marginally lower than 1, calculated as follows:

n = 1− δ (3.1)

where δ = 2πρr0
k2

. ρ, r0 and k represent the electron density, Bohr radius and
wave vector, respectively and δ is the order of 10−5. In the event that the angle of
incidence for the x-rays on the sample has a grazing angle below that of the critical
angle of incidence θc, total reflection is experienced and the x-rays are unable to enter
the sample. However, refraction takes place if the angle of incidence is θ > θc and the
x-rays are able to enter the sample.

To interpret the relationship between the angle of incidence θ and the angle of
refraction θ′, Snell’s law of refraction is utilised:

cos θ = n cos θ′ (3.2)

Snell’s law can be used to determine the critical angle by putting θ′ = θc expanding
the cosine to arrive at the critical angle’s expression. The following formula is used to
calculate the critical angle of incidence θc:

θc =
√

2δ =

√
4πρr0

k2
(3.3)

It is necessary to measure the critical angle because it offers insight into the reflect-
ing material’s electron density [144; 145].
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Grazing incidence and the straight-through beam are used when measuring reflec-
tivity so that the area under ∼ 0.4◦ is attributable to instrument function (for instance,
beam optics). Following this there is a marked reduction in intensity at the critical an-
gle where the beam starts to penetrate the upper-most layer of the surface. The profile
that is reflected indicates oscillations resulting from x-ray interference as they are re-
flected from the film’s surface as well as the film/substrate interface. Such oscillations
are referred to as Kiessig fringes [146]. It is possible to calculate thin films’ densities,
thicknesses and well as the roughness of their interface and surfaces based on analysis
of reflectivity intensity curves.

A good quality of fit indicates that the material is smooth and the layers are par-
allel to the substrate. It is the discrepancy between the substrate and film densities
that determines the oscillations’ amplitude. A greater discrepancy results in a higher
amplitude. As such, it is possible to infer the film’s density from both the critical an-
gle as well as the amplitude of oscillations. Moreover, it is possible to infer a film’s
roughness based on the rate of reflectivity decay. The reduction in reflectivity is more
pronounced when the surface is particularly rough; therefore, the rougher the surface,
the quicker the oscillations decay. Meanwhile, details about how thick a film is can
be determined based on the angular positions of oscillation. It is possible to utilise the
Kiessig equation to calculate a film’s thickness (t) based on an interpretation of the
interference pattern’s angular distributions:

λ = 2t
√

sin2 θn − sin2 θc (3.4)

whereby n represents an integer, λ indicates the wavelength and θn is the construc-
tive peaks’ angular position [145; 147].

The modeling fits from BedeREFS Mercury software [148] was used to provides
the valuable information about the thickness of our films, the roughness of the film
surface and the interfacial roughness , and also, the electron density [149].
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3.3.2 X ray diffraction

The XRD method can be applied to determine a material’s crystal structure. It is based
on coherent interference resulting from the scattered waves emanating from areas that
are electron-dense. Diffraction results when electromagnetic radiation is incident on
atomic planes and the crystal’s atoms cause scattering. If scattered rays are to interfere
in a beneficial manner from consecutive crystallographic planes, it is necessary for
these rays to satisfy Bragg’s law:

nλ = 2dhkl sin θ (3.5)

whereby n represents an integer governed by the diffraction peak order, λ indicates
wavelength and dhkl relates to the spacing of the lattice. It is Bragg’s law that governs
XRD which results in Bragg’s peak in high angle scans. Bragg developed the equa-
tion in 1913 as a means to explain crystals’ cleavage faces are able to reflect x-rays at
particular angles of incidence. In the current system, a copper target that has a typical
wavelength of λ = 1.54Å generates Cu Kα x-rays. The resulting electrons are acceler-
ated in the direction of a copper target by introducing a high voltage. Upon striking the
target, the electrons shed kinetic energy, possibly resulting in electrons from the metal
atoms’ K shell to be knocked out. It is electrons that drop from the L and M shells that
fill the resulting hole and this causes x-ray photons to be emitted that have an energy
equivalent to the discrepancy between the energy levels of wavelengths Cu Kα and Cu
Kβ . The Cu Kβ is filtered out when the x-ray photons travel across a range of filters
and slits with the result being a beam that is collimated monochromatic.

Figure 3.5 a illustrates how an incident x-ray engages with periodically-organised
atoms in a lattice plane. Spheres are used to indicate atoms and these create an al-
ternative series of lattice planes in crystals. In accordance with Bragg’s law, parallel
planes that have an index hkl and lattice spacing dhkl produce a diffracted beam when
x-rays with a wavelength of λ strike atoms at an angle of θ and are caused to reflect
at an identical angle. Figure 3.5 b depicts the core implements required for a XRD
including a sample stage, detector and source of x-rays. X-rays strike the sample at an
angle of θ and when x-rays are reflected it is a mobile detector positioned at an angle
of θ that detects these reflected x-rays.
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Figure 3.5: a) A depiction of Bragg conditions concerning x-ray diffraction caused
by a crystal’s atomic planes. Crystal planes reflect incident waves. In the event that
Bragg’s law (nλ = 2d sin θ) is satisfied, diffracted waves are in phase. b) Illustration
of a set-up for XRD involving a sample stage, detector and a source of x-rays [121]

In order to take specular condition measurements, it is necessary for the angle
at which the detector moves to be twice that which the sample moves. The angle
of incidence was adjusted to take measurements and the resulting intensities of the
diffracted peaks generate a pattern of diffraction.

3.4 Magnetometry

3.4.1 Vibrating Sample Magnetometer (VSM)

VSM offers the ability to measure a thin magnetic film’s magnetic moment. VSM are
based on Faraday’s Law of Induction and the sample being studied is retained within
a magnetic field. Assuming that the sample is magnetic, the field will have the effect
of magnetising the sample, causing the domains or spins to become aligned with the
field. The sample’s magnetic dipole moment generates a magnetic field enveloping
the sample and this is referred to as the magnetic stray field. Vibrating the sample at
a specific frequency causes the stray field to alter as a function of time, causing the
pick-up coils to generate an electric current that is relative to the sample’s moment.
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Figure 3.6: Illustration of a vibrating sample magnetometer. A magnetic field is ap-
plied and the samples vibrate. The voltage that results in the coils is gauged and the
coils are wound in different directions so as to minimise background interference [150].

It is possible to set a temperature between 1.5K and 305K using the Oxford In-
struments Maglab VSM. Figure 3.6 depicts a vibrating sample magnetometer. Having
attached the sample upon a Polyether ether ketone (PEEK) paddle, the paddle, in turn,
is connected to a rod of carbon fibre and positioned within a helium flow cryostat amid
two pick-up coils. In a bath of liquid helium is a variable temperature insert (VTI) and
into this is positioned the rod. In turn, the liquid helium sits in a reservoir of nitrogen
with a vacuum jacket keeping the two apart. A small helium inlet in conjunction with
a DC resistance heater at the bottom of the VTI facilitates a flow of liquid helium and
it is this that achieves a constant temperature. A roughing pump ensures that the pres-
sure within the VTI is held constant. Around the sample chamber is a superconducting
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magnet that is capable of generating a magnetic field of 9T parallel relative to the rod.
The lock-in attached to a vibrator at the uppermost part of the VTI vibrates the sample
at 55Hz and this causes the magnetic flux to alter with the coils inducing an EMF. This
change in flux is amplified and the lock-in amplifier interprets this with the result being
that the pick-up coils generate electrical current.

The thin magnetic films only generate a small signal and, therefore, care is required
to ensure that there is no interference from the substrates and probe generating back-
ground signals. Moreover, it is necessary to prevent magnetic impurities contaminating
the surface by ensuring the samples are prepared in a clean setting.

3.4.2 Superconducting Quantum Interference Device

When a high degree of sensitivity is required when measuring small magnetic mo-
ments, the optimum magnetic sensor is a superconducting quantum interference de-
vice (SQUID). The operation of SQUID relies on quantum effects in superconducting
loops. Underpinning the SQUID is a Josephson junction which enables current to flow
between superconductors partitioned by a thin insulator by means of quantum tun-
nelling. In effect, a Josephson junction enables Cooper pairs to tunnel by establishing
a gap between the superconductors. There can be single (RF SQUID) or double (DC
SQUID) Josephson junctions in a SQUID and the Josephson junction is illustrated in
Figure 3.7.

The supercurrent Is associated with the Josephson equation moves along the junc-
tion and this is associated with both the junction’s relative phase difference δ as well
as its critical current I0:

Is = I0 sin δ, δ = θ1 − θ2 (3.6)

whereby δ represents the discrepancy between the superconductors; phases θ1 and
θ2.
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Figure 3.7: Illustration of a Josephson junction comprising 2 superconductors parted
by an insulator. Cooper pairs are able to tunnel through the insulator, thereby enabling
a supercurrent to flow. Ψ represents the superconducting state’s wavefunction in the
superconductors. the phases are indicated by θ1 and θ2 [121].

A Quantum Design SQUID-VSM MPMS3 detection system similar to that de-
picted in Figure 3.8 has been employed in the current study to examine the samples’
magnetic qualities. With a sensitivity of approximately 10−8 emu, the system is able
to function with magnetic fields as high as 7T and across temperatures of between
1.8K and 1000K. The system comprises superconducting detection coils connected in-
ductively with the DC SQUID. Having positioned the sample on a quartz holder, this
holder is then attached to carbon fibre sample rods that taper and have adapters at both
ends. The measurement system vibrates the sample at a frequency of ω at the detection
coils’ midpoint. There is a default vibration amplitude of 2mm, whilst the vibration
frequency is at a default setting of 14Hz. Vibrating the magnetised sample causes the
detection coils to experience a change in flux. Altering the detection coil’s magnetic
field brings about a shift in the input coil’s magnetic field. There is magnetic coupling
between the input and primary coils and any divergence in magnetic flux is detected.

In a DC SQUID there are parallel Josephson junctions comprising a supercon-
ducting loop. Any input current (I) is divided in equal proportion between the two
junctions unless there is an external magnetic field to exert influence. If there is an
external magnetic field, the superconducting loop experiences a screening current (Is)
and the result is a magnetic field of the same size albeit the reverse of the field applied,
thereby nullifying the net flux.
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Figure 3.8: Depiction of SQUID VSM MPMS3 detection system [151] whereby the
superconducting detection coil, inductor input coil and DC SQUID are all connected.
.

The screening current and the input current are flowing in an identical direction
one a branch of the superconducting loop but in opposite directions in the alternative
branch. Therefore, one branch has a total current of I/2+Is, whilst the other has a total
current of I/2 − Is. There will be a voltage across the junction whenever the current
in any one of the branches surpasses the junction’s critical current. Increasing the
magnetic flux causes the screening current to rise and at the point where the magnetic
flux is equivalent to half a quantum φ0( φ0= h/2e is the flux quantum), there is no
current passing through the SQUID and the junctions are fleetingly resistant (at least
in theory). When there is half flux quantum, the sign of the screening current flips but
at one flux quantum it is zero, whereupon the total current returns to its maximum. The
following equation gives the total current:

Itot = 2I0

∣∣∣∣cos

(
πφ

φ0

)∣∣∣∣ (3.7)
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Changes in the current of the detection coils are proportional to alterations in mag-
netic flux and the result is an output voltage (V) over the junction that is effectively
governed by the magnetic flux being applied and the period of φ0. As a result of the
alteration in flux, whilst the current in the detection coils is cancelled by the SQUID
feedback circuit, this is not the case for the induced current [152; 153]. The instrument
electronics cause the voltage of SQUID to become amplified and digitised. The mag-
netic coupling of the input coil and primary coil must be highly efficient in order to
achieve a high degree of sensitivity.

