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Abstract

Extrinsic spin-orbit scattering is a mechanism which can give rise to, and
enhance, both the anomalous and spin Hall effects. In this thesis, it is
shown that spin-dependent scattering from extrinsic impurities, localised
as a discontinuous δ-layer, significantly modifies the ordinary Hall coeffi-
cient of thin films of Cu. The position of the impurity δ-layer profoundly
impacts the magnitude of the Hall coefficient, giving rise to maximum val-
ues for positions between the edges and centre of the film consistently for
Ir and Ta impurities. For an impurity δ-layer of Fe situated between ul-
trathin Pt and the substrate, a paramagnetic spin Hall magnetoresistance
(PSHMR) is discovered which strongly depends upon the concentration
of the impurity, the temperature and the magnitude of the applied mag-
netic field. This has implications for measurements of the spin Hall mag-
netoresistance (SHMR) in bilayers of the ferrimagnetic insulator yttrium
iron garnet (Y3Fe5O12, YIG) and Pt, where the magnetic proximity ef-
fect (MPE) may play a role. To investigate this, YIG/Pt bilayers with
various interfaces are prepared and magnetotransport phenomena studied.
Through measurements of the resistivity as a function of temperature, the
conventional magnetoresistance, the angle-dependent magnetoresistance
and the Hall effect, it is shown that a strong dependence upon the interface
exists. Etching the YIG surface with piranha solution is found to enhance
the spin mixing conductance, giving rise to the spin Hall-anomalous Hall
effect and a significant increase in the SHMR in comparison to a film
without this treatment. An enhanced MPE is also found after the etching
process, giving rise to a PSHMR and a Hall effect reflecting a larger con-
centration of magnetic impurities. Interface preparation methods hence
need to be improved to observe a pure SHMR from an enhanced spin mix-
ing conductance.
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CHAPTER 1

Introduction
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Spintronics is a field which makes use of the quantum mechanical property of spin
in order to harness the full potential of electrons and pave the way for devices which
exceed the capabilities of microelectronics alone [1; 2]. It is an area of research which
has expanded greatly over the last few decades, deepening our knowledge of the funda-
mental mechanisms of physical phenomena known long before its germination, whilst
promising a future of higher functionality devices with lower power consumption than
currently provided by conventional microelectronics [1–3]. Whilst there are many av-
enues through which to explore the potential of spintronics, spin currents in metallic
devices [4; 5] and spin waves in metal/insulator systems [6] are two promising can-
didates. A spin current involves the movement of electrons in a bidirectional manner
such that there is no net charge flow, yet a net flow of spin occurs. This is simply pro-
duced within some metals by the application of a charge current through the spin Hall
effect [7; 8]. In order to exploit this effect for spintronic applications, particular device
designs must be used [5]. The inverse of this effect causes the conversion from a spin
current to a charge current, allowing detection of a spin current through conventional
electronic methods [9]. This method can also be used to detect spin waves, also known
as magnons, which can travel through magnetic insulators with very low dissipation
[6].

Over the last few years, there has been a great deal of interest placed in improving
the efficiency of spin Hall effect devices, with promise shown for the inclusion of dilute
amounts of impurities to produce a large extrinsic spin Hall effect [10–15]. Localised
discontinuous layers of impurities, known as δ-layers, have been predicted to produce
an even greater enhancement to the extrinsic spin Hall effect [16]. The potential for
using such alloy systems in spintronic devices involving a magnetic insulator raises
questions regarding interfacial phenomena. A great deal of research has taken place
in the realm of insulating magnet/normal metal bilayer structures, with the discovery
of the spin Hall magnetoresistance, where the magnetisation direction of the magnetic
layer changes the resistance of the metal layer through the spin Hall effect, leading to
further potential device applications [17]. The quality of the interface between the two
materials has proven of paramount importance in producing a large effect [18; 19],
though conflicting data have emerged regarding the possibility of a magnetic prox-
imity effect at the interface [20–23]. In the body of work presented in this thesis,
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extrinsic spin-orbit scattering phenomena are probed via magnetotransport measure-
ments of thin films doped with extrinsic impurities and of insulating magnet/normal
metal bilayers with various interface preparation methods.

In chapter 2, the fundamental theory from the extrinsic spin-orbit interaction, the
spin Hall effect and the spin Hall magnetoresistance are discussed. This is in addition
to a discussion of other phenomena necessary for a thorough physical understanding of
the devices in use, including quantum interference effects and the magnetic proximity
effect. An overview is given of the current research landscape in magnetic insula-
tor/normal metal bilayers with a focus on the emergence of interface-related phenom-
ena in the observed magnetotransport.

The experimental techniques required for the fabrication and characterisation of
thin films with localised impurity δ-layers and insulating magnet/normal metal bilay-
ers are outlined in chapter 3. The magnetotransport phenomena of these films are
measured over a wide temperature range in gas flow liquid He cryostats, whose princi-
ples of operation are outlined in chapter 3 along with a definition of the measurement
geometry.

The resistivity and ordinary Hall effect of non-magnetic thin films with an impurity
δ-layer are investigated in chapter 4. The dependence on the position of δ-layers of ma-
terials with high spin-orbit coupling Ta, W, Bi and Ir are investigated within a Cu host
layer to determine their contribution to the ordinary Hall effect. Magnetic impurities
in the form of Fe δ-layers are introduced and investigated for the position-dependent
effect on the ordinary and anomalous Hall coefficients.

The magnetotransport of both thin and ultrathin films of Pt are investigated at the
start of chapter 5 before a discontinuous δ-layer of Fe impurities are introduced for
ultrathin Pt at the interface with an Al2O3 substrate. A thorough investigation of the
magnetoresistance in fixed orientations and with a rotating field is applied for films
with two different Fe concentrations as a function of temperature. The anomalous Hall
effect observed in these films is then explored, with the temperature dependence of
its coefficients presented. The presence of weak (anti-)localisation and the enhanced
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electron-electron interaction is explored in these films.

The magnetotransport work on interfacial magnetic impurities in ultrathin Pt pre-
sented in chapter 5 forms a basis for comparison of results in magnetic insulator/metal
bilayers which are presented in chapter 6. The same measurement types are explored
for samples of yttrium iron garnet (Y3Fe5O12, YIG) with ultrathin Pt deposited on
top. The YIG/Pt bilayers are prepared four different ways: with amorphous YIG, or-
dered YIG, etched YIG and with a δ-layer of Fe between the YIG and Pt layers. The
relative contributions to the magnetotransport from the spin mixing conductance and
also from the magnetic proximity effect or an interfacial intermixing of material is
discussed. The spin Hall-anomalous Hall effect, observed exclusively in insulating
magnet/normal metal bilayers, is presented as a function of temperature for the first
time.

In chapter 7, the data from the preceeding three chapters are summarised and con-
solidated into a cohesive conclusion. Suggestions of future work are given in order
for the fundamental phenomena at play in the systems studied within this thesis to be
further characterised and better understood. A roadmap for future applications of the
information presented in this thesis is also presented.
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CHAPTER 2

Background
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2.1 Introduction

2.1 Introduction

The work presented in this thesis builds upon many of the fundamental concepts in
condensed matter physics. Its title reflects the exceptional importance of the extrinsic
spin-orbit scattering in the phenomena here reported. Indeed, this scattering process is
fundamental to many areas of spintronics and has been shown to play a leading role
in the enhancement of spin Hall device efficiency [10–12; 14–16; 24–27]. Electrical
transport measurements are performed on thin metallic films which exhibit phenom-
ena such as weak anti-localisation due to spin-orbit effects and spin Hall magnetoresis-
tance. In this chapter, the background physics will be discussed along with an overview
of the current state of extrinsic spin-orbit scattering and its related phenomena within
condensed matter physics.

2.2 Thin film transport

Metallic thin films are used throughout this project with varying thicknesses, ranging
from ultrathin films, where the mean free path is larger than the thickness of the metal,
leading to a two-dimensional sample, to those thick enough to possess some bulk-like
transport properties. Here, the essential concepts which govern the effects of geometry
and impurities on thin film resistivity are explored. The free electron theory of metals
was used to discuss the conductivity of thin films by Fuchs in 1938 [28]. Later, this was
combined with the ideas of Sondheimer on the mean free path of electrons in real met-
als [29] to form the Fuchs-Sondheimer theory for thin film resistivity, which is widely
employed and applicable to most thin film systems [30]. Simply from classical physics,
the resistivity of a thin film is expected to be higher than for a bulk sample. If the film
thickness becomes comparable to the mean free path of the conduction electrons, then
scattering from the film surfaces will dominate the resistivity [31]. Matthiesen’s rule
states that the if each scattering process is independent, its contribution to the resis-
tivity can be calculated and combined using the relaxation time [32; 33]. This can be
given by

1

τ
=
∑

n

1

τn
(2.1)
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2.2 Thin film transport

where 1/τ is the total scattering rate and τ the total relaxation time, while the sum
over all τn represents any and all independent scattering types present in the system.
This includes, but is not limited to, τph for electron-phonon scattering and τo for scat-
tering from inherent defects within the film. Deviations from Matthiessen’s rule often
indicate new physics. Fuchs found that the conductivity of thin films can be described
by

σt =
σ0κ

Φ(κ)
(2.2)

where σt is the conductivity of a film of thickness t, σ0 is the bulk conductivity found
from the Drude formula, κ = t/λ where λ is the mean free path of the conduction
electrons and the function Φ(κ) is given by

1

Φ(κ)
=

1

κ
−3

4

(
1− 1

12
κ2
)
Ei(−κ)− 3

8κ2
(
1− e−κ

)
−
(

5

8κ
+

1

16
+

κ

16

)
e−κ (2.3)

involving the integral

− Ei(−κ) =
∫ ∞

κ

e−t

t
dt (2.4)

and the Drude formula for the bulk conductivity is

σ0 =
ne2τ

me

(2.5)

where n is the number density of electrons, e the charge of an electron, τ the relaxation
time of the conduction electrons and me the electronic mass. Sondheimer created an
approximate equation which simplifies the Fuchs-Sondheimer theory to allow for a
simple determination of the effects of film thickness on the resistivity [28–30], namely

ρ(t) ≈ ρ0 +
3

8
ρ0λ0

1

t
(1− p) (2.6)

where ρ(t) is the resistivity of a thin metal film of thickness t, ρ0 is the resistivity of
a bulk sample of the same composition, λ0 is the mean free path of the conduction
electrons in the bulk and p is the parameter governing surface scattering. The film sur-
faces are assumed to be smooth and parallel [28–30]. This simplification is valid when
t ≫ λ but has been found to be valid for much thinner films also [30; 34; 35]. Grain
boundary scattering is also a source of resistivity in thin films [36], but is not studied
in this thesis due to a lack of transmission electron microscopy (TEM) data and hence
an inability to accurately determine grain size.
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2.2 Thin film transport

2.2.1 Magnetoresistance in thin films

The application of a magnetic field is known to affect the resistance of a thin film and
is measured using

∆ρ

ρ0
=
ρ(H)− ρ(H = 0)

ρ(H = 0)
(2.7)

where ρ(H) is the sample resistivity at an applied field H while ρ0 = ρ(H = 0) is the
resistivity in zero field. In most cases, a magnetic field acts to increase the resistance,
but in some cases can reduce it [37]. In the free electron model, the magnetoresistance
is predicted to be zero but in the case of transition metals and the application of a two-
band model for s-d scattering, the observed magnetoresistance can be explained [37].
There are three orientations for the measurement of thin film magnetoresistance (MR):
longitudinal, where the field is applied parallel to the applied current; transverse, where
the field is applied perpendicular to the applied current but in the plane of the sample
and perpendicular, where the field is applied out of the plane of the sample. These are
illustrated as being along the x, y and z axes respectively in fig. 3.6. For normal MR
Köhler’s rule is valid, namely

∆ρ

ρ0
= F

(
H

ρ0

)
(2.8)

where ρ0 is the zero-field resistivity, ∆ρ = ρ(H)− ρ0, H is the applied field and F is
a function for a particular type of material. For perpendicular MR in a non-magnetic
normal metal, this becomes

∆ρ

ρ0
= (ωcτ)

2 =

(
eB

me

τ

)2

=

(
ne2τ

me

1

ne
B

)2

=

(
RH

ρ0

)2

B2 (2.9)

where ωc = eB/me the cyclotron frequency, τ the relaxation time, e the electronic
charge with value −1.6 × 10−19 C, B = µ0H is the magnetic flux density from the
applied field H , me the electronic mass and RH = 1/ne is the free electron ordinary
Hall coefficient [37; 38]. This magnetoresistance is positive and proportional to B2.
For a normal metal, one can estimate the magnitude of this magnetoresistance by con-
sidering a typical RH ≈ −10−10Ωm T−1 with ρ0 ≈ 10−8Ωm giving ∆ρ/ρ0 ≈ 10−4B2.