3.5 Atomic force microscopy (AFM)

AFM enables images to be produced with a vertical resolution of 0.1nm and lateral
resolution of tens of nanometres. Gerd Binnig is attributed with inventing AFM and
it was first utilised for research purposes during 1986 [154]. Crucially, AFM entails
measuring the force that exists between the tip of the cantilever on an AFM and the
surface of a sample being examined. Whilst oscillating, there are two core types of
force: short-range repulsive and van der Waals forces [155–157]. There may also be
additional forces; e.g. capillary or adhesion forces. In the current study, the tapping
mode was selected in order to ensure that the sample’s surface would not be damaged.
When using the tapping mode, the tip of the cantilever oscillates at a frequency close
to its resonance , ω0 as a result of a force with an amplitude of F0 whilst scanning
the sample’s surface. This entails contact being made between the cantilever and a
piezoelectric crystal that is experiencing an oscillating voltage. The following equation
indicates the way in which the tip of the cantilever loves:

m
d2z

dt2
+ kz +

mω0

Q

dz

dt
= Fts + F0 cos(ωt) (3.8)

where Q represents the quality factor, ω is the driving force’s angular frequency
and k is the free cantilever’s force constant. Meanwhile, z indicates the cantilever’s
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transverse displacement and Fts is the forces of interaction at the tip-surface. If these
forces are not present, Equation 3.8 provides a description of the forced harmonic
oscillator’s movement when there is damping. Solving the equation entails a steady
solution and transient term. At the outset, the motions are both dominant but after a
period of (2Q/ω0), the transient term is diminished by a factor of 1/e and this has the
effect of ensuring that the steady solution dominates. The following equation gives the
steady state solution which is a sinusoidal function:

z (zc, t) = z0 (zc) + A (z0) cos (ωt− φ (zc)) (3.9)

whereby z0, represents mean deflection, A is the amplitude, φ indicates the phase
shift of oscillation and zc is the distance that the tip is from the surface of the sample
[155; 156].

There are changes to the amplitude of vibration and the phase difference regarding
excitation changes and the response of the cantilever when the sample is scanned by
the tip. The photodetector monitors the oscillating signal. It is usually the case that a
frequency somewhat lower than the resonance is selected so as to achieve the greatest
possible sensitivity of the amplitude measurement. It is by passing the tip over the
surface of a sample that an image is generated and measurements are taken point-by-
point. Careful control is achieved over the movements of the tip using 3 piezoelectric
crystals; one of the crystals is responsible for achieving the desired distance between
the sample and the tip (z) and the others govern how the tip moves across the sam-
ple (x and y). Tips used in tapping mode have relatively short cantilevers (typically
(125µm)), relatively high spring constants (∼ 50 N/m) as well as relatively elevated
resonance frequencies (∼ 300kHz).

In addition, there is a need for a feedback loop so as to ensure that the oscilla-
tion amplitude of the cantilever is held steady. Figure 3.9 a depicts the arrangement for
atomic force microscopy utilising AFM electronics. At the rear of the cantilever is a re-
flected laser beam with a four quadrant photodetector employed to gauge the intensity
of that reflection (see Figure 3.9 b). The signal alters as the tip nears or moves away
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from the surface owing to changes to the tip’s resonance frequency altering when the
tip interacts with the surface. Tapping mode entails the use of a high frequency voltage
for the excitation piezo and this serves as a signal picked up by the lock-in amplifier
that it uses to get the photodetector data’s amplitude signal. Comparisons are subse-
quently made of the measured signal by means of the feedback loop using a voltage
specified by the person operating the apparatus.

Figure 3.9: Illustration of how an AFM is set up. Operating in air during tapping mode,
the tip of the cantilever scans the sample’s surface with a feedback loop governing how
far the tip is from the sample. Computer evaluation generates a topographical image.
b) A four quadrant photodetector capture the intensity of the reflected laser beam as it
passes the rear of the cantilever [121].

Whilst functioning in tapping mode, the setpoint specifies free amplitude as a per-
centage. In the event that the measured value is the same as the setpoint value, there is
no reaction from the feedback loop. However, if there is a discrepancy, a Vcorr signal
is sent by the feedback loop to the z piezo so as to adjust the position of the tip in
a way that ensures the two values are identical. The Vcorr signal is calibrated in nm
and provides quantitative data from which it is possible to derive the root mean square
(RMS) roughness of the surface in the image produced of the surface on the monitor.
It is necessary to optimise the integral and proportional gains in order to ensure a rapid
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response by the feedback loop whilst avoiding additional noise being incorporated into
the data. Nanoscope software was employed to analyse the AFM image, whilst AFM
was used to establish how rough the samples of YIG were.

3.6 Low Temperature Electron Transport

Measurements of magneto-transport are taken in gas flow helium (He) cryostats at
low temperatures of between 1.5K and 300K. Figure 3.10 illustrates how a cryostat is
operated and the underlying principles.

Figure 3.10: : Diagram of a gas flow cryostat including the variable temperature insert
(VTI). The sample head surrounds the sample and the precise positioning of the sample
may differ [158].

55



3.6 Low Temperature Electron Transport

The set-up illustrated in Figure 3.10 involves a sample stick with a purpose-built
holder positioned at one end. The VTI provides the housing for this and enables the
sample’s temperature to be governed by adjusting the rate at which helium gas flows.
Helium enters at the base of the VTI via a needle valve with a heater used to warm the
gas. The needle valve functions by the operator turning a screw and sits in the bath of
helium around the VTI. The valve comprises a steel needle housed in brass with a pipe
providing a connection to the VTI. Raising the tip of the needle causes helium to enter
the pipe and, in turn, the VTI. Depending on the cryostat used, the helium can enter
from different parts with certain manufacturers choosing to place the point of entry
considerably closer to the sample. The heater is able to maintain a steady temperature.
Whilst the roughing pump evacuates the VTI space, the void is filled by the helium
that enters. Pumping achieves superior convection because when the helium is heated,
it expands and is drawn in the direction of the sample.

The sample is subjected to magnetic fields by utilising a coil of superconducting
wire to serve as a magnet. In order to guarantee uniformity, the sample is positioned at
the midpoint of the magnetic field. In addition, a vacuum jacket provides insulation for
the sample, thereby avoiding resources being wasted. There is a vacuum jacket encas-
ing the entire cryostat to avoid unnecessary boil-off, whilst another jacket surrounds
the VTI to help stabilise the temperature. The bath of liquid helium is surrounded by
a liquid nitrogen jacket that serves as an insulator. At the upper section of the cryo-
stat are metal plates to shield against cosmic rays and other types of electromagnetic
radiation.

Measures of magnetoresistance, resistivity relative to temperature and other magneto-
transport values were taken using the cryostat. In order to apply a lateral field, a split
pair approach is utilised with a magnitude not exceeding 3T. To the housing around
the stick is placed a stepper motor, thereby enabling the sample to be spun within the
magnetic field. The apparatus incorporated a pressure gauge, thereby helping to ensure
that the same conditions in the VTI were maintained. At a temperature of 290K, the
pressure was 5mbar and whilst taking measurements, neither the pump nor the valve
were altered.
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As the sample was allowed to cool from 300K to 5K, measures of the sample’s
resistance were taken. Figure 3.11 demonstrates how resistance of the Pt/YIG bilayer
declined as the temperature fell in a manner similar to how metal behaves.

Figure 3.11: : The relationship between temperature and Resistivity for 2nm of Pt on
40nm of YIG.
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3.6.1 Magnetoresistance Measurements

Figure 3.12 illustrates the various measurement planes when gauging magnetoresis-
tance (MR). It is usually the case that a magnetic field will be swept in a certain direc-
tion when measuring MR and this usually occurs along the axes shown in the figure.
To the x-axis is applied the jc charge current. Meanwhile, a field is applied along the x-
axis running parallel to the current for the purposes of longitudinal MR. In addition, a
field is applied along the y-axis running perpendicular to the current in the film’s plane
for the purposes of transverse MR. Finally, a field is applied to the z-axis to achieve
perpendicular MR.

Figure 3.12: The terminology for the orientations and measuring planes required to
take measurements of magnetoresistance in the current study. Along the x-axis is ori-
ented the charge current (jc). Among the x- and y-axes is the α-plane, among the y-
and z-axes is the β-plane, whilst among the x- and z-axes is the γ -plane [159].

In figure 3.12, in α direction, the magnetisation of YIG changes with respect to the
spin accumulation and any induce magnetisation into the Pt also changes relative to
the current so in that case we have SHMR and AMR. In β direction, the magnetisation
of YIG changes relative to the current but the magnetisation always perpendicular to
the spin current so in that case there is no AMR we have only SHMR. In γ direction,
the magnetisation changes relative to the current so there is AMR in that case but the
magnetisation does not change relative to the spin accumulation so there is no SHMR.
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3.6 Low Temperature Electron Transport

Angle-dependent MR (ADMR) is also applied as a means of measuring MR in
the current study. Taking this measurement requires the application of a constant field
whilst rotating the sample to ensure the field traverses a certain plane (see Figure 3.12).
If the field rotates in a longitudinal orientation (x-axis) and transverse orientations (y-
axis), it is referred to as α-plane magnetoresistance. Meanwhile, if the field rotates in
the transverse orientation (y-axis) and perpendicular orientation (z-axis), it is referred
to as β-plane magnetoresistance.

Owing to the fact that the field and current are consistently perpendicular, it is pos-
sible to employ this orientation when measuring the spin Hall MR (SHMR), thereby
eradicating anisotropic MR (AMR) from ferromagnetism. It is only in γ-plane magne-
toresistance that AMR effects can be measured, where the field is consistently perpen-
dicular relative to the spin orientation, resulting in the SHMR and ensuring that it is not
possible to observe the SHMR. Amid the perpendicular and parallel orientations, the
field rotates relative to the charge current, resulting in any AMR that is there becoming
apparent.

Relative change in resistivity is applied when characterising the MR. Standard MR
is given using the following equation:

∆ρ

ρ0

=
ρmax − ρ0

ρ0

(3.10)

whereby ρmax represents the level of resistance when the applied field is optimal,
ρ0 indicates resistivity when there is no applied field, and ∆ρ

ρ0
signifies the amount

applied to calculate MR. The definition used with regard to ADMR is governed by the
orientation because standard AMR and SHMR definitions are applied. To help keep
things as simple as possible, ∆ρ

ρ0
is used to denote the quantity of ADMR but for the

α-plane MR, its value is:

∆ρα
ρ0

=
ρx − ρy
ρy

(3.11)
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whereby ρx represents the applied field’s resistance when oriented longitudinally,
and ρy is the applied field’s resistance when oriented transversely. Regarding the β-
plane MR:

∆ρβ
ρ0

=
ρz − ρy
ρy

(3.12)

whereby ρz represents the applied field’s resistance when oriented perpendicularly.
The definition used here is compatible with that applied in relation to the SHMR.
Regarding the γ-plane MR:

∆ργ
ρ0

=
ρx − ρz
ρz

(3.13)

whereby the same definition of the resistivities is specified as with the alternative
orientations. As such, for AMR ρz > ρx ≈ ρy whereas for SHMR: ρx > ρy ≈ ρz

[104; 160; 161].
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YIG sample characterisation
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4.1 Introduction

Yttrium iron garnet (YIG) film is a very interesting material for intensive research be-
cause of its complex crystal structure and magnetic properties [162]. The liquid phase
epitaxy was the first method use to make single crystal YIG [163–165] . To develop
the YIG thin films properties to be used in applications and make YIG more economi-
cal there are other methods that have been used, notably pulsed laser deposition (PLD)
and sputtering techniques. LPE can make single crystals of very high quality but only
on substrates which are not ideal and are difficult to make thin [166]. PLD is a good
method to make high quality films of oxides. It is possible to control the oxygen sto-
ichiometry because there are usually very small differences in composition between
the target and the film and also by adjusting the oxygen pressure in the deposition
chamber [101; 167; 168]. PLD can make stoichiometric YIG only when the substrate
temperature was greater than 800 K [66; 168–170]. Recently more work has produced
good films by cooling the film in oxygen in the growth chamber [6] or if they used
a lower growth temperature of 650 K with a high temperature annealing [101]. Ra-
dio frequency (RF) magnetron sputtering is economical low temperature method and
convenient compared with LPE [171]. It is easy to sputter insulator materials [172].
Because of oxygen vacancies the films grown by RF are usually off-stoichiometry
[171].

In this chapter, we want to explore potential improvements in the growth of YIG.
We report that the small changes at the interface can have significant effects to im-
prove the structural and magnetic properties of YIG. Our YIG thin films are deposited
on (111) oriented 0.5 mm thick GGG and YAG substrates by radio frequency (RF)
magnetron sputtering and open air annealing at 850 C. X-ray reflectivity (XRR) and
x-ray diffraction (XRD) were used to study the structural quality, lattice parameter,
thickness of the YIG films. Atomic force microscopy (AFM) was used to study the
surface roughness of the YIG films. Thin films were grown under the same deposi-
tion condition on two different substrates GGG and YAG with different thicknesses
between 10 nm to 200 nm and subjected to an annealing process. Also, several sam-
ples of thin YIG films with the same thicknesses 40 nm were deposited with different
contents of oxygen on the GGG and YAG substrates. There is an interface diffusion
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between the film and substrate as part of the annealing process which can affect the
structural and magnetic properties of the films. VSM and SQUID-VSM were used to
investigate the magnetic properties of single crystal YIG films. It is important to de-
termine the coercive field and the saturation magnetisation. The thickness of the dead
layer is determined from the thickness dependence measurement by VSM. SQUID-
VSM magnetometry was used in this work to measure the magnetic moment of the
YIG samples in the wide temperature range from 2 K to 300 K. These measurements
in VSM and SQUID-VSM were done for different thicknesses of YIG ranging from
10 nm to 200 nm. Also, the measurements in SQUID-VSM magnetometry were done
for several samples of thin YIG films with the same thicknesses 40 nm were deposited
with different contents of oxygen. At low temperature region in SQUID-VSM mag-
netometry measurements there is no magnetisation. From [173] they have recently
shown that YIG grown on GGG, the favoured substrate for most, suffers from the
problem of Gd – Y co-diffusion as part of the annealing process. From comprehen-
sive TEM measurements as we see in figure 4.1 they have shown that this behaviour is
vacancy driven and we suspect that this could be due to oxygen deficiency. We have
used a variation in Oxygen pressure during sputtering to study the possible effects of
reducing vacancies. At room temperature the interdiffused layer is non-magnetic i.e.
a dead layer, as temperature is reduced, the Gd-based layer becomes magnetic and or-
ders anti-parallel to the YIG – these effects are detected by Squid magnetometry as a
function of temperature.
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Figure 4.1: transmission electron microscopy scan show the behavior is vacancy driven
[173].

4.2 Structural properties

4.2.1 X-ray reflectivity

In this section, X-ray reflectivity was used to study the structural properties of thin YIG
films in this section. This tell us about the thickness and growth rate, surface roughness
and the density.
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(a)

(b)

(c)

Figure 4.2: X-ray reflectivity YIG on GGG before annealing (a) and good fit by using
Bede software in (b) (40 nm) before annealing. XRR for YIG (38 nm) after annealing
for the same sample (c).
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Figure 4.2(a) shows the x-ray reflectivity (CuKα, λ = 1.54 Å radiation) of 40 nm
YIG film before annealing. The angular positions of the Kiessig fringes (inset of figure
4.2(a)) were used to determine the thickness by using equation 3.4. Figure 4.2(b) shows
that the Bede software was used to fit the X-ray reflectivity (XRR) curve and get more
information about the chemical nature of the YIG on GGG. We measured the thickness
of YIG films before and after annealing. We found the films decreased by a very small
amount. For example this film in figure 4.2(b) was (40 nm) before annealing and (38
nm) after annealing in figure 4.2(c). The slow exponential decay of the reflectivity
curve indicates a smooth surface of the YIG after annealing.

To have more information about the chemical structure of the films the Bede soft-
ware used to fit the reflectivity curves. We have sputtered four samples for 3500s with
changing the oxygen contents during the sputtering 5 %, 5.5 %, 6 %, and 6.5 %. The re-
flectivity curves before and after annealing are fitted using the Bede software. A much
better fit for the reflectivity curves after annealing when we include an additional layer
which is Gd at the interface. The dead layer thickness can be changed by changing the
Oxygen contents during sputtering as we see in figure 4.3(d). We have a good fit with
the goodness of fit (GOF = 0.05). The parameters from the fitting for each samples
before and after annealing are shown in figure 4.3.The parameters can be changed by
changing the oxygen contents during the sputtering. As we see from the figure 4.3(a)
the thickness is increased by increasing the oxygen contents. Also, the thicknesses for
the unnealed samples are thinner than the thicknesses before annealing in the same
figure. Figure 4.3(b) shows that the roughness can be changed by changing the oxygen
contents, the smoothest sample is the sample with 6 % of oxygen. The samples after
annealing are smother than before annealing (see figure 4.3(b). The density from the
fit for our samples was changed by changing the oxygen contents, the lowest density
for the sample which has 6 % of oxygen and the highest density was for the sample
with 5 % of oxygen (see figure 4.3(c).
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(a) (b)

(c) (d)

Figure 4.3: Parameters used to fit the x-ray reflectivity data for unnealed (40 nm) and
annealed YIG (38 nm), the fit is shown in figure 4.2.
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4.2.2 Crystal properties

In this work XRD measurements used to determine the lattice constant and the crys-
talline orientation of YIG. Also, we used the XRD measurements for a deeper insight
into the structural of the film. A high angle XRD scan was taken around the GGG
< 444 > peak. In [129] they showed that the YIG peak continued to increase until
850 ◦C for two hours. The YIG film was annealed up to 1000 ◦C for 24 hours but no
difference was determined compared to annealing for 2 hours at 850 ◦C [129]. The
annealing was done by tube furnace at 850 ◦C for 2 hours in air to make sure we have
good crystallisation.

Figure 4.4(a) shows the high angle scan for YIG sample before annealing, we only
can see the GGG substrate peak because the as-deposited YIG samples are nanocrys-
talline or maybe amorphous. Figure 4.4(b) shows the high angle scan for annealed
(100nm YIG) samples with different oxygen content during sputtering. The lattice
constant for 100nm with 5 % of oxygen content (red line) is 12.328 ± 0.002 Å com-
pared to a bulk value of 12.376 Å, the lattice constant for 100nm with 6.8 % of oxygen
content (blue line) is 12.401± 0.002 Å. The 100nm YIG sample with 6.2 % of oxygen
content (green line) we could not determine the lattice constant because part of YIG
peak is hidden under the GGG substrate peak and is therefore assumed to be the same
as the bulk as YIG and GGG lattice constants differ by only 0.016 %.
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(a)

(b)

Figure 4.4: X-ray diffraction scan for YIG sample before annealing (a). X-ray diffrac-
tion scans annealed (100 nm) YIG samples with different oxygen content during sput-
tering (b).

Several samples with different thicknesses were grown with 5 % of oxygen content.
All samples were subjected to high angle scans at each stage of the YIG preparation.
The annealing is necessary for any crystal structure to be formed as seen in figure 4.5.
The location of the peak is not in the expected place for the bulk lattice constant. For
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all samples prepared with 5 % of oxygen content on GGG, the YIG peak is at a higher
angle than the bulk position.

(a)

(b)

Figure 4.5: X-ray diffraction scan for YIG samples with 5 % oxygen content during
sputtering after annealing. The YIG has a(111)crystalline orientation. Intensity of the
YIG peak varies as a function of thickness(a). The lattice constant (ao) as a function
of thickness of the YIG samples with 5 % oxygen content during sputtering compared
to the bulk YIG lattice constant 12.376 Å(b).
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YIG samples with different thicknesses were grown with 6.8 % of oxygen content.
The location of the peak is not in the expected place for the bulk lattice constant. For
all samples prepared with 6.8 % of oxygen content on GGG, the YIG peak is at a lower
angle than the GGG.

(a)

(b)

Figure 4.6: X-ray diffraction scan for YIG samples with 6.8 % oxygen content (a). The
lattice constant (ao) as a function of thickness of the YIG samples with 6.8 % oxygen
content during sputtering compared to the bulk YIG lattice constant 12.376 Å(b).
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For YIG films were grown With 6.2 % of oxygen content, the YIG peak positions
in the x-ray diffraction spectrum are much closer to the YIG bulk position and have
a very high quality with a lattice constant which agrees with the bulk value of YIG
lattice constant ( 12.376 Å) as we see in figure 4.7

Figure 4.7: : X-ray diffraction scan for YIG samples with 6.2 % oxygen content during
sputtering after annealing. The YIG peak is closer to the bulk YIG peak.

Figure 4.7 shows the high angle scan for YIG samples were grown with 6.2 % of
oxygen content, we can see the location of the YIG peak is close to the expected place
for the bulk lattice constant.
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Figure 4.8: : The lattice constant (ao) as a function of thickness of the YIG samples
were grown with different oxygen content during sputtering compared to the bulk YIG
lattice constant 12.376 Å.

The location of the YIG (444) peak can be moved by changing the contents of
oxygen. When the oxygen was 5 % the YIG peaks have appeared on the right side of
the GGG peak. When the oxygen was 6.2 % the location of the YIG peaks are close to
the expected place for the bulk lattice constant. When the oxygen was 6.8 % the YIG
peaks have appeared on the left side of the GGG peak.
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4.2.3 Morphology

In this section, atomic force microscopy was done on the annealed 40 nm YIG on
GGG to study the surface roughness. The surface morphology measurement was done
in tapping mode in air. Two scan size (1µm, 5µm) were used to scan the surface
roughness on many different area

(a) (b)

(c) (d)

Figure 4.9: : AFM Surface scan of annealed 40 nm thin films (YIG on GGG). The
scan size was about 1µ m. Those films were growing with different content of oxygen
5 % in (a) 5.5 % in (b) 6 % in (c) and 6.5 % in (d).

AFM measurements after annealing show how the surface roughness is dependent
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on the oxygen content during sputtering. Figure 4.10 shows the comparison of those
different oxygen contents. From the plot the roughness values we see that the 6 %
oxygen provides the smoothest YIG after annealing.

Figure 4.10: : The roughness from AFM scan of annealed 40 nm YIG on GGG after
annealing with a different oxygen content in the sputtering atmosphere. The smoother
film is found with 6 % oxygen content.

The smoothest YIG after annealing was found when the YIG films were deposited
with 6 % oxygen content. The reason for the increased roughness for other oxygen
content is not understood but I think it is more likely that when the oxygen vacancies
are not filled, it means the surface will be rougher.

From the AFM scan and the parameters that we used to fit the XRR data for the
same samples, the smoothest film in AFM and Bede fit was the sample which has 6 %
of oxygen. The result from AFM were smoother than the parameters that we used in
the fitting as we see in figure 4.11.
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Figure 4.11: : The roughness of YIG on GGG after annealing with a different oxygen
content in the sputtering atmosphere. Red points from AFM scan. Black points from
parameters used in fitting. The smoother film is found with 6 % oxygen content.