The theory of Fuchs discussed in section 2.2 was used to describe how the thickness
of a thin film affects its resistivity, but this also has implications for the MR, leading to
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2.3 Extrinsic spin-orbit scattering

the phenomenon known as thin film MR [28; 39]. This is applicable to the longitudinal
MR in a thin film given by

σ

σ0
= 1− 3

16κ

[
2− β2

4κ2 + β2

(
1 + e−2πκ/β

)]
(2.10)

where σ is the conductivity, σ0 the bulk conductivity and κ = t/λ as for equation 2.2.
Here β = t/r0 where t is the sample thickness and r0 = mev/eB is the radius of
curvature where me is the electron mass, v the electron drift velocity, and B the flux
density from the applied magnetic field [39]. This relation holds true for β ≥ 2 [39]. In
the limit κ/β ≫ 1 equation 2.10 reduces to equation 2.6 for a thin film in the absence
of a magnetic field [28–30; 39]. Electrons with drift velocity v which form the angle
δ with the applied field B traverse a helical path around the axis of the applied field
with radius r = r0 sin δ where δ is the angle between the electron velocity and the field
direction. As B is increased, the surface scattering is reduced which means this effect
produces a negative MR [39].

Anisotropic magnetoresistance (AMR) is a phenomenon observed in ferromag-
netic metals, where the longitudinal and perpendicular MRs have different magnitudes,
causing an angle-dependent change in resistance at a constant applied field [40]. The
effect is caused by the spin-orbit interaction and hence more scattering occurs when
the current and orbital moment are in the same plane, leading to the following angle
dependence:

ρ(θ) = ρ⊥ + (ρ∥ − ρ⊥) cos
2(θ) (2.11)

where θ represents the angle between the current density j⃗ and the magnetisation M⃗ ,
which is defined by the direction of B [40]. For j⃗ ∥ M⃗ the resistivity is ρ∥ and for
j⃗ ⊥ M⃗ the resistivity is ρ⊥ [40].

2.3 Extrinsic spin-orbit scattering

An intrinsic effect plays a role in the anomalous and spin Hall effects which is a con-
sequence of the band structure, and this is discussed further in section 2.4.2, while
extrinsic phenomena refer to effects resulting from the addition of impurities and/or
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2.3 Extrinsic spin-orbit scattering

defects. Extrinsic spin-orbit scattering is a phenomenon which has garnered much in-
terest in recent years due to its potential to enhance the efficiency of spin Hall effect
devices [10; 24; 26]. It is one of the central mechanisms in both the anomalous and
spin Hall effects, as will be discussed in sections 2.4 and 2.5, and here we discuss the
mechanics of it. First, we discuss the spin-orbit interaction, a fundamental quantum
mechanical interaction which is responsible for so much of the phenomena observed in
condensed matter physics, and the cause of spin-orbit scattering. The spin-orbit inter-
action is the interaction between an electron’s spin and its orbital angular momentum.
The spin-orbit Hamiltonian is

Hso = λsol̂ · ŝ (2.12)

where λso is the spin-orbit coupling energy, l̂ is the orbital angular momentum operator
and ŝ is the spin angular momentum operator. From the rest frame of the electron, the
Lorentz transformation of the impurity potential means that the electron experiences a
magnetic field. The impurity ion appears to orbit the electron with velocity v and radius
r, and if the charge on the impurity ion is Ze, the effective magnetic field experienced
by the electron has the magnitude

Bso =
µ0Zev

4πr2
(2.13)

where Z represents the number of protons present in the impurity ion [41]. The motion
of the electron then reacts to the effective magnetic field in a spin-dependent manner.
The interaction energy ϵso is given by

ϵso = −µBBso ≈ −µ0µBZev

4πr2
(2.14)

where µB is the Bohr magneton [41]. Here, the effective magnetic field is caused by a
scattering centre, which may be an impurity ion or defect in the sample. For real-world
metals, the actual power of Z varies between one and four [41]. This is the extrinsic
spin-orbit interaction. There are two types of spin-dependent scattering relevant to this
work which arise from the extrinsic spin-orbit interaction; these are skew scattering
and scattering with side jump, illustrated in fig. 2.1.

Skew scattering is depicted in fig. 2.1b) at a single impurity site. Incident electrons
of opposite spin are deflected on their path either toward the scattering centre or away
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2.3 Extrinsic spin-orbit scattering

Figure 2.1: Extrinsic spin-orbit scattering causes a conduction electron to experience an
effective magnetic field at a scattering centre and leads to spin-dependent scattering. Shown
are a) side-jump scattering and b) skew scattering. Image taken from [3] and modified for
simplicity.

from it, dependent upon their spin. The model for this mechanism of scattering was
first proposed in the 1950s by J. Smit, in order to explain the anomalous Hall effect
observed in ferromagnets [42; 43]. In the case of impurities, the extent of the deflec-
tion depends upon the contrast in spin-orbit coupling between the impurity and host.
Heavier metals tend to produce larger spin-orbit effects than their lighter counterparts,
as shown in equation 2.14 [41; 44]. It is for this reason that heavier metals have been
chosen as impurities in lighter hosts for studies on phenomena resulting from extrin-
sic skew scattering [10; 12; 14; 15]. This asymmetric scattering can be modelled by
the Boltzmann transport equation and yields a contribution to the anomalous Hall re-
sistivity ρAHE

xy which is directly proportional to the longitudinal charge resistivity ρxx
[3; 42; 43; 45; 46].

Scattering with side-jump is a more complex phenomenon which remains a topic of
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2.3 Extrinsic spin-orbit scattering

controversy, and is illustrated in fig. 2.1a). This model of scattering was first proposed
by L. Berger in 1970, once again to improve understanding of the anomalous Hall
effect [47; 48]. This type of scattering generally occurs for larger concentrations of
impurities, or under specific resonance conditions [14; 15; 49]. Initially, it was thought
the phenomenon was present for systems where the relaxation time of the itinerant
electron was relatively small; typically at high temperatures and in more concentrated
alloys [47; 48]. This was later doubted, and it has been posited that the phenomenon
is independent of the electron relaxation time [3; 45; 50]. To summarise, an itiner-
ant electron experiences a field gradient through its deflection, causing it to accelerate
or decelerate. This results in a transverse displacement of the electron, i.e. a side
jump, whose magnitude is typically of the order 10−11 m [47; 48]. Asymmetric skew
scattering is usually superimposed with this side jump, causing the trajectory of the
scattered electron to deflect to the left or the right in a spin-dependent manner [47; 48].
The side-jump mechanism contributes to the anomalous Hall resistivity ρAHE

xy a term
directly proportional to square of the longitudinal charge resistivity, ρ2xx, and cannot
be described by the Boltzmann transport equation without additional terms [46–48].
Its contribution to the anomalous Hall resistivity and how this can be measured is dis-
cussed further in section 2.4.2.

Skew scattering and scattering with side-jump are both examples of spin-flip scat-
tering, where there is a non-zero probability that the electron spin is flipped during the
scattering event. The mechanism which facilitates this type of spin-flip scattering is
the Elliott-Yafet mechanism, as the spin relaxes during the scattering event [51; 52].
At temperatures greater than around 20 K, spin-flip scattering is mediated by phonons.
At each scattering event, there is a finite probability the spin will flip and hence the
scattering rate is proportional to the phonon scattering rate. Another form of scatter-
ing is that governed by the D’yakonov-Perel mechanism, where spin relaxation occurs
between scattering events [53; 54]. The types of extrinsic spin-orbit scattering can be
distinguished experimentally through analysis of the anomalous and spin Hall effects;
these methods are described in the following section.
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2.4 The ordinary, anomalous and spin Hall effects

The three Hall effects which are studied within this thesis are the ordinary, anomalous
and spin Hall effects. Here, an overview of all three is given.

2.4.1 The ordinary Hall effect

The ordinary Hall effect (OHE) was first discovered by Hall in 1879 [55] and is caused
by the Lorentz force acting on the conduction electrons. The Lorentz force is described
by

F⃗ = e
(
E⃗ + v⃗ × B⃗

)
(2.15)

where F⃗ is the force acting on the conduction electron, e is its charge, E⃗ is the electric
field driving the current, v⃗ is the electronic drift velocity and B⃗ is the magnitude of
the applied magnetic field. The Hall effect manifests when a magnetic field is applied
perpendicular to the plane of a sample, causing the electrons to deflect to one side of
the conductor, resulting in a build-up of charge. This leads to a Hall potential along
the transverse direction of the conductor. This can be measured as a Hall voltage with
probes at the sides of the sample. The Hall voltage for a free electron system can be
calculated as follows

VH =
IB

net
(2.16)

where VH is the Hall voltage, I is the magnitude of the charge current, B of the mag-
netic field, n is the density of charge carriers, e the charge on an electron and t the
thickness of the sample. The Hall effect in these systems is characterised by the free
electron ordinary Hall coefficient, found from

Rfe =
EH

jxB
=
VHt

IB
=

1

ne
(2.17)

whereRfe is the free electron ordinary Hall coefficient, EH = VH/w the electric field in
the transverse direction, where w is the width of the sample, and jx the current density
along the current direction. This quantity is independent of sample geometry, making
it an ideal candidate for a standard coefficient [32; 55–57]. Another quantity which is
useful to define is the Hall resistivity, defined as

ρxy =
VHt

I
= RfeB (2.18)
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2.4 The ordinary, anomalous and spin Hall effects

where ρxy is the Hall resistivity. This quantity is plotted against the applied field, B,
to form a linear gradient which is equal to the free electron Hall coefficient, Rfe. A
typical way of measuring the Hall voltage involves use of a Hall bar shape, as depicted
in fig. 2.2a), with the field applied along the n-axis, current applied along j and the
Hall voltage measured across Vtrans. A typical response of the Hall resistivity is shown
in fig. 2.2c) for a clean Cu sample.

Figure 2.2: The ordinary and anomalous Hall effects are measured for a) a Hall bar shape,
with b) showing the output for an anomalous Hall system with spontaneous Hall coefficient
αAHE ≡ RS. The output for the ordinary Hall effect of pure Cu is shown in c) whilst d) shows
a lateral spin valve device used to measure the inverse spin Hall effect. Images a) and b) are
taken from [58], while d) is taken from [59].

The conventional Hall angle ϕ is shown in fig. 2.3. With a current applied to
a conducting metal, free electrons flow parallel to the current density j⃗ and are ac-
celerated by medv⃗/dt = eE⃗ where me is the effective mass of the electrons, v⃗ their
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2.4 The ordinary, anomalous and spin Hall effects

drift velocity and E⃗ the resultant electric field. In the steady state, d⃗j/dt = 0 and
has two components: a general rise in current density from the acceleration of elec-
trons, and a reduction in current density due to scattering. The momentum density
P⃗ =

∑
mev⃗ = me⃗j/e must also lead to dP⃗ /dt = 0 in the steady state as follows

dP⃗

dt
= neE⃗ − P⃗

τ
(2.19)

where n is the number density of electrons and τ is the scattering time of the electrons.
In the case of an applied magnetic field perpendicular to the current density j⃗, as illus-
trated in fig. 2.3, the Lorentz force is exerted on the electrons ev⃗ × B⃗ individually and
j⃗ × B⃗ across the ensemble [60]. In the steady state, therefore

0 = neE⃗ − P⃗

τ
+ j⃗ × B⃗ = neE⃗ − me⃗j

eτ
+ j⃗ × B⃗ (2.20)

as shown by Pippard [60]. The Lorentz force hence causes a transverse component of
the electric field with magnitude jB/ne which is the Hall field [55; 60], while ϕ is the
Hall angle, representing the angle between the applied current and the total resultant
electric field in the presence of a magnetic field, which can be expressed as

tan(ϕ) =
eBτ

me

= ωcτ (2.21)

where ωc = eB/me is the cyclotron frequency [60].