4.3 Magnetisation properties

4.3.1 Thickness dependent magnetic properties

In this section, Vibrating sample magnetometer (VSM) was used to study the thickness
dependent magnetic properties of YIG on (111) GGG substrate. The YIG films were
grown with three different contents of oxygen. An array of magnets attached to the
shutter wheel help us to set the direction of easy axis of our samples during the growth.
The substrate sits at the centre of these magnets during the deposition. We determined
the net magnetic moment (m) and the coercivity (Hc) from the hysteresis loops as a
function of applied field at 295 K. The magnetic field was applied in plane along the
easy axis of the sample.
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Figure 4.12: : The black curve shows the net magnetic moment of a 100 nm YIG on
GGG substrate versus in plane magnetic field at 295 K. The magnetic moment as a
function of applied magnetic field after the subtraction the paramagnetic contribution
from the GGG substrate(red curve).

Figure 4.12 shows that the paramagnetism from the Gd3+ ions in the GGG sub-
strate is dominating the signal of the thin film of YIG generating a large background
signal (black curve). The red curve shows the typical dependence of the magnetic
moment versus in plane magnetic field of a 100 nm YIG on GGG at 295 K.
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(a)

(b) (c)

Figure 4.13: Magnetic moment as a function of applied field at room temperature
for different thicknesses of YIG with 5 % oxygen content during sputtering. The data
shows that the YIG is soft and the coercivity of our films is 0.67± 0.05 Oe (a). The lin-
ear extrapolation of the saturation magnetic moment as a function of thickness shows
that there is a dead layer of about 6 nm (b) which agreed with the results from [173]. (c)
The linear extrapolation of the saturation magnetic moment as a function of thickness
times area shows the Ms = 112± 6 emu/cc.
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Different thickness of YIG ranging from 10 nm to 200 nm were grown with 5 %
of oxygen content during sputtering. Figure 4.13(a) shows the hysteresis loops for
different thickness of YIG after the subtraction of the paramagnetic contribution from
the GGG substrate at room temperature. Also, from the hysteresis loops the coercivity
of samples is 0.67 ± 0.05 Oe. Figure 4.13(b) shows that the linear extrapolation of
the saturation magnetic moment versus thickness shows the thickness of the diffusion
between the YIG and GGG substrate, which called a dead layer is about 6 nm. The
magnetization can be found from the measured magnetic moment by determining the
thickness of each sample and using the sample volume. The saturation magnetisation
obtained from the slope is Ms =112 ±6 emu/cc, compared to the bulk value Ms = 143
emu/cc at room temperature.
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(a)

(b) (c)

Figure 4.14: Magnetic moment as a function of applied field at room temperature
for different thicknesses of YIG with 6.8 % oxygen content during sputtering. The
data shows that the YIG is soft and the coercivity of our films is 0.78 ± 0.05 Oe (a).
The linear extrapolation of the saturation magnetic moment as a function of thickness
shows that there is a dead layer of about 2.75 nm (b). (c) The linear extrapolation
of the saturation magnetic moment as a function of thickness times area shows the
Ms = 123± 6 emu/cc.
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Next, different thickness of YIG ranging from 30 nm to 170 nm were grown with
6.8 % of oxygen content during sputtering. Figure 4.14 (a) shows the hysteresis loops
for different thickness of YIG after the subtraction of the paramagnetic contribution
from the GGG substrate at room temperature. Also, from the hysteresis loops the coer-
civity of samples is 0.78± 0.05 Oe. Figure 4.14 (b) shows that the linear extrapolation
of the saturation magnetic moment versus thickness shows the thickness of the diffu-
sion between the YIG and GGG substrate, which called a dead layer is about 2.75 nm.
The magnetization can be found from the measured magnetic moment by determining
the thickness of each sample and using the sample volume. The saturation magnetisa-
tion obtained from the slope is Ms =123 ±6 emu/cc, compared to the bulk value Ms

= 143 emu/cc at room temperature.
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(a)

(b) (c)

Figure 4.15: Magnetic moment as a function of applied at room temperature for differ-
ent thicknesses of YIG with 6.2 % oxygen content during sputtering. The data shows
that the YIG is very soft and the coercivity of our films is 0.38±0.05 Oe (a). The linear
extrapolation of the saturation magnetic moment over area as a function of thickness
shows that there is a dead layer of about 2.35 nm (b). (c) The linear extrapolation of the
saturation magnetic moment as a function of thickness times area shows the Ms =140
±6 emu/cc
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After when we see that the YIG films can be improved by changed the oxygen
content during sputtering as we grew mor sampleas with 6.2 % of oxygen content.
these samples were grown with different thickness of YIG ranging from 16 nm to
100 nm. Figure 4.15 (a) shows the hysteresis loops for different thickness of YIG
after the subtraction of the paramagnetic contribution from the GGG substrate at room
temperature. Also, from the hysteresis loops the coercivity of samples is 0.38 ± 0.05

Oe. Figure 4.15 (b) shows that the linear extrapolation of the saturation magnetic
moment versus thickness shows the thickness of the diffusion between the YIG and
GGG substrate, which called a dead layer is about 2.35 nm. The magnetization can
be found from the measured magnetic moment by determining the thickness of each
sample and using the sample volume. The saturation magnetisation obtained from the
slope is Ms =140 ±6 emu/cc, which agrees with the bulk value Ms = 143 emu/cc at
room temperature.
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(a) (b)

(c) (d)

Figure 4.16: The saturation magnetisation as a function of applied field at room tem-
perature for annealed 100 nm YIG with different oxygen content during sputtering (a).
The dead layer at YIG/GGG interfaces as a function of oxygen growth content (b).
Coercive field (Hc) of YIG as a function of oxygen growth content (c). The saturation
magnetisation (Ms) for YIG as a function of oxygen growth content (d).

Figure 4.16 shows that the magnetic properties of YIG film can be improved by
changing the contents of oxygen. Figure 4.16 (a) shows the saturation magnetisation at
room temperature for 100 nm of YIG on GGG depends on the oxygen growth content.
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The saturation magnetisation from the hysteresis loop is Ms =112 ±6 emu/cc when
the oxygen was 5 % and Ms =123 ±6 emu/cc when the oxygen was 6.8 %, compared
to the bulk valueMs = 143 emu/cc at 295K. When the oxygen was 6.2 % the saturation
magnetisation from the hysteresis loop is Ms =140 ±6 emu/cc, which agrees with the
bulk value Ms = 143 emu/cc at room temperature. Figure 4.16 (b) demonstrates that
the thickness of the inter-diffused dead layer can be changed with changing the O/Ar
%, therefore greatly improving the magnetic properties of thin film RF sputtering YIG.
The dead layer is the thinnest at 2.35 nm when the oxygen was 6.2 % and thickest at 5
% with a 6 nm dead layer. Figure 4.16 (c) shows the coercive field is found to become
smallest at 0.38 Oe when the oxygen was 6.2 %. There is a very small difference
between the largest coercive field and smallest by changing the oxygen growth content,
the different between them is about 0.4 Oe. For PLD-grown YIG film in reference
[101] the Hc value (2 Oe) is about 10 times larger than our Hc. Also, in reference
[174] which is 15-30 Oe for different YIG thicknesses about 100 times larger than our
Hc.

4.3.2 Temperature dependence of magnetisation

In this section, SQUID-VSM magnetometry was used to measure the magnetic mo-
ment of the YIG samples on GGG in the wide temperature range from 2 K to 300 K.
The measurements in SQUID-VSM magnetometry was done for the same thicknesses
(40 nm)YIG films were deposited with different contents of oxygen.Thin sample could
help us to measure the effect of Gd from GGG diffused into the YIG after annealing.
The M(T) curve can show a compensation point is different when we changed the oxy-
gen contents during sputtering. The magnetic field was applied in plane along the easy
axis of our samples.
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Figure 4.17: : Hysteresis loops as a function of applied field for 40 nm YIG at different
temperatures. with decrease in temperature, the paramagnetic background from the
GGG increase.

Figure 4.17 shows the hysteresis loops for 40 nm thick of YIG after the subtraction
of the paramagnetic contribution from the GGG substrate at different temperatures. To
ensure that the sample was saturated we applied magnetic field (H) from -250 Oe to
250 Oe. The magnetic moment was calculated from the hysteresis loops by correcting
the linear paramagnetic slope at each temperature. These measurements were done for
the same thickness of YIG films with different growth oxygen contents to obtain the
magnetisation curve for each sample.
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(a) (b)

Figure 4.18: The temperature dependence of the saturation magnetisation for 40 nm
YIG on GGG with different contents of oxygen during sputtering. There is a decrease
of M(T) at low temperature region in sample with 5 % and small decrease with other
samples in varying proportions. (a) . The saturation magnetisation (Ms) for 40 nm
YIG at different temperature as a function of oxygen growth content (b).

The saturation magnetisation as a function of temperature M(T) for 40 nm YIG
thickness with different contents oxygen during sputtering is plotted in figure 4.18.
At the low temperature region shows a decrease in magnetisation with decrease in
temperature in sample with 5 % oxygen content and small decrease with other samples
in varying proportions. The probable explanation on the decreases of magnetisation
(∆M) at low temperature due to the diffusion of Gd from the GGG substrate into the
YIG. As part of the annealing process at high temperature will substitutes Gd for Y
to form either Gd-doped YIG or Gd-rich YIG layer at the YIG/GGG interface. From
the VSM data at room temperature, we obtained that the dead layer thickness can be
changed by changing the oxygen growth content. The thinnest thickness of dead layer
is 2.35 nm when the oxygen was 6.2 % and thickest at 5 % with a 6 nm thickness as
shown in (fig.4.16 b). Our results show much improvement which shows that downturn
in magnetisation in the low temperature region is very small compare to the results in
[173] as we see in figure 4.19.
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Figure 4.19: Temperature dependence of magnetisation for a 42 nm of YIG film thick-
ness shows a decrease in magnetisation with decrease in temperature at the low tem-
perature region [173].
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(a) (b)

Figure 4.20: The temperature dependence of the coercive field Hc (T) shows widening
at lower temperatures regions as expected and having breaking point around 50 K(a).
This data for 40 nm annealed YIG samples were grown with different contents of oxy-
gen. Coercive field of 40 nm YIG as a function of oxygen growth content at different
temperatures(b).

From our data, we observed a small change of the coercive field by changing the
growth oxygen contents. The coercive field becomes larger with decreasing tempera-
ture. This data show that the YIG is very soft. The coercive field is important quantity
to determine. The coercive field becomes wider in the low temperature region. In the
low temperature region the coercive field is used to know the minimum required field
to saturate the magnetisation in transport measurements.

The magnetic properties of YIG are agreed with the results gained from the crystal
structure analysis. The results showed that Ms and Hc of YIG/GGG, which was grown
with 6% of Oxygen contents, were agreed with Ms and Hc values of bulk YIG. How-
ever, the film of YIG/GGG, which was grown with 5%, 5.5% and 6.5% of Oxygen
contents showed that Ms and Hc were close to Ms and Hc values of bulk YIG.
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4.4 YAG substrates

In this study, both substrates GGG and YAG have been used, in the (111) orienta-
tion. YAG substrate is used as an alternative choice substrate because the dead layer
is unfavourable for applications in the propagation of magnons when we used GGG
substrate. The dead layer is due to gadolinium diffusing from the GGG substrate into
the YIG film at high temperature during annealing process [173]. In this study, a non-
magnetic dead layer has been found to form due to the diffusion from aluminium or
yttrium when a YAG substrate is used to the YIG film. YAG has a larger difference in
the lattice constant from the lattice constant of YIG. The different lattice constant is
large and has induced a strain on the YIG due to the mismatching, but YAG substrate
has a benefit over GGG substrate in that the YAG has no strong paramagnetic signal.