Whilst the free electron Hall coefficient remains prevalent in modern literature,
it is not applicable when scattering sites are introduced or in the case of transition
metals such as Fe where the topology of the Fermi surface becomes an important factor
[49; 57; 61–68]. More generally

RH =
σH

σ2
0

(2.22)

where RH is the Hall coefficient, σH is the Hall conductivity and σ0 = σxx the lin-
ear conductivity in the low field limit [57]. For a spherical Fermi surface, where τ is
isotropic in k-space, σH does not depend upon the magnitude of τ but RH is still al-
tered by the presence of impurities. For the case where τ is not isotropic, σH becomes
a function of τ [57; 62]. This means that scattering from impurities, both magnetic
and non-magnetic, can change the value of the Hall coefficient and can even cause it to
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Figure 2.3: The Hall angle ϕ in a metallic conductor with applied current density J⃗ and
applied field B⃗. Figure inspired by [60].

become a function of field; this is illustrated in fig. 2.4. An example of the temperature
and field dependence of the Hall resistivity is shown in fig. 2.5.

Curves A and B from fig. 2.4b) show a point ’x’ where a transition occurs from
the low to high field regimes. For curve A, there is no difference in the Hall resistivity
compared to the undoped sample in the low field regime; this corresponds to a very
low concentration of impurities with very little scattering present. For curve B, there
is a marked difference in the low field regime behaviour due to the spin effect, and at
higher fields linear behaviour resumes; this would indicate a greater concentration of
magnetic scattering sites. For curve C in fig. 2.4b), the sample does not leave the low
field regime; this indicates that scattering from impurities dominates the Hall response
and generally applies for the highest concentrations of dilute magnetic impurities [57].

16
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Figure 2.4: The change in the magnitude of a) the Hall resistivity for a non-magnetic host with
magnetic impurities (solid lines) and non-magnetic impurities (dashed lines) when undergoing
the low-high field transition and b) the various forms the change in the Hall resistivity, as
illustrated in a), can take as a function of applied field. This figure is taken from [57].

Scattering from impurities, be they magnetic or non-magnetic, produces a concentration-
dependent change in the ordinary Hall coefficient in the intermediate field region, as
depicted in fig. 2.4a), but can also in reality modify the Hall coefficient in the low field
regime [57]. In this regime, the Lorentz force is a small perturbation compared to the
scattering. The reduced Hall coefficient r can be defined, as given by Dugdale, Firth
and Hurd [33; 57; 62], which is the ratio of the ordinary Hall coefficient of the alloy
system RH to the free electron value Rfe, expressed as

r =
RH

Rfe
= 4π

τ 2B
∫

B (1/ϱ)v
2dS⃗ + τ 2N

∫
N (1/ϱ)v2dS⃗(

τB
∫

B vdS⃗ + τN
∫

N vdS⃗
)2 (2.23)

where (1/ϱ) is the mean curvature of the Fermi surface at point k⃗ with drift velocity
v and dS⃗ is the surface element of the Fermi surface. This expression assumes a two-
band model for conduction, with the bands represented by subscripts B and N such
that τB and τN are the scattering times for each band.
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2.4 The ordinary, anomalous and spin Hall effects

Figure 2.5: The (a) ordinary Hall coefficient and (b) paramagnetic susceptibility are shown
as a function of temperature for amorphous paramagnetic Zr1−xFex alloys with x = 33 (filled
circle), x = 35 (open circle) and x = 37.5 (filled triangle), taken from [69]. The Hall resistivity
ρH for silver, in its pure form, and doped with non-magnetic impurities cadmium, indium, tin
and antimony at various concentrations is shown varying as a function of (c) temperature and
(d) applied magnetic field, taken from [57; 66].

2.4.1.1 The spin effect

One effect which can be seen to enhance the ordinary Hall effect as a function of field
is the spin effect. This effect arises from the exchange interaction between localised
spins and conduction electrons (≈ s · S) in dilute magnetic alloys [49]. The spin
scattering which results, in the absence of skew scattering, leads to

ρxy =

[
1 +

(
i+ − i−
i+ + i−

)2
]
RHH (2.24)

where i+ and i− represent the spin-up and spin-down currents, respectively. This dif-
ference in the currents for differing spins is caused only by the difference in relaxation
times and is not a consequence of skew scattering [49]. Experimentally, the enhance-
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2.4 The ordinary, anomalous and spin Hall effects

ment factor is generally only slightly above unity [49] but can be observed as a field-
dependent increase in the Hall resistivity on top of the linear Hall signal.

2.4.2 The anomalous Hall effect

The anomalous Hall effect (AHE) was also discovered by Edwin H. Hall two years
after his publication on the ordinary Hall effect, in 1881 [70]. In ferromagnets, the
Hall effect is seen to evolve differently in an applied field, with a large contribution to
the Hall potential at lower fields. At higher fields, this contribution is found to remain
constant and a linear dependence on the field from the ordinary Hall effect results
[3; 70]. The anomalous Hall effect is characterised by the anomalous Hall coefficient,
RAHE, which is defined via the empirical relation

ρxy = µ0(RHH +RAHEM) (2.25)

found by Pugh and Lippert in the early 1930s [71; 72] where ρxy is the total Hall
resistivity, µ0 is the permeability of free space, H is the applied magnetic field, RH

is the ordinary Hall coefficient, RAHE is the conventional anomalous Hall coefficient
and M is the magnetisation of the sample [3; 70]. The origin of the anomalous Hall
effect was debated for over a century, but has been found to have a number of factors
which contribute to it [3; 45; 50; 73]. An intrinsic contribution occurs, which causes a
transverse separation of spin along the current channel as follows

d ⟨r⃗⟩
dt

=
1

ℏ
∂E

∂k⃗
+
e

ℏ
E × bn (2.26)

where d ⟨r⃗⟩ /dt is the transverse spin-dependent velocity, E is the magnitude of the ap-
plied electric field, k⃗ is the electronic wavevector and bn is the electron Berry’s phase
curvature [3]. This separation of spin causes a transverse potential, as conduction elec-
trons in ferromagnets possess a preferred spin [3; 45; 74–76]. This potential forms part
of the anomalous Hall resistivity. Extrinsic spin-orbit scattering was first proposed to
play a role in the anomalous Hall effect by Karplus and Luttinger [77; 78], and mod-
els of these scattering phenomena followed. Skew scattering [42; 43] and scattering
with side jump [47; 48] contribute to the anomalous Hall resistivity, and can have the
same or opposite sign, depending upon the material and alloy; this is true for their
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2.4 The ordinary, anomalous and spin Hall effects

contribution to both the anomalous and spin Hall effects [14; 57; 63; 68; 79]. The total
anomalous Hall resistivity ρAHE

xy = µ0RAHEM can also be expressed as

ρAHE
xy = Φskρ0 +

(
κsj − e2

8π3ℏ

∫
BZ

Ω(k⃗)d3k

)
ρ20 (2.27)

where Φsk represents a skew scattering coefficient, ρ0 is the value of the longitudinal
resistivity ρxx at zero applied field and κsj a side-jump scattering coefficient. The fi-
nal term which is multiplied by ρ20 represents the contribution from the intrinsic AHE;
Ω(k⃗) is the Berry curvature at wave vector k⃗ for the electronic band structure of a per-
fect crystal, which is integrated over the Brillouin zone [46]. Seemann et. al. used
this form of the anomalous Hall resistivity to successfully separate contributions to the
AHE in FePt alloys [46]. In order to measure this experimentally, a Hall bar design is
employed which allows simultaneous measurement of ρxx and ρxy under the influence
of applied electric and magnetic fields; the magnetic field strength is varied and the
linear contribution above µ0M is subtracted to leave ρAHE

xy as in equation 2.27. Fig.
2.2a) shows a typical Hall bar, with H applied along n, the current applied along j and
the Hall voltage measured along Vtrans. Further detail on measuring the anomalous Hall
effect is provided in chapter 3. The intrinsic contribution cannot be directly measured
using dc techniques, but can be calculated then extracted. This is because the side-jump
and intrinsic contributions do not have separate distinct identifiers in dc measurements;
the side-jump term is independent of impurity concentration [76]. In ac measurements,
the interband Hall resistivity can be extrapolated to zero frequency to give the intrin-
sic Hall resistivity. The scaling relation given in equation 2.27 is not always valid,
however, and controversy remains over how to reliably separate the two extrinsic con-
tributions; the quadratic dependence on the longitudinal charge resistivity is not always
observed for systems where extrinsic spin-orbit scattering is expected; particularly in
the case of disordered and/or dilute alloys [3; 45; 50; 56; 73; 80]. Though a new scaling
has been proposed by Tian et. al. [50], this is dependent upon the use of a ferromag-
netic system which allows for fabrication and measurement of a single crystal, leaving
limitations for its applicability to non-magnetic systems doped with dilute amounts of
impurities [45].

Within this thesis, dilute magnetic alloys will be considered, and these systems
provide a method of studying in particular extrinsic scattering phenomena [49]. Dilute
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Figure 2.6: The change in Hall resistivity from the ordinary Hall resistivity for a) Au films
with impurities of Fe, b) Cu films with impurities of Fe and c) Cu films with impurities of Mn in
varying concentrations. The forms of Hall effect are comparable with types A, B and C shown
in fig. 2.4b). Figure taken from [81].

magnetic impurities in Cu and Au have been shown to cause an anomalous Hall effect
to appear, as shown in fig. 2.6, which is ascribed to skew scattering from impurity sites
[68; 81]. An extensive experimental and theoretical study of the Hall effect in dilute
magnetic alloys showed that only small amounts of magnetic impurities are required to
produce an anomalous Hall response in non-magnetic metals, including in Pt [49; 79].
This is due to the large contribution of skew scattering and scattering with side jump
to this phenomenon [3; 49; 63; 68; 79; 82–85]. These contributions can have the same
or opposite signs, depending upon the choice of host and impurity. In systems like
these, there is often no net magnetisation and so equation 2.25 with the conventional
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anomalous Hall coefficient RAHE becomes inappropriate. Often an anomalous Hall
angle ϕAHE = ρAHE/ρ0 is discussed to avoid this issue, particularly in theoretical dis-
cussions [68; 82–84]. In this thesis, the concept used by Goennenwein et. al. for an
AHE within a non-magnetic metal nominally free of impurities is used, as shown in fig.
2.2b) [58]. This is applicable for proximity effects and the spin Hall-anomalous Hall
effect observed in YIG/Pt bilayers [58; 86]. We define a spontaneous Hall coefficient
RS which encompasses the magnetisation

ρxy(|H| > |Hsat|) = µ0RHH ±RS (2.28)

where the Hall resistivity here defined is for fields where RS is no longer varying with
field. A positive sign is used for positive H and a negative sign for negative H . In fig.
2.2b) the label αAHE is shown for the anomalous Hall coefficient in a YIG/Pt bilayer;
linear fits are used where αAHE becomes constant in field and the difference between
their intercepts is halved to find the coefficient. The value of αAHE and its method of
extraction is identical to that of RS defined in equation 2.28. Spin glasses also exhibit
spin-dependent scattering behaviour, known as spin scattering or the spin effect, which
is not related to the spin-orbit interaction, but is due to the differing relaxation times
for electrons with opposite spin [49; 65; 87–89].

2.4.3 The spin Hall effect

The spin Hall effect (SHE) was first theorised by D’yakonov and Perel in 1971 [7],
but not given its popular name until 1999, when Hirsch coined the term [8]. In this
Hall effect, a charge current is converted into a transverse spin current. A pure spin
current involves electrons flowing in both directions, so there is no net flow of charge;
however, opposite spins move in opposite directions, resulting in a net flow of spin.
This concept is central to the field of spintronics [1], and much research is focused on
the search for highly efficient spin Hall devices [4; 5; 10; 12; 14; 24–26; 90].

The inverse spin Hall effect was first observed in 1984 in a semiconductor [9]. In
this effect, a spin current is converted into a transverse charge current, making this the
main mechanism through which spin waves and spin currents are electrically detected,
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although optical methods are surfacing [91]. Fig. 2.2d) shows a lateral spin valve de-
vice which enables electrical detection of the inverse spin Hall effect. A spin current
is injected into the normal metal channel by driving a current through a ferromagnetic
spin injector (FM1) into the normal metal channel. The result of the inverse spin Hall
effect is detected electrically via the voltage contacts displayed [5; 59]. The mecha-
nisms governing both the spin Hall effect and its inverse are the same, consisting of
an intrinsic contribution [92–97] and an extrinsic one [10–14; 16; 24–27; 44; 98–101].
Spin-orbit coupling is at the heart of this effect, and indeed the mechanics are the
same as for the anomalous Hall effect: an intrinsic separation of spin, skew scattering
and scattering with side jump. Spin Hall effects are observed in non-magnetic metals,
where conduction electrons have no preferred spin. This means that no transverse volt-
age is detected from these effects, but a spin accumulation does occur. The efficiency
of charge to spin current conversion in the spin Hall effect is characterised by the spin
Hall angle, defined as

θSH =
σs
yx

σxx
=
ρs
xy

ρxx
(2.29)

where θSH is the spin Hall angle, σs
yx is the spin Hall conductivity, σxx is the longi-

tudinal charge conductivity ρs
xy is the off-diagonal element of the spin Hall resistivity

tensor and ρxx is the charge resistivity [4; 14; 16]. Note that unlike the ordinary Hall
angle, the spin Hall angle does not refer to a physical angle. Metals which exhibit
large spin-orbit coupling, such as Au and Pt, exhibit larger spin Hall angles although
typically only of a few percent [90; 93; 94; 102; 103]. In 2011, it was found that
doping Cu, which has a low spin-orbit coupling, with dilute amounts of Ir impurities
produces an extrinsic spin Hall effect [10]. This has lead to a great deal of interest in
extrinsic systems, with a number of theoretical and experimental studies to determine
the optimum impurity system, showing impurity-dependent changes in sign of the spin
Hall angle [10–12; 14; 16; 24–27]. It is of note that quantum confinement appears to
enhance the effect of extrinsic impurities when they are positioned at the film surface,
as found from experiment [27]. A discontinuous layer at a specific position within the
device has been predicted to also affect the spin Hall angle in a position-dependent
manner [16]. Fig. 2.7 shows the results from calculations for a discontinuous layer
of Pt placed at varying positions within a gold spin Hall device. Here quantum con-
finement can also result from a transport effect and does not rely on thin layers. The
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spin-dependent reflection of electron from an interface confines electrons to a par-
ticular layer, as in, for example, Fe/MgO tunnel junctions (an example of electronic
confinement), as demonstrated by Dekadjevi et. al. in electron channelling in Fe/Au
multilayers [104]. In the case of Pt confined within Au, scattering is reduced in the
centre of the film, because there is a node where the antisymmetric wavefunctions can-
cel. At the edges of the film, there exists no solution and as such the scattering is once
again reduced. The maximum scattering hence occurs for positions of delta layers in
between the surface states and the centre of the film, as illustrated in fig. 2.7 [16].
The quantum confinement effect persists even for samples of 32 ML thickness; this
equates to a film thickness of several nanometres. This lengthscale is much larger than
for quantum wells used in semiconductor electronics, which are typically only a 2-5
nm in size [105]. Although the effect is small at this thickness, with ∆θSH ≃ 1%, it
was decided to explore the position dependence of high-Z impurities within Cu; previ-
ous work had shown that such small changes could be measured for similarly δ-doped
samples in the giant magnetoresistance, with an interfacial lengthscale of around 25
Å for a variety of dopants [106]. A collaboration began with Dr. Martin Gradhand,
who performed calculations to explain the results in the study on δ-doping in the giant
magnetoresistance, and agreed to calculate the changes for various impurities within a
Cu host in the ordinary Hall effect. There has also been concern that effects such as the
magnetic proximity effect, outlined in section 2.7, and the introduction of impurities
and defects can actually suppress the spin Hall effect [98; 101; 107–109].

2.5 Spin Hall magnetoresistance

The seminal work on the spin Hall magnetoresistance (SHMR) was published in 2013
[17] and since then the phenomenon has attracted a lot of research interest [23; 110–
119]. The system originally used to characterise the SHMR is a bilayer of a ferrimag-
netic insulator, yttrium iron garnet (Y3Fe5O12, YIG) and Pt, a metal known to possess
high spin-orbit coupling [17]. Within non-magnetic metals, the conduction electrons
experience a spin-dependent deflection in their motion due to spin-orbit coupling; this
is the intrinsic spin Hall effect, as discussed in section 2.4.3. For very thin films, where
the thickness is less than the spin diffusion length, λsd, this spin current persists to
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Figure 2.7: The calculated spin Hall angle as a function of position for a delta layer of Pt
within a gold spin Hall device. This figure is taken from [16].

the edges of the film in the perpendicular orientation, as shown in fig. 2.8a). At the
edges, the spin current is reflected back into the film, causing a spin current in the
opposite direction to that generated; see fig. 2.8b). This spin current then generates
a charge current through the inverse spin Hall effect, as shown in fig. 2.8c), which in
turn generates a charge current parallel to that which is applied. In normal transport
experiments, this cannot be verified, and it was unknown whether the spin Hall effect
and its inverse did work together in this manner. Placing an insulating magnet at one
of the film surfaces allows for control over the degree of spin current reflection at this
interface, without complications from the charge current passing through the magnet.
The mechanism of the SHMR is illustrated in such a bilayer system in fig. 2.8.

The insulating ferrimagnet possesses a net magnetisation M⃗ which is aligned by
the application of a magnetic field higher than the coercivity of the film. If M⃗ is aligned
perpendicular to the charge current, it is in parallel/antiparallel alignment with the spin
polarisation of the electrons incident upon it from the generated spin current. The elec-
trons with spin quantisation axes in other directions produce a negligible contribution
to the conductivity of the material due to the sample geometry, since the width of the
film is much greater than the depth [17]. In this scenario, the majority of the spin
current is reflected from the interface and back into the metal, an example of confine-
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Figure 2.8: The mechanism of the spin Hall magnetoresistance is shown in a figure taken
from [17]. In a), a spin current Js is generated via the spin Hall effect from an applied charge
current Je. In b), this spin current is reflected at the film surfaces and converted into a parallel
charge current in c). In d), the YIG layer has magnetisation M⃗ parallel to the spin polarisation
σ, which causes a large reflected spin current. In e), M⃗ is perpendicular to σ and hence much
of the spin current is absorbed as a spin wave. The accumulation of spins from the spin Hall
effect in the metal is shown in f).

ment, as would be the case for a non-magnetic substrate. For the scenario where M⃗
is parallel to the charge current and hence perpendicular to the spin polarisation, the
result is quite different. In this case, the spin current is able to pass into the insulator
via a transfer of spin angular momentum and continue as a spin wave. This results in
the minimum reflection of the spin current back into the metal. This effect gives rise
to the SHMR: the resistance of the metal is found to be higher when M⃗ is parallel to
the charge current than when it is perpendicular [17]. The magnitude of the SHMR is
calculated as follows

∆ρ1
ρ0

= θ2SH
λsd

dN

2λsdGr tanh
2 dN
2λsd

σ + 2λsdGr coth
dN
λsd

(2.30)

where ∆ρ1 is the change in resistivity between the two magnetisation orientations, ρ
is the resistivity of the film while σ is its conductivity, ρ0 is the resistivity in zero field,
θSH is the spin Hall angle, λsd is the spin diffusion length, dN is the thickness of the
film, and Gr is the real part of the spin mixing conductance [17; 113]. The spin mix-
ing conductance represents the number of spin transport channels per unit area at the
interface between the metal and insulator. It is strongly dependent upon the quality of
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the interface and of the YIG film. This concept will be explored further in section 2.9.

Another phenomenon has been predicted to arise as a consequence of the spin mix-
ing conductance between the magnetic insulator and normal metal layer; this is the
spin Hall-anomalous Hall effect (SHAHE), shown in fig. 2.2b) [58; 113]. Unlike the
SHMR, which depends only on the real part of the spin mixing conductance Gr, this is
thought to originate from the imaginary part of the spin mixing conductance Gi. The
spin accumulation discussed in section 2.5 contains a small component which scales
with the magnetisation out of the plane of the magnetic insulator. This component
leads to a transverse charge current and hence the SHAHE, which saturates when the
magnetic layer of the YIG saturates out of the plane [113].

2.6 Quantum interference

Quantum interference in disordered conductors results in corrections to the resistivity
as a function of both temperature and applied magnetic field. In this thesis, quantum
interference and electron-electron interaction effects are considered in a two dimen-
sional disordered conductor. The relative change in conductivity has two contributions

∆σ

σ
=

∆D

D
+

∆g(E)

g(E)
(2.31)

whereD is the diffusion constant and g(E) the density of states [120]. The first term is
a result of localisation while the second is from the electron-electron interaction [120].

2.6.1 Temperature dependence

Quantum interference is a phenomenon which can increase or decrease the resistiv-
ity of disordered conductors at low temperatures. An electron in state k undergoes
a scattering event at t = 0; multiple scattering events occur with intermediate states
k′i until the state k′ is reached. There is a finite probability that the state k′ has the
same physical coordinates as the state k, in which case the electron is said to have
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2.6 Quantum interference

undergone back-scattering to its original position and the partial wavefunctions are su-
perimposed. Constructive interference relies on phase coherence which can only occur
when the scattering is elastic since

ϕ =
Et

ℏ
(2.32)

where ϕ is the phase change andE is the associated energy change of the electron wave
for a scattering event lasting time t. Elastic scattering must therefore be more preva-
lent than inelastic scattering within the conductor for quantum interference to have
a measurable effect on the conductivity of the sample. This typically occurs at low
temperatures, where the elastic scattering lifetime τo, which tends to govern scattering
events from static sites, can be much shorter than the inelastic lifetime τi. Inelastic
collisions are prevalent at higher temperatures where electron-phonon scattering dom-
inates the resistivity and τi is hence much shorter. Phase coherence is lost between the
partial waves after a phase breaking time τϕ which can be defined as being equivalent
to τi [121–123].

Figure 2.9: Two paths of a single electron, as partial waves, are illustrated by full and
dashed lines; the electron traverses both of these paths and constructive interference occurs at
the origin, labelled 0. Each open circle represents a scattering site in real space in a disordered
conductor. Figure taken from [123].
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2.6 Quantum interference

Weak localisation is a phenomenon where the probability of coherent back-scattering
is increased by a factor of two. Considering the scattering sequence illustrated in fig.
2.9, the incoming electron has initial wavefunction ψ with amplitude A and wavevec-
tor k⃗. Two paths are illustrated for the electron to return to the origin, with amplitudes
A′ and A′′ and wavefunctions ψ1 and ψ2 respectively. In the case where the electron
returns to the origin, A = A′ = A′′ and the probability of back-scattering is given by

P = ψ2
1 + ψ2

2 + ψ∗
1ψ2 + ψ1ψ

∗
2 = |A′|2 + |A′′|2 + A′∗A′′ + A′A′′∗ = 4|A|2 (2.33)

where the cross terms represent the interference terms. Without constructive interfer-
ence, therefore, the intensity would be 2|A|2, as the interference terms vanish, meaning
that back-scattering is twice as probable when the scattered waves are coherent with
probability 4|A|2. It is of note that this enhancement of the probability only applies
for the electron scattering back to the origin; scattering to states further away from this
have incoherent superposition leading to an average intensity of |A|2. This enhanced
probability of finding the electron at the origin of a scattering sequence leads to a quan-
tum correction to the classical Boltzmann conductivity, observed as an increase in the
resistivity at low temperatures [124] as well as an additional contribution to the mag-
netoresistance [125; 126]. The quantum correction to the conductance per square for
a two dimensional metal at low temperatures, when electron-electron scattering is not
the dominant scattering mechanism, has been found to be

σ = σ0−∆σWL+∆σso =
ne2τo

me

−
(

e2

2π2ℏ

)
ln

(
τi

τo

)
+
αe2

2π2ℏ
3

2
ln

(
1 +

4τi

3τso

)
(2.34)

by Anderson et. al. [127] and Gorkov et. al. [128] for ∆σWL and by Maekawa et.

al. [129] and Abraham et. al. [130] for ∆σso where σ is the total conductance per
square, σ0 = ne2τo/me is the free electron conductance per square for a sample of
the same thickness as ∆σ, with τo being the electron lifetime for potential scattering
and n = 2πk2F/(2π)

2. ∆σWL represents the quantum correction to the conductance
per square for weak localisation without the contribution from spin-orbit coupling, and
this relies upon the inelastic scattering lifetime τi. The parameter α describes the in-
teraction between electrons; it is found to have a value of unity in the limit of strong
spin-orbit scattering [129; 130]. The term ∆σso comes from strong spin-orbit coupling
and generates a positive correction to the conductance per square, with τso being the
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2.6 Quantum interference

lifetime for spin-orbit scattering. The only temperature dependent term in the conduc-
tance per square correction is τi with τo and τso remaining independent of temperature
[123; 127–130].