YIG films on YAG were annealed at 850 ◦C in open air. After annealing the XRD
measurements used to determine the lattice constant and the crystalline orientation
of YIG. Figure 4.21(a) shows the high angle scan from x-ray diffraction for different
thicknesses of YIG which has been annealed on a YAG substrate. For YIG films grown
on GGG, the YIG peak has high intensity compared with the intensity when we used
GGG substrate. The low intensity for the YIG films on YAG could be due to the
quality of the film. The peak positions in the x-ray diffraction are much closer to the
bulk value and have high intensity for the YIG peak 103 for YIG films grown on GGG
see figure 4.5(a) but for YIG films grown on YAG the YIG peak has low intensity 101

figure 4.21(a). This can be explained by the large lattice mismatch between the lattice
constant for YIG and YAG lattice constant. Figure 4.21(b) shows the lattice constant
for different thicknesses of the YIG samples on YAG and it is much smaller compared
to the bulk YIG lattice constant (red point). This could be due to the large different
between YIG lattice constant and YAG lattice constant or due to the dead layer at the
interface between the YIG and YAG as we see the YIG lattice constant can be changed
if the thickness of dead layer changed in figure 4.8.
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(a) (b)

Figure 4.21: X-ray diffraction scan for YIG films on YAG substrate after annealing.
The YIG has a(111)crystalline orientation. Intensity of the YIG peak varies as a func-
tion of thickness(a). The lattice constant (ao) as a function of thickness of the YIG
samples on YAG compared to the bulk YIG lattice constant 12.376 Å(b).

We used the XRD to determined the crystalline orientation and the lattice pa-
rameter of 40 nm YIG on YAG were grown with different contents of oxygen during
sputtering( 5 %, 5.5 %, 6 % and 6.5 %). Figure 4.22 shows the high angle scan from
x-ray diffraction and the lattice constant for annealed 40 nm of YIG on YAG with dif-
ferent oxygen contents. The lattice constant can be change by changing the oxygen
contents of the YIG samples as we see in figure 4.22(b).
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(a) (b)

Figure 4.22: X-ray diffraction scan for annealed 40 nm YIG films with different oxy-
gen contents on YAG substrate. The YIG has a(111)crystalline orientation. Intensity
of the YIG peak varies as a function of oxygen contents (a). The lattice constant (ao)

as a function of oxygen contents for YIG on YAG compared to the bulk YIG lattice
constant 12.376 Å(b).

YIG films with different thickness ranging from 30 nm to 160 nm were growing
on YAG substrate. Figure 4.23(a) shows the hysteresis loops for different thickness of
YIG on YAG at room temperature. Figure 4.23(b) shows that the linear extrapolation of
the saturation magnetic moment versus thickness shows the thickness of the diffusion
between the YIG and YAG substrate, which is about 5.75 nm. The magnetization can
be found from the measured magnetic moment by determining the thickness of each
sample and using the sample volume. The saturation magnetisation obtained from the
slope is Ms =63 ±6 emu/cc, compared to the bulk value Ms = 143 emu/cc at room
temperature.
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(a)

(b) (c)

Figure 4.23: Magnetic moment as a function of applied field at room temperature for
different thicknesses of YIG on YAG (a). The linear extrapolation of the saturation
magnetic moment as a function of thickness shows that there is a dead layer of about
5.75 nm (b). (c) The linear extrapolation of the saturation magnetic moment as a
function of thickness times area shows the Ms = 63± 6 emu/cc.
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Several samples of 40nm YIG films were grown on YAG substrates with different
contents of oxygen. These samples on YAG were made alongside twin samples on
GGG subtrate. SQUID-VSM magnetometry was used to measure the magnetic mo-
ment of the YIG samples on YAG in the wide temperature range from 2 K to 300 K.
Figure 4.24 shows the hysteresis loops for 40 nm thick of YIG on YAG substrate at
different temperatures. To ensure that the sample was saturated we applied magnetic
field (H) from -250 Oe to 250 Oe.

Figure 4.24: : Hysteresis loops as a function of applied field for 40 nm YIG on YAG
at different temperatures.

The saturation magnetisation as a function of temperature M(T) for 40 nm YIG on
YAG with different oxygen contents during sputtering is plotted in figure 4.25. Figure
4.26 shows the coercive field for 40 nm YIG on YAG as function of temperatures. the
coercivity can be changed by changing the growth oxygen contents.
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Figure 4.25: : The temperature dependence of the saturation magnetisation for 40 nm
YIG on YAG with different oxygen contents.

Figure 4.26: : Coercive field of 40 nm YIG on YAG as a function of oxygen growth
content at different temperatures. The temperature dependence of the coercive field
Hc.
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Figure 4.27 shows two annealed 40 nm YIG samples were grown on two deferent
substrates GGG and YAG. The two YIG samples on YAG and on GGG were grown
at the same time and annealed together in a furnace. The saturation magnetisation is
found to be much bigger for the sample on GGG substrate than YAG substrate. Ms at
room temperature for YIG on GGG is found 140 ± 6 emu/cc, which is comparable to
the Ms bulk value . YIG on YAG substrate, the Ms is found 63 ± 6 emu/cc; less than
half the Ms for YIG on GGG.

(a) (b)

Figure 4.27: Magnetometry data for 40.8 nm of YIG grown by RF magnetron sputter-
ing on both GGG (red) and YAG (black) substrates. The samples were annealed at 850
◦C. VSM measurements are taken in the plane of the sample at a temperature of 300 K
(a) and 100 K (b).
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4.5 Conclusion

In this chapter, we performed a comprehensive study for the YIG films sputtered by RF,
this study includes of the crystallinity and morphology and also the chemical nature of
the YIG/GGG interface and the magnetic properties after annealing. We have used a
variation in Oxygen pressure during sputtering to improve the structural and magnetic
properties of YIG films. The x-ray reflectivity and x-ray diffraction used to study
the structural quality of the samples. From the Bede fit for the XRR results for the
annealed YIG sample, we noticed an interdiffusion at the YIG/GGG interface, the
thickness of the interdiffusion can be changed if we changed the Oxygen contents
during sputtering. The XRD results for the annealed YIG sample showed that we have
improved the structural quality of the samples, for example like the films with 6.2% of
Oxygen has lattice constant similar to the Bulk value. Our AFM results for YIG films
confirmed that our films are smooth with roughness about 1-3 Å.

The most important results that the Gd-interdiffusion region at the YIG/GGG in-
terface, which at room temperature is paramagnetic and at low temperatures orders
antiparallel to YIG at low temperatures. Our results from VSM and SQUID shows that
we have reduce the dead layer from ∼ 6 nm for the samples with 5% of Oxygen to be
∼ 2.35 nm for the samples with 6.2% of Oxygen.

YAG substrate was used as an alternative choice substrate because we want to stop
the diffusing from the substrate into the YIG film if the dead layer is from gadolinium
diffusing from the GGG substrate into the YIG film. In this study, a nonmagnetic dead
layer about 5.75 nm has been found, the diffusion from aluminium or yttrium when a
YAG substrate is used to the YIG film. The peak positions in the x-ray diffraction are
much closer to the bulk value and have high intensity for the YIG peak 103 for YIG
films grown on GGG but for YIG films grown on YAG the YIG peak has low intensity
101. This can be explained by the large lattice mismatch between the lattice constant
for YIG and YAG lattice constant. The lattice constant can be change by changing
the oxygen contents of the YIG samples. The saturation magnetisation is found to be
much bigger for the sample grown on GGG substrate than YAG substrate. Ms at room
temperature for YIG on GGG is found 140 ± 6 emu/cc, which is comparable to the Ms

97



4.5 Conclusion

bulk value . YIG on YAG substrate, the Ms is found 63 ± 6 emu/cc; less than half the
Ms for YIG on GGG.
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CHAPTER 5

Spin Hall magnetoresistance in platinum
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5.1 Introduction

Spintronics has attracted intense interest because it is combined the fields of electron-
ics, magnetics, and computer engineering [98; 175; 176]. It has been considered as the
technology’s key of the next generation for the information processing devices, the in-
formation is transferred and processed by the electrical spins rather than the electrical
charges [175].

Insulating spintronics [177] has appeared as a hopeful, novel technological aims
based on the combination of ferromagnetic insulators (FMIs) as a media to generate
and process and transport spin information for long distances in devices [8; 9; 45; 47;
49; 88; 104; 105; 177–198]. The usefulness of using FMIs compare to the metallic ones
is that the charge currents’ flow is avoided, so stopping ohmic losses or the emergence
of unwished spurious effects. Some phenomena discovered in insulating spintronics as
the spin pumping [45; 47; 178; 179], the spin Hall magnetoresistance (SHMR) [104;
105; 179–187], the magnetic gating of pure spin currents [191; 192] or the magnon
spin transport (MST) [8; 9; 47; 88; 193–198], the spin Peltier effect [190], the spin
Seebeck effect [49; 179; 188; 189].

The fundamental block structure that used to explore these phenomena is created
by a FMI layer –typically YIG due to the soft ferrimagnetism, its small damping, and
insignificant magnetic anisotropy– and a non-magnetic (NM) metal with strong spin-
orbit coupling (SOC) as Pt or Ta placed on it, which is basically used to generate or
detect spin currents by the spin Hall effect (SHE) or inverse spin Hall effect (ISHE) [44;
111; 116; 199; 200]. Pt doped with magnetic impurities has been an order of interest
in solid state physics, with the magnetic proximity effect (MPE) discovered for the
potential to design materials that have desirable properties for applications [201–207].
Recently, great interest is focused on the MPE effect on spin transport phenomena such
as the spin Hall magnetoresistance and spin Hall effect [160; 161; 208–215].

For the development of available spin-based devices, It is important to improve the
spin transport efficiency and the spin diffusion length because during transport the spin
is not conserved [216]. The interfacial condition for spin transport efficiency is one of
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the dominant factors because the information and most energy transferred via transport
spins in typical spin-based devices is lost at the interface [217–220].So, improving the
efficiency and understanding the mechanism of spin transport at the interface is a very
important issue for the investigation of spin-based devices. It has been reported that the
spin transport is sensitive to the interface characteristics [170; 219–232]. Also, it has
been reported that the chemical modifications and crystallinity are effective features, it
can improve or quell spin transport efficiency for a high quality interface or amorphous
interface [219–222].

The spin-mixing conductance is the most relevant parameter that determines the
spin current transport across the interface [52; 179; 233]. However, other interface
effects is still under debate whether, it could be related to these hybrid systems. Such
as the spin-dependent interfacial scattering [234], the MPE [161; 210; 215; 235–237],
the Rashba-Edelstein effect [238–241], the anomalous Nernst effect [210; 242; 243].
Therefore, it is very important to understand the interface’s role of the NM/FMI and
the impact of its properties on the resulting spintronic phenomena.
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5.2 Resistivity

5.2.1 Growth parameters

DC sputtering was used to grow platinum (Pt) on YIG. Calibration sheet films of Pt
were grown on silicon (Si) to study the thickness and work out the deposition rate.
XRR was used to determine the sheet films thickness and growth rate. The angular
positions of the Kiessig fringes (inset of figure 5.1(a)) was used to determine he thick-
ness by using equation 3.4. Figure 5.1(a) shows the x-ray reflectivity (XRR) of 30 nm
Pt. Figure 5.1(b) shows that the Bede software was used to fit the XRR curve.

(a) (b)

Figure 5.1: X-ray reflectivity Pt on Si (a)and good fit by using Bede software in (b).