In the case of very strong spin-orbit coupling, and hence a very small value of τso,
the phenomenon of weak anti-localisation occurs [121; 123]. During spin-orbit scat-
tering, the spin is altered during each scattering event, breaking the phase coherence
between partial scattered waves and resulting in destructive interference at the origin.
This results in a positive correction to the conductivity at very low temperatures [123].
The differences in the magnetoresistance between weak localisation and weak anti-
localisation are displayed in fig. 2.10 and discussed below.

Another correction to the low temperature resistivity in disordered metals can come
from an enhanced electron-electron interaction. Below a temperature T0, a reduction
in conductivity has been observed, deviating from the expected Drude conductivity
[121; 123; 124; 127; 128; 131; 132]. This is the limit where τo << τi and quantum
interference effects are observed. Inelastic scattering can take many forms, but in rela-
tively clean metals below liquid helium temperatures the electron-electron interaction
is a contributor. In disordered metals where the transport is more diffusive, electron-
electron interactions are enhanced [123; 131–133]. The lifetime associated with the
electron-electron interaction can be expressed as

1

τee
≃ vFKS

(
kBT

EF

)2

(2.35)

where τee is the electron-electron lifetime, vF is the Fermi velocity,KS is the magnitude
of the Thomas-Fermi screening wave-vector, kB the Boltzmann constant, T the tem-
perature and EF the Fermi energy [133]. The electron-electron interaction is described
by the Landau theory of Fermi liquids [120; 134]. When an electron is excited above
the Fermi energy, it takes the time τee to relax to its original state. This is true even in
clean metals, and equation 2.35 represents the general case where an electron excited
by kBT above the Fermi energy is returned to EF after τee [120]. In a disordered sys-
tem, the transport is diffusive and τee is reduced; the scattering rate is larger and hence
its contribution to the conductivity larger, as per Matthiesen’s rule, equation 2.1. This
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2.6 Quantum interference

is the enhanced electron-electron interaction. More generally, the inelastic lifetime has
a power law dependence on the temperature

τi ∝ T−P (2.36)

where P ≈ 1 for weakly localised electrons in a two-dimensional metal and P ≈ 2

for transport dominated by the electron-electron interaction in a clean metal in two
dimensions or for a three dimensional sample in the dirty regime [120; 121; 123; 133;
135; 136]. Generally, τi can be said to depend on temperature as follows

1

τi
= A1T + A2T

2 (2.37)

where A1 and A2 are constants.

When the electron-electron interaction is the dominant mechanism contributing to
τi and spin-orbit scattering is absent, a correction to the conductance per square, as
calculated by Altshuler et. al. [125; 131] is observed as follows

∆σ =
e2

2π2ℏ
(1− F ) ln

(
T

T0

)
(2.38)

where T0 is the temperature where minimum resistivity occurs, F is a screening factor
such that 0 ≤ F ≤ 1 and the total conductance per square is given by σ = σ0 + ∆σ.
The temperature-dependent conductance per square corrections for both weak (anti-
)localisation and enhanced electron-electron interaction are hence both logarithmic in
temperature.

In the region where these effects play a role in the resistivity, they are also expected
to play a role in the Hall coefficient, with

∆RH

RH
= −2

∆σint

σ
= 2

∆ρint

ρ
(2.39)

where ∆σint and ∆ρint are the changes in conductivity and resistivity due to interaction
effects [33].
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2.6.2 Field dependence

In a sample with magnetic impurities, the phase coherence is destroyed during each
scattering event, which in turn weakens or destroys the observable resistivity phenom-
ena. Application of a magnetic field also has the same effect, to the extent that both
weak localisation and weak anti-localisation are destroyed with the application of large
magnetic fields [121]. This is demonstrated by the data in fig. 2.10.

Figure 2.10: The perpendicular magnetoresistance for a disordered film of Mg exhibits weak
localisation at low temperatures, while below the inclusion of 1 % of a monolayer of Au impu-
rities produces weak anti-localisation. This figure is taken from [121].

As can be seen in fig. 2.10, weak localisation causes a sharp negative magnetore-
sistance at low fields and low temperatures. Over a relatively small temperature range,
this feature is seen to reduce before disappearing above the weak localisation regime.
The sample in question consists of a highly disordered film of Mg, which exhibits low
spin-orbit coupling. In the lower portion of the figure, a similar Mg film is considered,
but doped with 1 % of a monolayer (ML) of Au, which has a high spin-orbit coupling.
In this sample, weak localisation is destroyed to be replaced by weak anti-localisation,
which manifests as a sharp positive magnetoresistance at low fields. This effect is also
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2.6 Quantum interference

observed to reduce in magnitude before the magnetoresistance becomes normal above
the regime of quantum corrections, in both temperature and applied magnetic field
[121; 122]. The magnetoresistance due to weak (anti-)localisation is given by

∆σ(B) = − e2

2π2h

[
Ψ

(
1

2
+
B1

B

)
−Ψ

(
1

2
+
B2

B

)
+

1

2
Ψ

(
1

2
+
B3

B

)
− 1

2
Ψ

(
1

2
+
B4

B

)]
(2.40)

where ∆σ(B) is the change in conductivity at applied field B, Ψ is the digamma
function and the fields Bn are given by

B1 = Bo +Bso +Bs (2.41)

B2 =
4

3
Bso +

2

3
Bs +Bi (2.42)

B3 = 2Bs +Bi (2.43)

B4 =
4

3
Bso +

2

3
Bs +Bi (2.44)

whereBo is the characteristic field for potential scattering,Bso for spin-orbit scattering,
Bs for magnetic scattering and Bi for inelastic scattering. These characteristic fields
are related to the characteristic lifetimes τn via

Bnτn =
ℏ

4eD
(2.45)

where D is the elastic diffusion constant [123].

The electron-electron interaction also has an impact on the observed magnetoresis-
tance, although it is typically much smaller than for weak (anti-)localisation [123; 137].
The relative change in conductivity was calculated by Lee and Ramakrishnan [137] in
the limit of exceptionally small spin-orbit coupling. Two limits were found

∆σ

σ0
=

{
l
A

F
2
0.084h2 for h≪ 1

l
A

F
2
ln
(

h
1.3

)
for h≫ 1

(2.46)

where l is the length measured, A the cross-sectional area, F the screening factor and
h = gµBH/(kBT ). For strong spin-orbit coupling, the magnetoresistance is found to
vanish [137].
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2.7 Magnetic proximity effect

Quantum interference is thought to have an effect on the ordinary and anomalous
Hall effects, although this is not always the case experimentally [45; 138–140]. For the
ordinary Hall effect, the electronic relaxation time develops a logarithmic dependence
on the temperature, leading to the relative change in the Hall conductivity

∆σxy
σxy

= 2
∆σxx
σxx

(2.47)

where σxy is the Hall conductivity, σxx the longitudinal conductivity and ∆σ is the
change in each respective conductivity at low temperatures due to quantum interference
[138; 140]. This scaling has been shown to break down in a number of cases, however;
whilst high resistivity was initially thought to be the cause [140], it has been shown to
be true where this is not the case [45; 139]. The enhanced electron-electron interaction
is not thought to have an effect on the ordinary Hall resistivity [125]. For the anomalous
Hall effect, a similar change has been observed in the literature, where

∆NσWL
xy =

σSSM
xy ln (T/T0)(
σSSM
xy + σSJM

xy

) (2.48)

is the correction, which is hence also logarithmic in nature [45; 138; 139]. In equation
2.48 ∆N represents the normalised change in σWL

xy the Hall conductivity due to quantum
interference. T is the temperature, whilst T0 is the highest temperature where quantum
interference begins to take effect. The labels SSM and SJM represent the Hall con-
ductivity due to skew scattering and side-jump, respectively. This has also later been
shown to be non-universal, however [45; 139].

2.7 Magnetic proximity effect

The magnetic proximity effect (MPE) is known to enhance magnetic moments for
some dilute alloy and multilayer systems [141–143]. The Stoner criterion outlines
what is required for spontaneous ferromagnetic ordering, and thus the emergence of
ferromagnetism within a metal [144; 145], and is formulated as

Ug(EF) ≥ 1 (2.49)
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2.8 The Kondo effect

where U is the exchange integral, g(EF) is the density of states at the Fermi level and
EF is the Fermi energy. The transition metals iron, cobalt and nickel satisfy this cri-
terion at room temperature, making them ferromagnetic. Some metals come close to
satisfying this criterion, but do not exhibit ferromagnetic phenomena in isolation; Pt
is one such candidate [143]. Through the mechanism of exchange coupling, a fer-
romagnet adjacent to platinum can induce ferromagnetism over a short range in the
non-magnetic metal, as has been found for multilayers of Ni and Pt [143]. The effect
was first found in 1960 for alloys of palladium and iron, where a larger than expected
magnetic moment was discovered for the dilute amount of magnetic impurities present
[141]. Exchange coupling between electrons in the ferromagnet and in the normal
metal enhance the exchange integral and cause the local Pd atoms to obtain ferromag-
netic order; this is the essence of the MPE [141–143]. In section 2.9 the possibility of
an MPE between the oxide YIG and Pt is discussed.

2.8 The Kondo effect

It has already been discussed that an increase in resistivity can be observed at very low
temperatures in disordered or confined systems due to quantum interference [121]. An-
other cause of a low temperature increase in resistivity is the Kondo effect [146]. This
increase in the resistivity is a consequence of dilute amounts of magnetic impurities
being present within a non-magnetic film, making this a useful phenomenon for ex-
perimentally testing the purity of certain metals. A magnetic impurity has a localised
magnetic moment which interacts with the spin of the conduction electrons via the
exchange interaction [146–149]. This results in a scattering of the itinerant conduc-
tion electron which changes its spin. At low temperatures, where phonon scattering is
negligible, this becomes the dominant contribution to the resistivity in dilute magnetic
alloys, resulting in the increased resistivity observed. An example of some resistivity
minimum data is shown in fig. 2.11.

The position of the minimum is strongly dependent upon the concentration of mag-
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2.8 The Kondo effect

Figure 2.11: The resistivity as a function of temperature for varying concentrations of Fe
within Au, to illustrate the change in the resistivity minimum with concentration. The points
represent the experimental data while the lines represent the theory. This figure is taken from
[146].

netic impurities, and is described by the relation found by Kondo [146] as

ρ = aT 5 + cρ0 − cρ1 lnT (2.50)

where ρ is the resistivity at temperature T , a is a phenomenological constant found
from experiment, ρ0 and ρ1 are components of the resistivity from intrinsic and extrin-
sic sources respectively, and c is the concentration of magnetic impurities [146; 150].
This logarithmic dependence can be observed in fig. 2.11; although the actual position
of Tmin is not shown, the strong change in gradient between the three curves shows
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2.9 Magnetotransport in YIG/metal bilayers

a strong concentration dependence. The temperature of the resistance minimum is
dependent upon the concentration of impurities as follows

Tmin =
(ρ1
5a

) 1
5
c

1
5 (2.51)

where Tmin is the temperature at which the resistivity minimum occurs [146; 147; 150].
In practice, it is often difficult to extract a concentration from experimental data of the
resistivity as a function of temperature, and further phenomenological relations for par-
ticular systems are often employed [98; 148; 151–153]. An example of this is some of
the recent Kondo research in lateral spin valves consisting of Cu with Fe impurities by
O’Brien et. al. [153] which uses another form of phenomenological relation found by
Goldhaber-Gordon et. al. [152], while Batley et. al. [98] used a simpler relation found
by NASA scientists to be applicable for the CuFe system [151]. Another approach
to the problem exists in theoretical models which utilise different approaches for re-
sistivities below and above Tmin with varying success [154–158]. Another important
parameter is the Kondo termperature TK which for some systems can be above room
temperature; below this temperature the Kondo effect is screened [146; 147; 149; 159].

2.9 Magnetotransport in YIG/metal bilayers

Bilayers of YIG and metals with high spin-orbit coupling have proved systems of great
interest since the discovery of the SHMR and the promise of the spin Seebeck effect,
but conflicting results have emerged in the literature regarding interfacial phenomena.
YIG is a material which can be fabricated in many different ways, the most common
being liquid phase epitaxy (LPE), pulsed laser deposition (PLD) and radio frequency
magnetron sputtering. The production of a bilayer of YIG and a metal can be facilitated
in different ways, with some groups opting for a clean in-situ method of metal depo-
sition immediately after YIG deposition [20; 58; 160]. Not all YIG growth facilities
possess this functionality, and so the YIG surface can be cleaned prior to the deposition
of further material [21; 110; 112; 161]. Studies have been performed which show that
etching the YIG surface with argon ions or with an etching solution improves the spin
mixing conductance for metals later deposited on top [18; 19]. However, bombardment
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2.9 Magnetotransport in YIG/metal bilayers

of a YIG film with ions prior to the deposition of Pt has been shown to increase MPE-
related magnetotransport effects [23], raising questions about the validity of etching as
a process which solely increases the spin mixing conductance [162].

Since the seminal work on the SHMR [17], care has been taken to separate the phe-
nomenon from a potential MPE from the magnetic insulator, which may contribute to
the observed phenomenon. X-ray magnetic circular dichroism (XMCD) measurements
are able to resolve the magnetic polarisation in individual layers and thus detect any
MPE [143]. Various groups have performed these measurements in YIG/Pt bilayers,
with varying results. Some data show a magnetic polarisation in Pt [21; 163] whilst
other data show an absence of this magnetic signal [20]. The magnetotransport phe-
nomena measured also show discrepancies, with some data showing phenomena which
can only be explained by interfacial magnetism [21–23; 112] and other data showing
otherwise [58].

The anomalous Hall effect is a particularly sensitive mechanism of detecting mo-
ments from dilute amounts of magnetic impurities [49; 85; 88]. In YIG/Pt bilayers, an
anomalous Hall effect manifests with drastically different field dependence observed
by different groups [23; 58; 112]. Some representative data are shown in fig. 2.12.
In fig. 2.12a), a non-linear Hall effect is observed which changes sign as a function
of temperature. The curvature extends to fields higher than typical YIG saturation in
an out of plane field. The magnitude of the anomalous Hall resistivity increases if the
YIG has been bombarded with ions, indicating the strong effect of interface prepara-
tion on the observed AHE. Qualitatively, a very similar trend is observed for the same
thickness of Pt deposited on Fe-doped SiO2, and this is not quantitatively dissimilar
from that observed for ion bombarded YIG. It is reported that x-ray photoelectron
spectroscopy (XPS) measurements of the ion bombarded YIG show a metallic Fe state
at the surface [23]. Fig. 2.12b) shows the anomalous Hall effect observed by another
group for YIG/Pt bilayers [112]. In this case, the Pt is of thickness 2 nm rather than the
3 nm reported upon in fig. 2.12a). High field curvature is also observed in this case,
with a change in sign and a shape not dissimilar to that observed in fig. 2.12a). The
magnitude of the Hall resistance is an order of magnitude smaller, however. At 300
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2.9 Magnetotransport in YIG/metal bilayers

Figure 2.12: Examples of the Hall effect in YIG/Pt bilayers observed in the literature. The
data in a) are taken from [23] and show the anomalous Hall resistance as a function of applied
field for i) YIG/3 nm Pt, ii) YIGBB/3 nm Pt, where YIGBB represents ion bombarded YIG, and
iii) SiO2 (7% Fe)/3 nm Pt. The data in b) are taken from [112] and show the Hall resistance
as a function of field for YIG/2 nm Pt. The data in c) are taken from [58] and show the Hall
resistivity for YIG/Pt bilayers with Pt of thickness i) 19.5 nm, ii) 6.5 nm and iii) 2.0 nm, all
measured at 300 K. Actual figures modified from [23; 58; 112].

K, another phenomenon is observed at low field, with a sharp change in the Hall resis-
tance. A similarly sharp central feature is also observed in fig. 2.12c)iii) for 2 nm Pt
deposited on YIG [58]. The two groups show a difference in sign for the gradient of the
Hall resistance above this central phenomenon, however. The data at larger thickness
of Pt in fig. 2.12c) show a reduced central effect, and a change in sign of the ordinary
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Hall effect at fields above this, returning to a negative normal metallic response. A
qualitatively similar AHE is shown in fig. 2.13. This AHE is due to the MPE between
a gated ionic liquid and an ultrathin Pt film. By varying the voltage applied to the ionic
liquid, varying amounts of MPE are induced in the Pt and hence the AHE can be tuned
[86].

Figure 2.13: The anomalous Hall effect in Pt induced by the magnetic proximity effect from
an adjacent gated ionic liquid. The temperature dependence of the anomalous Hall resistivity
at an applied field of 8 T is shown in a), whilst b) shows the Hall resistivity as a function of
applied field. Figure taken from [86].

There are hence two forms of the anomalous Hall effect observed in YIG/Pt bilay-
ers: one shows curvature to high fields and hence has its origins in interfacial phenom-
ena, whilst the other occurs at low fields and owes its origins to the spin mixing con-
ductance and SHMR. This lower field component is known as the spin Hall-anomalous
Hall effect (SH-AHE) and has been theoretically predicted as a consequence of the
SHMR and the imaginary component of the spin mixing conductance, Gi [113]. The
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presence of interfacial magnetic phenomena has also been surmised from further mag-
netotransport measurements, with an anisotropic magnetoresistance (AMR) appearing
in some reported data at low temperatures [118; 162]. Some of this data is represented
in fig. 2.14.

Figure 2.14: Representative angular dependent magnetoresistance data for YIG/metal bilay-
ers from the literature. In a), data are shown for YIG/2 nm Pd in the α (labelled AMR+SMR),
β (labelled SMR) and γ (labelled AMR) planes, taken from [118], whilst in b) data are shown
for 7 nm Pt deposited on YIG which has been surface treated with an Ar+ ion milling process,
taken from [162].

An AMR is found at low temperatures in both Pd and Pt deposited on YIG [118;
162]; both are metals close to satisfying the Stoner criterion and are therefore suscep-
tible to the MPE. The temperature dependence of the SHMR is very different in both
cases due to the different metals in use. The data in fig. 2.14b) for Pt agrees with
the shape previously shown for YIG/Pt [110]. A similar low temperature AMR has
been observed for Ta on YIG [164]. This metal is much further from satisfying the
Stoner criterion, however; as can be seen from work in chapter 6 the surface of the
YIG plays a large role in magnetotransport. It is the view of the candidate that the
observed effect is therefore more likely to be the result of localised interfacial mag-
netic impurities rather than a bulk MPE. To remove any contribution from the MPE
completely, measurements have been taken for systems involving Rh [116] where the
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SHMR still persists.

From recent literature, it seems clear that interfacial magnetism in YIG/metal bi-
layers plays a role in their magnetotransport [23; 112] and that the spin mixing conduc-
tance leads to a SH-AHE in some reported systems [58; 112]. The large field effects
show similarities to those observed for the MPE within Pt for the AHE [86]. The
method of preparation for both the YIG film and any surface treatments applied to it
could be the cause of the variation in results reported in the literature.
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CHAPTER 3

Experimental methods
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3.1 Introduction

Throughout the course of this work, a variety of experimental methods have been em-
ployed, from fabricating samples to measuring their properties under various condi-
tions. Within this chapter, the principles of sample preparation and measurement tech-
niques are described.

3.2 Material fabrication

This project has required the fabrication of many samples, consisting of thin films of
both metallic elements and of the magnetic insulator YIG. The metallic thin films were
fabricated by direct current (dc) magnetron sputtering, while YIG was prepared by ra-
dio frequency (rf) magnetron sputtering; in the following subsections, these processes
will be discussed in detail.

3.2.1 Direct current magnetron sputtering

Direct curent (dc) magnetron sputtering is a relatively inexpensive technique for fabri-
cating thin metallic films of high quality. A metallic target of high purity is placed atop
an assembly of magnets, of which a schematic is shown in fig. 3.1. The target is elec-
trically isolated from a surrounding shield and from the substrate. Deposition occurs in
a chamber which is first evacuated to become a high vacuum (HV) environment with a
base pressure of around 3× 10−8 Torr. To achieve such a low pressure, the sputtering
chamber is first evacuated by a rotary pump from atmospheric pressure to 10−3 Torr.
Following this, a cryogenic pump is used to lower the pressure to around 1×10−7 Torr.
At this stage, the majority of molecules forming this pressure are water molecules, as
determined by using a residual gas analysis method of mass spectrometry. To reduce
the gas pressure to HV levels, liquid nitrogen flows around a coil of copper pipe to-
wards the top of the chamber; this design is known as a Meissner trap and condenses
water vapour onto the pipe. Maintaining HV conditions during a growth is essential to
provide high quality thin metallic films with a minimum of defects; hence the Meissner
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trap is maintained throughout the growth.

Figure 3.1: A schematic of the mechanism for dc magnetron sputtering. The light purple
circles represent the Argon plasma which is confined above the racetrack on the target.

In order to sputter material onto the substrate, an inert gas must be introduced to
the system. For the deposition of most metals in this project, solely argon is used, at
a flow rate of 24 SCCM (standard cubic centimetres per minute) to a pressure of 2.4
mTorr. A negative dc bias is then applied to the target, making this the cathode and the
metal housing the effective anode, as this is electrically grounded. The atoms of argon
surrounding the target then become positively charged ions, which bombard the target
and eject metal ions from its surface. These metal ions then travel to and deposit onto
the substrate. A series of magnets beneath the target confine the plasma to the local
area of the target, raising the number of collisions and hence the growth rate of the
target material. The design is shown in fig. 3.1. The concerted actions of a confined
plasma and very low pressure cause the ejected metal ions to have a longer mean free
path than otherwise and ensure a large proportion of the ions will reach the substrate.
The resulting films are polycrystalline in nature as they are grown at ambient temper-
ature. A racetrack design is etched into the targets, where material is deposited from a
circular region between the magnets; this is where the plasma is mostly confined and
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hence is preferentially eroded.

The sputter system employed for the fabrication of these samples has independently
rotating shutter and sample wheels with room for two magnetic and five non-magnetic
targets to be used at any one time; one of the non-magnetic sources is a dedicated rf
magnetron. This allows metallic multilayers to be deposited with ease. The metals
used in this study are grown through a mask, for which there is a separate substrate
wheel. The design of this mask is shown in fig. 3.2 and was designed by Dr. Mannan
Ali specifically for this project. Only one mask is required to deposit a series of sam-
ples, as the mask can be moved between substrates due to a motor mechanism which
separates the mask wheel from the sample wheel. Multiple masks can be used in this
system for applications such as tunnel junctions or for multiple wire thicknesses on
one substrate. The mask is pressed flush against the substrate, which is mounted on
a stiff spring to ensure good contact, such that the edges of the film are as defined as
possible. When using a shadow masking technique, the drawback can be ill-defined
film edges if sample-mask contact is poor.

Figure 3.2: Schematic of the shadow mask used for sputter deposition of metals, designed by
Dr. Mannan Ali. The design allows for four probe measurements of the longitudinal voltage,
as well as transverse measurement of the Hall voltage. The manufacturing tolerance is ±5 µm.