The masking technique that shown in figure 3.2 was used to grow platinum wires
on the YIG films. The thickness of Pt wires was fixed to be 2 nm to study the possible
effect from the oxygen content in the YIG surface. The Bede software was used to fit
the X-ray reflectivity (XRR) curve for Pt on YIG as shown in figure 5.2.
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Figure 5.2: Good fit by using Bede software for the XRR 2 nm of Pt on 40 nm annealed
YIG (the YIG film has 6% of Oxygen).

The Bede software was used to fit the reflectivity curves for Pt on Si as shown in
figure 5.1(b), and Pt on YIG film as shown in figure 5.2. We used the software Bede to
get further information about the chemical nature of the Pt/YIG interface and also the
density and roughness. The parameters we got from the fitting for each curves is shown
in the table 5.1. To have the best fit for the x-ray curves, there is a layer between Si
and Pt which is SiO2 and a layer on top of Pt which is PtO (figure 5.1(b)). We have to
include Gd layer between the GGG substate and YIG, this is due to diffusion between
GGG/YIG during annealing. From the fits the thickness of Gd layer is 7.50 Å which
agreed with results from the fits in chapter 4. Also, we have to add a top layer on Pt
which is PtO (figure 5.2).
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MATERIAL THICKNESS(Å) DENSITY (%) Roughness(Å) Goodness of fit

Figure
5.1(b)

Si ∞ 96 1.42 0.04
SiO2 3.41 105 7.11

Pt 302 97 5
PtO 2.50 102 2.70

Figure
5.2

GGG ∞ 102 2.53 0.05
Gd 7.50 107 9.45

YIG 400 97 2.75
Pt 20 95 3.63

PtO 2.11 100 1.40

Table 5.1: Parameters used in Bede software to fit the x-ray reflectivity data for Pt on
Si shown in figure 5.1(b), and sheet films of Pt on YIG film shown in figure 5.2.

AFM was used to determine the Pt wires thicknesses and surface roughness. Many
scan were taken around the Pt edge to study the thickness carefully when the Pt was
grown by the mask. Figure 5.3 shows the AFM scan of Pt wire on YIG and the scan
cross the Pt wire. We have done many scan on each wire and took the average of the
wire thicknesses and an average surface roughness. The cross sections in figure 5.3(b) ,
5.3(c) shows how thick the Pt wire, the cross sections were done on too many different
area and we took the average as we see in table 5.2. Table 5.2 shows the average of
thicknesses and the average surface roughness of different areas of Pt wire.

Oxygen content (in YIG) Pt wire Thickness(Å) Pt Roughness(Å)
5% 19.6 4.5
5.5% 22 5
6% 20.5 4
6.6% 20.2 4

Table 5.2: the average of thicknesses taken from the AFM scan section cross the Pt
wiers, and the average roughness of different areas of Pt wire.
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(a)

(b)

(c)

Figure 5.3: AFM scan of platinum on YIG from AFM and scan section cross.
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5.2.2 Temperature dependence

There are many factors that can affect the resistivity as the surface roughness and the
impurity in the platinum structure [244–246]. To reduce this, the samples used for the
SHMR study in this chapter were done on YIG films prepared with a different oxy-
gen content in the sputtering atmosphere to change the vacancies. Fuchs-Sondheimer
model described that the surface scattering is the dominant effect. This raised the re-
sistivity at 300K above the bulk value of 10.6 µ Ω cm [247–249]. The Pt grown on
YIG shows an upturn in the resistivity at low temperatures. This upturn in metals that
have magnetic impurities is known as the Kondo effect [250; 251]. The data in figure
5.4 shows the resistivity upturn in platinum grown on YIG at low temperatures. The
effect of upturn on the resistivity is only at low temperatures. The localisation effect
is the more convincing argument for the resistivity upturn in the low temperature re-
gion [159]. In ultra thin films the localisation effect has been seen and it is due to
the reduced dimensions and electron-electron scattering in a two dimensional system
[252; 253].

Weak localisation is an effect prevalent in disordered conducting systems at low
temperatures. In these situations, a positive correction to the conductor’s resistivity
manifests, impacting magnetotransport in the system. Not only does resistivity in-
crease at low temperatures, but the magnetoresistance of a sample is also impacted
[254; 255] .
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(a) (b)

(c) (d)

Figure 5.4: Resistivity at low temperatures of 2 nm Pt on 40 nm YIG. The YIG has
different oxygen contents 5 % (a), 5.5 % in (b), 6 % in (c) and 6.5 %(d).

The resistivity of 2 nm platinum grown on YIG can be changed if the YIG has
different oxygen contents. The big of the upturn for all samples is the same (0.0075×
10−7) Ωm. At 2 K the minimum value of the resistivity is 3.001×10−7 Ωm (5.4(b) and
the maximum resistivity value is 3.458× 10−7 Ωm, the difference is only 15%.This is
not understand but it could be due to the different oxygen contents in the YIG that may
affect on the YIG/Pt inteface or it could be due to the additional layer on Pt. Figure
5.5 shows the resistivity data over the 2-290 K temperature range. This is related to
the SHMR as it is an important fitting parameter. As we see from figure 5.5(b) the
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resistivity has a small increase with the oxygen contents. Due to resistivity change we
expect a change in spin Hall angle as the resistivity contributes to the spin Hall angle
in the SHMR equation.

(a) (b)

Figure 5.5: Resistivity as a function of temperature for 2 nm Pt on 40 nm YIG showing
the comparison between the different oxygen contents in YIG films.
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5.3 SHMR properties

5.3.1 Angular rotations

The angular dependence was found by measuring resistances. Resistance measure-
ments are taken at a stable temperature and a current of 1mA . To remove any noise
because of the sample movement causing temperature shift during rotation, the mea-
surements were taken in 5◦steps with a 2 second pause between the sample moving
and the next measurement. The measurements were done in from -180◦to 180◦in both
clockwise and anticlockwise direction.

At room temperature the data and fit match everywhere in figure 5.6(b) but at 5 K
in figure 5.6(c) the data and fit does not match, the resistance goes up at 0 ◦ and it is
less at 90 ◦. In our experiments we start perpendicular then go to transverse so in that
case the additional MR is not AMR because the magnetisation always perpendicular
to the spin current. At 5 K we see two things, the SHMR and the additional MR which
mean the Pt is beginning to look like it is magnetic and the additional MR is associated
with this proximity magnetism in the Pt.
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(a)

(b)

(c)

Figure 5.6: Resistance change of 2 nm platinum wire as a function of angle at 290 K
(a) and the SHMR change as a function of angle at (290 K in (b), 5K in (c)).
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5.3.2 Temperature dependence

The SHMR theory just require the magnetisation direction of the YIG is saturated
in the required direction, it does not require any directly applied field in the wire of
platinum. It is important to measure the effect on different properties of YIG films
as the spin current injected into the YIG by the SHMR. We measured 2 nm platinum
on 40 nm YIG, the YIG has different oxygen content during sputtering. Each sample
has four wires of platinum to ensure consistency and keep our samples uniform. Also,
to make sure we grew all samples in one vacuum cycle and get more samples to do
more measurements. Figure 5.7 the different temperatures dependence of the SHMR
between 5-290 K. As we see there is a small variation between the different oxygen
content in YIG. At below 50 K the different oxygen content in YIG has no clear effect
the SHMR value. The small variations between each sample could be due to the small
difference in the YIG surface quality as we see from the previous chapter the different
oxygen content can change the YIG surface roughness. From the SHMR theory the
variation can be due to the spin mixing conductance or the spin Hall angle.

Figure 5.7(a) is shown the fits from taking the extremes by modifying equation
2.36. To produce a different fit we can change the spin mixing conductance and the
spin Hall angle as the spin Hall angle is increased the spin mixing conductance reduces.

111



5.3 SHMR properties

(a) (b)

Figure 5.7: SHMR in 2 nm platinum on 40 nm YIG (YIG has different oxygen con-
tent)(a). Values selected at several different temperatures in (b) show no difference
below 50 K for all samples.

The SHMR data fit is done by assuming a spin mixing conductance is constant of
1.5 × 1015Ω−1 m−2 [179; 256] and the spin diffusion length is modelled by equation
5.1

λ =
a

T + b
(5.1)

whereby a and b are constants. Figure 5.8 shows the spin diffusion length at dif-
ferent temperature as a function of oxygen content. This shows that the T dependence
of spin diffusion length is the same, this is expected because the shape of SHMR is
the same for all 4 samples and since we assume that temperature dependence of spin
diffusion length is due to E-Y scattering (phonons) we expect it to be the same. At high
temperatures as we see at room temperature in figure 5.9, the spin diffusion length is
small in comparison to the values (λ = 1.5 nm) in [257; 258] and similar to the values
(λ = 0.7 nm) in[186].
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Figure 5.8: Spin diffusion length at different temperature as a function of oxygen con-
tent in YIG
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Figure 5.9: Spin diffusion length at room temperature as a function of different oxygen
content in YIG.

The spin Hall angle we obtained is shown in figure 5.10(a) as function of oxygen
content. We did the fit in two different ways, the first way was we kept the spin mixing
conductance constant as we see in figure 5.10(a) , the other way was we kept the spin
Hall angle a constant and varied the spin mixing conductance in figure 5.10(b). In
figure 5.10(b) The values are typical and from the shape of this curve compared to the
spin hall angle, we cannot unravel one from the other. However, since G is nearly the
same and a typical value, we will say that it is the spin hall angle that accounts for the
difference in SHMR.
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(a)

(b)

Figure 5.10: Spin Hall angle at room temperature as a function of different oxygen
content in YIG (a). Spin mixing as a function of different oxygen content(b).
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Figure 5.11 shows the spin Hall angle and spin diffusion length as function of
SHMR at 150 K because if we look at figure 5.7(a) the interesting thing is that below
100 K every thing goes to be the same and above 100 K they separated, we want to
know what the parameter makes the separation. It could be the spin Hall angle or spin
diffusion length and we want to know one of them is more important than the other
one.
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(a)

(b)

(c)

Figure 5.11: (a) (Spin Hall angle)2 as a function of SHMR at 150 K. Spin Hall angle
as a function of SHMR at 150 K (b). Spin diffusion length at room temperature as a
function of SHMR at 150 K (c).
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5.4 Field-dependent magnetoresistance

There are three orientations we used to measure the MR. First, the perpendicular
orientation, where the applied field is perpendicular to the plane of the sample, in this
orientation the field is out of the plane of the sample 5.12. Second, the transverse
orientation, where the field is perpendicular to the charge current but oriented in the
plane of the sample 5.14. Third, the longitudinal orientation, where the applied field is
parallel to charge current 5.16.

The MR in figure 5.12 is composed of two parts, one from the YIG which saturates
at a few hundred mT and the high field part which is negative at low temperatures and
changing sign as temperature is increased.

For the high field data, 2nm of Pt on YIG is positive at all temperatures but if doped
with small amounts of Fe at the interface with YIG, it is negative at low temperatures
changing to positive at about 50K [159], it looks very similar to these results.

Now we look at low field as we see from figures (b,d,f,and h) which shows us there
is some evdence. Our data shows out of plane anisotropy (very difficult to measure this
by magnetometry) very strong in 5% data but present in all samples at low temperatures
becomes strongly asymmetric at low temperatures.
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5.4 Field-dependent magnetoresistance

In figure 5.12, when B> 1 T thin Pt on its own has a positive MR at all temperatures
[159] and in the presence of either YIG or magnetic impurities [159] has the behaviour
seen here: negative MR at low temperatures changing to positive above 100 K.