Part of this project involved the investigation of dilute amounts of localised impu-
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rities within a thin film. Discontinuous layers of metallic elements were deposited at
various points during the growth of a host film, and these layers are referred to as δ-
layers. In order to ensure as minute an amount as possible was deposited, a technique
was employed where the current applied to the magnetron gun, which sets the dc bias
on the target, was reduced to a minimum value while the samples were in transit to the
appropriate target. Once the sample is in position for the growth, the current is raised
to standard growth level, then reduced once more when the required material has been
deposited. This ensures that there is little extra deposition as the sample moves over
the target, which takes around three seconds. The minimum possible current is deter-
mined by testing whether a sustainable plasma is possible at the current. Minimum
current values were found to vary by target to be 2-5 mA. In contrast, the current ap-
plied during growth is 25-50 mA.

In order to ensure the cleanest and highest quality growth possible, substrates such
as silicon, sapphire (Al2O3), gadolinium gallium garnet (Gd3Ga5O12, GGG) and yt-
trium aluminium garnet (Y3Al5O12, YAG) are first cleaned in a beaker of acetone then
isopropanol in an ultrasonic bath for five minutes each. Following this, they are dried
with nitrogen or compressed air and then placed within the sample wheel for masked
deposition, or taped with small amounts of Kapton tape to the sample wheel for sheet
deposition. All sputter targets are first pre-sputtered for around three minutes to re-
move any oxide layer which may have formed on top when exposed to air.

3.2.2 Y3Fe5O12 Preparation

Y3Fe5O12 (YIG) is a complex material which can be prepared by, for example, pulsed
laser deposition (PLD), liquid phase epitaxy (LPE) or radio frequency (rf) magnetron
sputtering. In this project, we use rf magnetron sputtering as the chosen method, since
this is by far the cheapest and quickest method of YIG preparation, and hence very
desirable for industrial applications. After sputter deposition, additional processing is
required in the form of annealing to produce an epitaxial film exhibiting ferrimagnetic
ordering. A further step involves etching the top surface of the samples, which isn’t
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carried out in every case.

3.2.2.1 Radio frequency magnetron sputtering

Radio frequency (rf) magnetron sputtering works in a similar manner to dc magnetron
sputtering, as described in section 3.2.1, but for insulating or dielectric materials. In
these materials, if a dc method were used, a positive charge would build up on the
surface of the target; this would inhibit the sputter rate and eventually stop sputtering
from occurring altogether, as the argon ions would no longer be attracted to the target
material. This can also cause arcing of the target, where large clusters of material are
ejected from the target at once, leading to very poor films and potential damage to the
sputter system. To prevent this from occurring, rf current is applied to the magnetron.
This means the voltage of the cathode is switched at a frequency of 13.56 MHz, remov-
ing the positive charge build-up during the positive parts of the cycle, and sputtering
material during the negative parts of the cycle. The target still has a negative bias dur-
ing the positive section of the cycle, as positive ions are repelled from the surface while
electrons are attracted to it. In the same way as with dc magnetron sputtering, a mag-
netic field is used to confine the plasma to the local area of the target, but this area is
more widespread due to the nature of rf switching. The racetrack pattern eroded in the
target is also wider and shallower, providing a more uniform deposition of materials
from composite targets such as YIG. The growth rate of rf sputtering is often lower
than that of dc magnetron sputtering since sputtering only occurs during the negative
portions of the rf cycle.

To deposit YIG, a target composed of Y3Fe5O12 is used, but it has also been found
that deposition must occur in an atmosphere of both argon and oxygen to provide opti-
mum results. Much of the optimising work on this process was performed at the Uni-
versity of Leeds [110; 161; 165; 166]. The stoichiometry of YIG films was measured
using scanning transmission electron microscopy (STEM) with very high resolution at
the UK superSTEM facility [110; 161; 165; 166]. It was found that depositing with an
argon flow rate of 22.8 SCCM and an oxygen flow rate of 1.2 SCCM, i.e. providing
an atmosphere of 5 % oxygen to a total pressure of 2.4 mTorr, yields the most accurate
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YIG stoichiometry.

The standard substrate used in many studies involving YIG is GGG, since it has
very close lattice matching to YIG [58; 110; 161; 165; 167]. GGG is a strongly para-
magnetic material, which exhibits a large signal in magnetometry measurements. A
drawback of this substrate is that previous work by Dr. Arpita Mitra and Dr. Scott
R. Marmion show the formation of a magnetically dead layer between the GGG sub-
strate and the YIG when the samples undergo annealing [161; 165]. The annealing
process is essential when employing sputtering at ambient temperature as a method to
fabricate YIG. Without this step, the material is amorphous and exhibits no net ferri-
magnetic behaviour. The formation of the dead layer is undesirable for applications in
the propagation of magnons, and is believed to be due to gadolinium diffusing from
the substrate into the film at high temperature [165]. An alternative choice of substrate
has emerged with YAG, however a non-magnetic dead layer has recently been thought
to form due to the diffusion of aluminium or yttrium when a YAG substrate is used,
also [168]. YAG has a larger difference in the lattice constant from that of YIG, but
has a benefit over GGG in that it has no strong paramagnetic signal. In this study, both
substrates have been used, in the (111) orientation.

3.2.2.2 Annealing of YIG

After sputter deposition, the YIG films are annealed at 850 ◦C for two hours in air.
This crystallises the YIG into an energetically favourable epitaxial state, where ferri-
magnetism prevails. The target temperature is reached at a steady ramp rate of 5 K/min
to avoid any unnecessary strain to the film and substrate. Once annealing is complete,
the sample is cooled at the same rate. After this process, the material forms an ordered
crystalline array and exhibits ferrimagnetism when probed by vibrating sample mag-
netometry.
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3.2.2.3 Etching of YIG

Of paramount importance for the application of YIG is the quality of the interface
between this material and any metal deposited on top; indeed, this is a driving influ-
ence in the direction of the research contained in this thesis. A measure of this quality
for applications involving transfer of spin between the ferrimagnetic insulator and the
normal metal is the spin mixing conductance, g↑↓. This is, in effect, a measure of the
number of spin transport channels per unit area between the two materials. It has been
shown that etching the top YIG surface by bombarding it with argon ions yields a fac-
tor of five increase in g↑↓ for YIG/Au bilayers [19]. A recent study has shown that a
wet etch treatment of the YIG top surface with piranha solution dramatically increases
g↑↓, also [18]. This process has been applied to YIG films grown in the group previ-
ously and has resulted in high quality YIG/Pt bilayers with desirable magnetotransport
properties [110; 161]. This process has also been employed by other research groups
in the preparation of YIG [21; 112].

Piranha etching involves the submersion of a YIG film in freshly prepared piranha
solution. This solution is a mixture of seven parts sulphuric acid, H2SO4, to three
parts hydrogen peroxide, H2O2. These reagents are combined in a glass beaker with
the use of a magnetic stirrer, and undergo a vigorous exothermic reaction which is
carefully monitored. Two reactions take place with different products. One of these is
exothermic and produces water as follows

H2SO4 + H2O2 → H2SO5 + H2O (3.1)

along with H2SO5. The other products produced include oxygen in atomic form; this
is a volatile element which lends piranha solution its reputation for voracity in the
destruction of both organic and metallic material. This is produced as follows

H2SO4 + H2O2 → H3O+
5 + HSO−

4 + O (3.2)

with two other, less volatile, products. When the temperature reaches 87 ◦C, this solu-
tion is poured into a glass beaker atop the YIG samples to be etched. The samples are
left in the solution for three minutes before this is poured out. Purified water is poured
into the beaker with the samples to dilute any remaining solution to safe levels, before
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being dried with dry nitrogen and transported in isopropanol to the sputter deposition
chamber.

3.3 Surface and structural characterisation

The sample structure and surface are characterised by using x-rays in reflectivity and
diffraction experiments. These methods are outlined in this section.

3.3.1 X-ray reflectivity

The thickness of films grown by both dc and rf magnetron sputtering are determined
via x-ray reflectivity scans. Data acquired using this technique also provide details of
the electron density at the surface of the film, allowing for comparative surface char-
acterisation between samples.

X-rays with a wavelength of 1.54 Å are produced via the acceleration of electrons
within an x-ray tube assembly. These high energy electrons bombard a copper target
and eject electrons from the copper. When an electron from the k shell is ejected, an
electron from the l or m shell fills this vacancy, emitting radiation of a specific energy
corresponding to the difference between the shells. This gives rise to the characteristic
Cu Kα1 and Kα2 x-rays being emitted. Collimating slits are used to reduce the beam
width to 100 µm, while a monochromator eliminates Bremsstrahlung radiation which
results from the ’braking’ of accelerated electrons and other spectral lines including
the Cu Kα2 [169–171].

To perform an x-ray reflectivity measurement, the sample is positioned in such a
way that the incident x-ray beam forms a low angle with the film surface, resulting
in specular reflection. This typically occurs for an incident angle below 15 degrees.
The experimental setup for x-ray reflectivity measurements is displayed in fig. 3.3.
The various crystal planes provide many surfaces for the diffraction of the x-rays at
higher angles, whilst the two film surfaces lead to two reflected waves from specular
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Figure 3.3: The experimental setup for x-ray reflectivity and diffraction measurements is
illustrated. The Bragg angle, θ, and detector angle, 2θ are also described. The substrate sits
on a rotating stage to enable scanning of 2θ. Diffusive scatter is caused by surface roughness
of the thin film.

reflection at lower angles. These waves interfere constructively as they are reflected
specularly, in accordance with Bragg’s law in eqn. 3.3. This law was reported in 1913
by William H. Bragg and his son William L. Bragg, following their pioneering work
at the University of Leeds on the technique of x-ray reflection [172]. This law is given
by

nλ = 2d sin θ (3.3)

where n represents the order of reflection and is a positive integer, λ represents the
wavelength of the incident x-rays, d is the spacing between the reflecting planes and θ
is the scattering angle, illustrated in fig. 3.3. When θ is larger than the critical angle θc,
changes in the angle cause the intensity of the reflected beam to produce peaks known
as Kiessig fringes. These are specific to thin films and are caused by interference
of reflections from the top and bottom surfaces of the film. Using the small angle
approximation, Bragg’s law can be used to find the film thickness from the position of
the Kiessig fringes in angle. This simple mathematical relation is

(2n+ 1)λ2

4d2
= θ2n+1 − θ2n (3.4)

where d represents the total film thickness and n is the index of the Kiessig fringe.
A film thickness of 30-50 nm is optimum for producing sufficient Kiessig fringes to
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obtain a good estimate of the film thickness.

X-ray reflectivity measurements are a useful tool in obtaining data about the film
surface, in addition to its thickness. The position of the critical edge, which appears
below θc and the manifestation of Kiessig fringes, contains information regarding the
electron density at the surface of the film. The depth of Kiessig fringes is an indication
of interface quality; a perfectly level film which has a sharp interface with the substrate
leads to deep fringes, as the two reflected waves are in phase. If there is intermixing
at the interface between the substrate and the film, as has been shown to be the case
for YIG on GGG [110; 161; 165; 166], then the bottom interface is less well-defined
and the electron density changes gradually in this region. This can result in diffusive
scattering, which reduces the constructive interference and causes a reduction in the
amplitude of the Kiessig fringes, but can also cause the period of the fringe pattern to
be altered. Fringe depth can also be reduced for a thickness imbalance in a film; if the
film grows in a wedge shape, the film interface is at a different angle to the top surface
and as such constructive interference is reduced, causing a reduction in the observed
fringe depth [169; 170]. Finally, the rate at which the intensity reduces as a function
of angle can be used to extract data on the roughness of the film, with a rougher film
leading to a sharper drop in intensity. A good knowledge of the film structure is re-
quired to fit these data and extract parameters [169–171].