B < 1 T the MR now reveals that a perpendicular anisotropy is present in the YIG
that is temperature dependent. This effect is rarely seen in M(H,T) data due to the
difficulty of seeing a small signal above the background of the paramagnetic GGG.
Both of these are indications of magnetic proximity in the Pt.

Though there is a contribution from the SHMR, the AMR and the coercive be-
haviour of the MR indicate that the Pt is magnetic.
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5.4 Field-dependent magnetoresistance

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5.12: The perpendicular magnetoresistance for 2 nm Pt on 40 nm YIG plotted
as a function of applied magnetic field at different temperature.
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5.4 Field-dependent magnetoresistance

The coercive field (Hc) for all orientations were measuring by measuring the dif-
ference field between the two peaks at low fields and it is shown in figure 5.13(a) for
the perpendicular orientation , figure 5.15(a) for the transverse orientation, and for the
longitudinal orientation in figure 5.17(a). The saturation field (Hs) was measured for
all orientations from the saturation at low fields. Figure 5.13(b) is shown the saturation
field for the perpendicular orientation, the saturation field for the longitudinal orienta-
tion is shown in figure 5.17(b), and figure 5.15(b) for the for the transverse orientation.

More clearly shown in Fig 5.13, there is a distinct difference between the 5% and
5.5% samples compared to the others which correlates with the downturn in M(T) from
chapter 4.

(a) (b)

Figure 5.13: The coercive field (Hc) as a function of temperature for 2 nm Pt deposited
on 40 nm YIG with different oxygen content (a) and the saturation field (Hs) as a
function of temperature, where the applied field is perpendicular to the charge current
and the field is oriented out the plane of the sample.
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5.4 Field-dependent magnetoresistance

Figure 5.14 and figure 5.15 show what we would expect to see. The longitudinal
and transverse data show that the strange behaviour in figure 5.12 (b,d,f,and h) is due
to the perpendicular anisotropy in YIG and is not seen in thick YIG.

Figure 5.16 shows The longitudinal magnetoresistance for 2 nm Pt on 40 nm YIG
plotted as a function of applied magnetic field at different temperature. Figure 5.17
shows the coercive field (Hc) as a function of temperature for 2 nm Pt deposited on
40 nm YIG (a) and the saturation field (Hs) as a function of temperature, where the
applied field is parallel to charge current and the field is oriented in the plane of the
sample. The Oxygen content in YIG film was 6.5%.
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5.4 Field-dependent magnetoresistance

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5.14: The transverse magnetoresistance for 2 nm Pt on 40 nm YIG plotted as a
function of applied magnetic field at different temperature.
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5.4 Field-dependent magnetoresistance

(a) (b)

Figure 5.15: The coercive field (Hc) as a function of temperature for 2 nm Pt deposited
on 40 nm YIG with different oxygen content (a) and the saturation field (Hs) as a
function of temperature, where the field is oriented in the plane of the sample.
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5.4 Field-dependent magnetoresistance

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5.16: The longitudinal magnetoresistance for 2 nm Pt on 40 nm YIG plotted as
a function of applied magnetic field at different temperature. (the Oxygen content in
YIG film was 6.5%).
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5.4 Field-dependent magnetoresistance

(a) (b)

Figure 5.17: The coercive field (Hc) as a function of temperature for 2 nm Pt deposited
on 40 nm YIG (a) and the saturation field (Hs) as a function of temperature, where the
applied field is parallel to charge current and the field is oriented in the plane of the
sample.

Figure 5.18 enables us to measure the AMR. The AMR is caused by the spin-orbit
interaction in ferromagnets and is usually positive when J (current density) is parallel
to M (or H) and negative when J is perpendicular to M – this agrees with the data here.
From the peak positions you can see there is no real anisotropy difference between the
longitudinal and transverse directions.

Figure 5.19 shows the temperature dep of the AMR. It is unusual and more compli-
cated than the AMR measured when the YIG is thick (170nm) which is monotonically
increasing as T is lowered and disappears as a function of Pt thickness being much less
than 1× 10−4 for t ∼ 50 nm [130].
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5.4 Field-dependent magnetoresistance

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5.18: The longitudinal and transverse magnetoresistance for 2 nm Pt on 40 nm
YIG plotted togather as a function of applied magnetic field at different temperature.
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5.4 Field-dependent magnetoresistance

Figure 5.19 shows the MR from figure 5.18. The MR is the difference between
the black peaks (transverse) and the red peaks (longitudinal) at low field. At low tem-
peratures in figure 5.19 we see additional MR which could be due to the magnetic
proximity effect in Pt at low temperatures.

Figure 5.19: The MR from figure 5.18. The AMR is the difference between the black
peaks (transverse) and the red peaks (longitudinal) at low field.
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5.4 Field-dependent magnetoresistance

(a) (b)

Figure 5.20: The coercive field (Hc) as a function of temperature for 2 nm Pt deposited
on 40 nm YIG (a) and the saturation field (Hs) as a function of temperature, for longi-
tudinal and transverse orientations.

This data in figuer 5.21 shows that the high field region, beyond the saturation of
YIG, is the same in all orientations. That is surprising because if this were due to WL
we would expect the perpendicuar orientation to be much larger than the other two.
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5.4 Field-dependent magnetoresistance

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5.21: The longitudinal and perpendicular magnetoresistance for 2 nm Pt on 40
nm YIG plotted togather as a function of applied magnetic field at different tempera-
ture. 130



5.5 Conclusion

5.5 Conclusion

In this chapter, Pt was study by using the XRR, Bede fit was used to fit the XRR data
to see the structural of our films. Also, AFM used to work out the thicknesses of Pt
wires. Our results for Pt on YIG films confirmed that the thickness of Pt about 19-22
Å and the roughness about 4-5 Å.

The resistivity of Pt on YIG can be changed if the YIG has different oxygen con-
tents. This is not fully understand but it could be due to the different oxygen contents
in the YIG that may affect on the YIG/Pt inteface. We had a good fit for SHMR data.
We did the fit in two different ways, the first way was we kept the spin mixing conduc-
tance constant, the other way was we kept the spin Hall angle a constant and varied the
spin mixing conductance.

From the study on SHMR we have found very high values of the spin Hall angle,
about 7% compared to the average value for Pt on YIG of 4%.

We have measured the MR in three different orientations. First, the perpendicular
orientation, where the applied field is perpendicular to the plane of the sample, in this
orientation the field is out of the plane of the sample. Second, the transverse orienta-
tion, where the field is perpendicular to the charge current but oriented in the plane of
the sample. Third, the longitudinal orientation, where the applied field is parallel to
charge current. We found the MR in all three orientations. At low temperatures, we
found additional MR which could be due to the magnetic proximity effect in Pt at low
temperatures. Also, we found that the different Oxygen contents in YIG films can be
effect on interface between the YIG and Pt. There is a distinct difference between the
5% and 5.5% samples compared to the others which correlates with the downturn in
M(T) from chapter 4.
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CHAPTER 6

Conclusions and future work
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6.1 Conclusions

The deposition of thin YIG films utilised GGG and YAG substrates at various oxygen
contents to determine their appropriateness with regards to lattice strain at the YIG
phase interface. Deposition onto YAG substrates was found to result in the YIG phase
experiencing heightened lattice strain. The strain results from the two phases having
mismatched lattices. Meanwhile, deposition onto GGG substrates resulted in thin YIG
films with significantly reduced lattice strain. The various oxygen contents during
sputtering was found to have a significant bearing on the composition of YIG when
using films of GGG. For instance, we have a good quality YIG films on GGG when
the oxygen contents was∼ 6% , structural and magnetic properties are similar to those
of bulk YIG.

The current study has demonstrated how on-axis RF magnetron sputtering can be
used to grow nm-thick YIG films of excellent quality in a way that is replicable and
achieves the features demanded of YIG. Magnetic, structural and SHMR measure-
ments confirm that the resulting product is comparable to those produced using on-
and off-axis sputtering and PLD. YIG films of nm thickness are suitable for use in
a wide range of applications such as spin transfer torque, SHMR, spin pumping and
magnonics.

Extensive analysis of the YIG films’ morphology and crystallinity confirm that
there is a 111 crystalline orientation and a 1-3 Å RMS surface roughness. Furthermore,
YIG’s lattice constant is similar to the bulk value (12.376 Å). Incorporating into the
interface a Gd-mixed YIG layer achieves a x-ray reflectivity curve of annealed YIG
that offers a good fit (GOF = 0.05). XRR data fitting confirms that the GGG and YIG
densities have less than 1% divergence from the bulk values. It is during annealing at
850 ◦C that the interdiffusion layer forms.

Magnetometry was employed to provide a detailed assessment of the magnetic
properties afforded by YIG with a 111-oriented GGG and YAG substrates. The GGG
in conjunction with a heightened saturation field at room temperature results in Gd3+

ions that are responsible for achieving paramagnetism. This paramagnetism makes it
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6.1 Conclusions

difficult to measure YIG’s magnetic moment when the temperature is relatively low.
At a temperature of 295 K, the saturation magnetisation of YIG films is 140 emu/cc,
whilst the coercivity is just 0.30 ± 0.05 Oe. Having ascertained the saturation magnetic
moment’s thickness dependence, it is possible to verify that the interface’s dead layer.
The dead layer can thickness can be changed with changing the Oxygen contents as
we see from VSM results and Bede fit as well. The problem with the original growth
of YIG in our lab where a large downturn in M(T) was found has been overcome
by adjusting the concentration of oxygen during growth. At 6% and 6.5% oxygen the
magnetisation agrees with the bulk value and there is no downturn at low temperatures.

The process for growing YIG is the primary achievement resulting from the current
study. The method has been devised in a way that ensures that consistent samples
can be produced repeatedly, all of which serve as high quality material. From the
analysis it is possible to confirm that the YIG produced can be applied to gauge the
identical SHMR effect as that resulting from LPE. The same method has been applied
in the empirical literature with regards to spin investigations. As such, the insight
gained from the existing body of knowledge has contributed to advances in the growing
of YIG, feeding through to research into spin currents relating to SHMR as well as
alternative effects. YIG serves as a ferrimagnetic insulator and is therefore able to be
applied in research into matters other than SHMR. From the study on SHMR we have
found very high values of the spin Hall angle, about 7% compared to the average value
for Pt on YIG of 4%. By standardising the method, it will be possible to replicate
it in conventional condensed matter laboratories, thereby enabling greater scale to be
achieved whilst simultaneously driving down the cost of conducting such research.

It is now known that the method employed when preparing the YIG interface has a
significant bearing on magneto-transport in the bilayers of YIG and platinum. Resis-
tivity as a function of temperature is at its lowest when the temperature is also low and
this indicates a further contribution to weak localisation.
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6.2 Future work

The findings of the current study effectively provide the groundwork for future re-
search into growth optimisation and technically advanced approaches concerning bi-
layer YIG-based structures and YIG films that are RF sputtered.

Further research could conceivably help to refine the YIG process. Various exper-
iments could be conducted to help better understand the stoichiometry such as STEM
mapping in high resolution and XPS. There is certainly a need to enhance our under-
standing of the magnetisation qualities and there are gaps in our knowledge of thin film
downturn. It is thought that the YIG elements and substrate diffuse over the interface
but this has not yet been confirmed and nor is it known to what extent this occurs.
Similarly, research is required to clarify the specific elements that combine and the
depth to which they penetrate neighbouring materials. It is possible that utilising high-
resolution STEM mapping could help to observe greater detail regarding the chemical
composition over the interface. Measures of the bulk sample are ill-suited to exam-
ining a YIG film’s bottom layer and, therefore, further research is necessary to apply
a sensitive magnetometry approach to better understand the magnetic qualities of the
bottom layer. PNR can be used to explore the magnetic ‘dead’ layer and it is believed
that this dead layer is the result of a GdIG layer. There is also a need to further examine
the NM and YIG interface. Chemical analysis can be conducted by TEM.

It is possible that changing the annealing temperature, applying a diffusion barrier
to separate YIG and GGG, or utilising annealed GGG could result in films being pro-
duced that are of a superior quality. Future research should also investigate the use
of off-axis sputtering with substrates of YAG and GGG when depositing YIG films.
Magnetometry has been used extensively to help establish YIG’s magnetic qualities.
Further research is required whereby MFM is employed to micro-analyse the magnetic
structure and provide detailed insight into the sample’s inhomogeneous distribution of
magnetisation because it is possible that this is associated with the results for SHMR.
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6.2 Future work

We need to try off-axis sputtering to produce thin films of better quality. Differ-
ent substrate to try and induce perpendicular anisotropy as that is probably useful for
devices.

Thin YIG films play vital roles in magnonics and spintronics where minimal damp-
ing is required. Calculating the damping of the films will help to establish whether or
not the damping is similar to that of bulk YIG. FMR could be employed to gauge the
degree of damping in conjunction with an antenna of spectra under microwave.
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[11] P. Pirro, T. Brächer, A. Chumak, B. Lägel, C. Dubs, O. Surzhenko, P. Görnert,
B. Leven, and B. Hillebrands, “Spin-wave excitation and propagation in mi-
crostructured waveguides of yttrium iron garnet/pt bilayers,” Applied Physics

Letters, vol. 104, no. 1, p. 012402, 2014.

[12] C. Hahn, V. Naletov, G. De Loubens, O. Klein, O. d’Allivy Kelly, A. Anane,
R. Bernard, E. Jacquet, P. Bortolotti, V. Cros, et al., “Measurement of the intrin-
sic damping constant in individual nanodisks of y3fe5o12 and y3fe5o12— pt,”
Applied Physics Letters, vol. 104, no. 15, p. 152410, 2014.

[13] N. F. Mott, “The electrical conductivity of transition metals,” Proceedings of

the Royal Society of London. Series A-Mathematical and Physical Sciences,
vol. 153, no. 880, pp. 699–717, 1936.

[14] N. F. Mott, “The resistance and thermoelectric properties of the transition met-
als,” Proceedings of the Royal Society of London. Series A-Mathematical and

Physical Sciences, vol. 156, no. 888, pp. 368–382, 1936.

[15] M. N. Baibich, J. M. Broto, A. Fert, F. N. Van Dau, F. Petroff, P. Etienne,
G. Creuzet, A. Friederich, and J. Chazelas, “Giant magnetoresistance of (001)
fe/(001) cr magnetic superlattices,” Physical review letters, vol. 61, no. 21,
p. 2472, 1988.

[16] G. Binasch, P. Grünberg, F. Saurenbach, and W. Zinn, “Enhanced magnetore-
sistance in layered magnetic structures with antiferromagnetic interlayer ex-
change,” Physical review B, vol. 39, no. 7, p. 4828, 1989.

[17] e. U. Hartmann, Magnetic multilayers and giant magnetoresistance, vol. 37.
Springer-Verlag Berlin Heidelberg, 2000.

138



REFERENCES

[18] H. S. E. Hirota and e. K. Inomata, Giant magneto-resistance devices, vol. 40.
Springer-Verlag Berlin Heidelberg, 2002.

[19] J. Daughton, J. Brown, E. Chen, R. Beech, A. Pohm, and W. Kude, “Magnetic
field sensors using gmr multilayer,” IEEE Transactions on magnetics, vol. 30,
no. 6, pp. 4608–4610, 1994.

[20] G. A. Prinz, “Magnetoelectronics,” Science, vol. 282, no. 5394, pp. 1660–1663,
1998.

[21] M. Julliere, “Tunneling between ferromagnetic films,” Physics letters A, vol. 54,
no. 3, pp. 225–226, 1975.

[22] T. Miyazaki and N. Tezuka, “Giant magnetic tunneling effect in fe/al2o3/fe
junction,” Journal of magnetism and magnetic materials, vol. 139, no. 3, pp. 94–
97, 1995.

[23] J. C. Slonczewski et al., “Current-driven excitation of magnetic multilayers,”
Journal of Magnetism and Magnetic Materials, vol. 159, no. 1, p. L1, 1996.

[24] L. Berger, “Emission of spin waves by a magnetic multilayer traversed by a
current,” Physical Review B, vol. 54, no. 13, p. 9353, 1996.

[25] J. Slaughter, R. Dave, M. DeHerrera, M. Durlam, B. Engel, J. Janesky, N. Rizzo,
and S. Tehrani, “Fundamentals of mram technology,” Journal of superconduc-

tivity, vol. 15, no. 1, pp. 19–25, 2002.

[26] T. M. Maffitt, J. K. DeBrosse, J. Gabric, E. T. Gow, M. C. Lamorey, J. S. Par-
enteau, D. R. Willmott, M. A. Wood, and W. J. Gallagher, “Design consider-
ations for mram,” IBM Journal of Research and Development, vol. 50, no. 1,
pp. 25–39, 2006.

[27] J. Katine, F. Albert, R. Buhrman, E. Myers, and D. Ralph, “Current-driven mag-
netization reversal and spin-wave excitations in co/cu/co pillars,” Physical re-

view letters, vol. 84, no. 14, p. 3149, 2000.

[28] S. S. Parkin, M. Hayashi, and L. Thomas, “Magnetic domain-wall racetrack
memory,” Science, vol. 320, no. 5873, pp. 190–194, 2008.

139



REFERENCES

[29] S. Datta and B. Das, “Electronic analog of the electro-optic modulator,” Applied

Physics Letters, vol. 56, no. 7, pp. 665–667, 1990.

[30] H. C. Koo, J. H. Kwon, J. Eom, J. Chang, S. H. Han, and M. Johnson, “Control
of spin precession in a spin-injected field effect transistor,” Science, vol. 325,
no. 5947, pp. 1515–1518, 2009.

[31] C. Betthausen, T. Dollinger, H. Saarikoski, V. Kolkovsky, G. Karczewski,
T. Wojtowicz, K. Richter, and D. Weiss, “Spin-transistor action via tunable
landau-zener transitions,” Science, vol. 337, no. 6092, pp. 324–327, 2012.

[32] M. Kostylev, A. Serga, T. Schneider, B. Leven, and B. Hillebrands, “Spin-wave
logical gates,” Applied Physics Letters, vol. 87, no. 15, pp. 1–3, 2005.

[33] A. Serga, A. Chumak, and B. Hillebrands, “Yig magnonics,” Journal of Physics

D: Applied Physics, vol. 43, no. 26, p. 264002, 2010.

[34] V. Kruglyak, S. Demokritov, and D. Grundler, “Magnonics,” Journal of Physics

D: Applied Physics, vol. 43, no. 26, p. 264001, 2010.

[35] T. Schneider, A. A. Serga, B. Leven, B. Hillebrands, R. L. Stamps, and
M. P. Kostylev, “Realization of spin-wave logic gates,” Applied Physics Letters,
vol. 92, no. 2, p. 022505, 2008.

[36] A. Khitun, M. Bao, and K. L. Wang, “Magnonic logic circuits,” Journal of

Physics D: Applied Physics, vol. 43, no. 26, p. 264005, 2010.
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[191] E. Villamor, M. Isasa, S. Vélez, A. Bedoya-Pinto, P. Vavassori, L. E. Hueso,
F. S. Bergeret, and F. Casanova, “Modulation of pure spin currents with a ferro-
magnetic insulator,” Physical Review B, vol. 91, no. 2, p. 020403, 2015.

[192] F. Dejene, N. Vlietstra, D. Luc, X. Waintal, J. B. Youssef, and B. Van Wees,
“Control of spin current by a magnetic yig substrate in nife/al nonlocal spin
valves,” Physical Review B, vol. 91, no. 10, p. 100404, 2015.

[193] L. Cornelissen, J. Liu, R. Duine, J. B. Youssef, and B. Van Wees, “Long-distance
transport of magnon spin information in a magnetic insulator at room tempera-
ture,” Nature Physics, vol. 11, no. 12, pp. 1022–1026, 2015.

[194] S. S.-L. Zhang and S. Zhang, “Magnon mediated electric current drag across
a ferromagnetic insulator layer,” Physical review letters, vol. 109, no. 9,
p. 096603, 2012.

[195] S. S.-L. Zhang and S. Zhang, “Spin convertance at magnetic interfaces,” Physi-

cal Review B, vol. 86, no. 21, p. 214424, 2012.

[196] S. A. Bender, R. A. Duine, and Y. Tserkovnyak, “Electronic pumping of
quasiequilibrium bose-einstein-condensed magnons,” Physical review letters,
vol. 108, no. 24, p. 246601, 2012.

156



REFERENCES

[197] S. T. Goennenwein, R. Schlitz, M. Pernpeintner, K. Ganzhorn, M. Altham-
mer, R. Gross, and H. Huebl, “Non-local magnetoresistance in yig/pt nanos-
tructures,” Applied Physics Letters, vol. 107, no. 17, p. 172405, 2015.

[198] L. Cornelissen and B. Van Wees, “Magnetic field dependence of the magnon
spin diffusion length in the magnetic insulator yttrium iron garnet,” Physical

Review B, vol. 93, no. 2, p. 020403, 2016.

[199] A. Hoffmann, “Spin hall effects in metals,” IEEE transactions on magnetics,
vol. 49, no. 10, pp. 5172–5193, 2013.

[200] H. Xiang, E. Kan, M.-H. Whangbo, C. Lee, S.-H. Wei, and X. Gong, “Single-ion
anisotropy, dzyaloshinskii-moriya interaction, and negative magnetoresistance
of the spin-1 2 pyrochlore r 2 v 2 o 7,” Physical Review B, vol. 83, no. 17,
p. 174402, 2011.

[201] A. Fert and O. Jaoul, “Left-right asymmetry in the scattering of electrons by
magnetic impurities, and a hall effect,” Physical Review Letters, vol. 28, no. 5,
p. 303, 1972.

[202] Y. Lu, J. Cai, H. Pan, and L. Sun, “Ultrasensitive anomalous hall effect in
sio2/fe-pt/sio2 sandwich structure films,” Applied Physics Letters, vol. 100,
no. 2, p. 022404, 2012.

[203] F. Wilhelm, P. Poulopoulos, G. Ceballos, H. Wende, K. Baberschke, P. Srivas-
tava, D. Benea, H. Ebert, M. Angelakeris, N. Flevaris, et al., “Layer-resolved
magnetic moments in ni/pt multilayers,” Physical review letters, vol. 85, no. 2,
p. 413, 2000.

[204] J. Loram, R. White, and A. Grassie, “Spin-fluctuation effects in the resistivity
of dilute pt fe alloys,” Physical Review B, vol. 5, no. 9, p. 3659, 1972.

[205] S. Shimizu, K. S. Takahashi, T. Hatano, M. Kawasaki, Y. Tokura, and Y. Iwasa,
“Electrically tunable anomalous hall effect in pt thin films,” Physical review

letters, vol. 111, no. 21, p. 216803, 2013.

157



REFERENCES

[206] V. Volkov, V. Levashov, V. Matveev, and V. Berezin, “Peculiarities of the ex-
traordinary hall effect of planar arrays fe nanoparticles embedded in an ultrathin
pt film,” Applied Physics Letters, vol. 91, no. 26, p. 262511, 2007.

[207] G. Swallow, G. Williams, A. Grassie, and J. Loram, “Magnetoresistance of a
dilute ptfe alloy,” Journal of Physics F: Metal Physics, vol. 1, no. 4, p. 511,
1971.
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