3.3.2 X-ray diffraction

Whilst x-ray reflectivity data reveal much about the surface properties of a thin film,
x-ray diffraction is the preferred technique for examining the crystal structure of a film.
At higher angles, the incident x-ray beam is diffracted through the sample and reflects
at the atomic planes due to Rayleigh scattering from ionic sites in the crystal structure.
Bragg’s law, shown in eqn. 3.3, once again governs the constructive interference of the
reflected waves [32; 173]. In this case, d refers to the separation between the crystal
planes, and constructive interference between the diffracted waves only occurs at the
angles predicted by Bragg’s law. Thus, from analysis of high angle x-ray spectra, the
interplanar spacing of a crystalline thin film can be determined, as first demonstrated
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by William L. Bragg in 1914 [173]. The incident angles scanned for high angle x-ray
spectra vary depending upon the samples under study, but typically in the region 20-80
degrees. In order to determine the spacing between atomic planes in a cubic structure,
the Miller indices are required; this is derived geometrically to give

d =
a0√

(nh)2 + (nk)2 + (nl)2
(3.5)

where h, k and l are the relevant Miller indices, n is the order of reflection, a0 is the
lattice parameter and d is hence the planar spacing [32; 148]. A peak is hence found
when scanning 2θ which corresponds to a particular lattice spacing. For a perfect crys-
tal, this peak would be exceptionally sharp, but in reality a Gaussian peak is observed
as the instrument function and imperfections in the crystal, such as defects and impu-
rities, result in the broadening of this peak. The broadening can be used to determine
the coherence length of x-rays through thin films; this corresponds to the size of crys-
tallites and in an epitaxial film should correspond to the thickness of the film. The
Scherrer equation is used to determine the size of the crystallites as follows

B =
Kλ

L cos θ
(3.6)

where B is a measure of the line broadening, often the full width at half maximum of
the peak will suffice, K is a numerical constant relating to the crystallite shape which
Scherrer found to be 0.93 for a cylinder, λ is the wavelength of the incident x-rays, L
is the size of the crystallite and θ is the Bragg angle [174; 175]. Thus the technique
of x-ray diffraction is applicable to samples formed of many crystallites or particles,
extending its reach to the study of powders and, more relevantly for this thesis, to be
approximately true for polycrystalline metallic thin films, also [176]. Values of around
0.9 for K have been found to be applicable to thin films, although this formula pro-
vides only an approximate method of determing particular size for thin films [176].
The experimental setup is the same as illustrated in fig. 3.3 for x-ray reflectivity, but
with a larger value of θ.
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3.4 Vibrating sample magnetometry

A vibrating sample magnetometer (VSM) is used to measure the net magnetic moment
and coercivity of YIG samples prepared by rf magnetron sputtering. A schematic of a
typical VSM system is shown in fig. 3.4. The VSM system in use during this project
is housed within a gas flow cryostat, the principles of which are described in 3.5. The
magnetometry principles alone are described within this section.

Figure 3.4: A schematic of a typical vibrating sample magnetometer (VSM) system. The
large arrow labelled H indicates the direction of the applied magnetic field. The large coils
marked ‘superconducting magnet’ represent a continuous coil of superconducting wire around
the whole assembly. The variable temperature insert (VTI) and needle valve are concepts which
will be explored in section 3.5.

A magnetic sample is placed upon a non-magnetic holder, composed of polyetherether-
ketone (PEEK), secured to and suspended from a platform. An actuator induces ver-
tical motion of the sample assembly, causing it to vibrate at a frequency of 55 Hz
between two pick-up coils, wound in opposite directions. The sample is aligned to
be equidistant between the coils, which are spaced 7 mm apart, and the amplitude of
the vibration is 15 mm. From Faraday’s law, the motion of a material possessing a
net magnetic moment through the centre of a coil of wire will induce an electromo-
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tive force (EMF) within the coil and subsequently a current. The oscillating nature of
the sample’s motion will hence produce an alternating current within the coils, which
can be detected by using a lock-in amplifier. A reference signal is produced by the
actuator for the lock-in amplifier to ‘lock-in’ to and eradicate noise from frequencies
other than 55 Hz, and a time constant of 300 ms is chosen to facilitate this. A large
superconducting coil is used to apply magnetic fields of up to 9 T from within a liquid
He bath. This allows for the measurement of magnetic hysteresis loops which allow
for determination of the sample magnetisation, with knowledge of its volume, and the
coercive field where the net magnetic moment becomes saturated.

This technique is used to determine the saturation magnetisation, MS, and coerciv-
ity, Hc, of YIG samples within this thesis. When a substrate of GGG is used, a strong
paramagnetic background signal is observed which is removed in the data presented.
This signal is linear and thus simple to remove with a linear fit to the high field data
at room temperature. A YAG substrate provides only a very small diamagnetic signal
and thus the raw data is displayed for these samples.

3.5 Low temperature electron transport

Magnetotransport measurements are taken at low temperatures in gas flow He cryostats.
The exception to this is the data shown in chapter 4, where measurements are per-
formed in a liquid helium bath. The principles of operation of the type of cryostat in
use are here outlined, with a representative schematic shown in fig. 3.5.

In fig. 3.5, the sample sits within a specifically designed holder at the end of a
sample stick. This is housed within a variable temperature insert (VTI) which allows
the temperature of the sample to be altered by the flow of helium gas. At the bottom
of the VTI, helium gas enters through the use of the needle valve and is heated by the
heater located at this site. The needle valve itself is situated within the helium bath
which surrounds the VTI, and is operated by a simple screw mechanism. The valve
consists of a sharp needle-like point, constructed from steel, which sits within a brass
housing which has a pipe leading to the VTI. As the needle tip is raised, helium can
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Figure 3.5: A schematic of a typical gas flow cryostat design. Here, VTI stands for variable
temperature insert. The sample is ensconced within the sample head in this schematic, though
its actual position varies.

flow into this pipe and into the VTI. The actual position for the entry of this gas into
the VTI varies for different cryostat manufacturers, and can be placed much closer to
the sample site. The heater response is tuned to ensure temperature stability under a
variety of conditions. The helium enters the VTI space as this space is constantly being
evacuated with the use of a roughing pump. Pumping of this space allows for better
convection as the helium gas expands upon heating then is drawn toward the sample.

A magnet consisting of a coil of superconducting wire is used to apply magnetic
fields to the sample, which is situated at the centre of this field to ensure uniformity.
To prevent excessive waste of resources and insulate the sample, vacuum jackets are
used. In particular, a vacuum jacket around the VTI promotes temperature stability and
a vacuum jacket around the cryostat’s exterior prevents excessive boil-off. A jacket of
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liquid nitrogen around the liquid helium bath adds further insulation. Metal plates are
placed toward the top of the cryostat to act as a shield from forms of electromagnetic
radiation such as cosmic rays.

The magnetotransport data presented in this thesis were collected in two different
styles of cryostat. In the first cryostat style, used for measurements of the Hall effect
in chapters 4, 5 and 6, the design is much as illustrated in fig. 3.5. In this case, a super-
conducting solenoid allows for application of magnetic fields of up to 8 T, along the
direction of the sample stick, and the VTI allows for measurements to be performed at
a variety of temperatures.

The second design of cryostat is used for the collection of the majority of other
magnetotransport data, including resistivity as a function of temperature and magne-
toresistance measurements. The main feature which differs from the design shown in
fig. 3.5 is the type of magnet employed. In this case, a split pair design is used to apply
a field laterally, with a maximum magnitude of 3 T. A stepper motor is attached to the
housing for the stick on top of the cryostat, which allows the sample to be rotated in
the applied magnetic field. Another feature present on this design is the addition of
a pressure gauge to allow for consistent conditions within the VTI. A pressure of 5
mbar is achieved at 290 K and the needle valve and pump are not adjusted from these
parameters throughout the measurements.

3.5.1 Electrical measurements

Different methods are used to make electrical contact to the samples under study, and
different pieces of apparatus are used to measure voltages. For measurements taken in
chapter 4 and for Hall effect measurements, contact is made to the sample with gold-
plated spring-loaded pins. For other measurements, pin contacts are used except in the
case of rotations in the β-plane, which is defined in fig. 3.6. Here, the technique of wire
bonding is used to make contact to the sample. This is due to the required orientation
on the sample head being unavailable on a fixed mount with pin contacts. Aluminium
wire, with a thickness of 30 µm, is used to make contact with an ultrasonically formed
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bond.

For magnetotransport measurements, a data acquisition (DAQ) card and Bayonet
Neill-Concelman (BNC) connector is used to collect data. A 16-bit peripheral com-
ponent interconnect (PCI) DAQ card is a good solution for measuring small voltages,
as the maximum signal set by the user is split into 16 bits of data, providing high
resolution measurements. For larger voltages, the resolution is significantly reduced,
and the use of a highly sensitive voltmeter, such as a Keithley 2182 Nanovoltmeter,
is preferred. Whilst this type of voltmeter has been used for some measurements, the
majority utilise the DAQ card acquisition method. The main benefit of this method is
the ability to measure multiple channels. Data are set to be acquired for each chan-
nel individually, preventing any interference between the channels. This method of
data acquisition for sample holders which support the inclusion of multiple samples
reduces the time taken to complete measurements dramatically. A noise level of 5
parts per million (ppm) in voltage signal or below is maintained throughout the mea-
surement series, indicating the use of a more traditional voltmeter is not required. Up
to three samples are connected in series for the application of 1 mA of direct current,
and up to six channels are measured for the longitudinal and transverse voltages within
each sample.

In measurements of the Hall effect, the voltage measured is rather small compared
to the longitudinal voltage. In order to produce an optimal signal with maximal signal-
to-noise ratio, a relatively high current should be applied; this allows for a Hall signal
in the region of µV (for 1 mA) instead of nV (for a few µA). A phenomenon to avoid
in thin films is that of Joule heating, where the applied current generates heat within
the conductor. To test for Joule heating, several measurements of voltage for varying
applied currents were taken. If a linear relationship is found, the behaviour is Ohmic
and hence Joule heating has not occurred. As a further test, a fixed current was applied
for several minutes at liquid Helium temperature and voltage measurements were taken
at regular intervals. For a current of 1 mA, no voltage changes were observed above
the noise level, and thermometry local to the sample indicated no temperature fluctua-
tions; as such, no Joule heating occurred. It was found that 1 mA was the optimal value
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for producing a clean Hall signal whilst avoiding the negative impacts of Joule heating.

Lock-in amplifiers are an excellent method for measuring voltages with room tem-
perature electronics, capable of giving a resolution of 2 nV consistently. Alternating
current (ac) measurements were avoided in the preparation of this thesis, however.
A DAQ card provided means to measure most efficiently due to the availability of six
channels for voltage measurements and allowed for the collection of a complete dataset
within the time-frame of a PhD project.

3.5.2 Magnetoresistance measurements

Various forms of magnetoresistance (MR) measurements are taken, and the orienta-
tions of the measurement planes are shown in fig. 3.6. Conventional MR measure-
ments involve the sweeping of a magnetic field in one particular orientation, generally
along the three axes depicted in fig. 3.6. In this figure, the charge current jc is applied
along the x axis. The longitudinal MR involves a field applied along the x axis, par-
allel to the current, whilst the transverse MR requires a field applied along the y axis,
perpendicular to the current but situated in the plane of the film. The third orientation
of conventional MR is the perpendicular MR, where the field is applied along the z
axis, out of the plane of the sample.

Another form of MR measurement employed within this thesis is the angle-dependent
MR, or ADMR. This involves a constant field being applied and the sample being ro-
tated so that the field traverses a particular plane, illustrated in fig. 3.6. For a field
which rotates in the plane of the x axis (longitudinal orientatation) and y axis (trans-
verse orientation), this is named the α-plane magnetoresistance. The β-plane magne-
toresistance involves a field being rotated in the plane of the y and z axes, i.e. between
the transverse and perpendicular orientations. This orientation is used to measure the
spin Hall MR (SHMR) as the current and field are always perpendicular, eliminating
any anisotropic MR (AMR) from ferromagnetism. The γ-plane magnetoresistance is
where solely AMR effects are measured, the the field rotates in the plane of the x and
z axes, between the longitudinal and perpendicular orientations. In this case, the field
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Figure 3.6: The nomenclature for the measurement planes and orientations for the magne-
toresistance measurements within this thesis are displayed. The charge current, jc, is oriented
along the x-axis. The α-plane is between the x and y axes, the β-plane between the y and z

axes, and the γ-plane between the x and z axes.

is always perpendicular to the spin orientation which leads to the SHMR and as such
no SHMR can be observed. The field does rotate with respect to the charge current,
however, between parallel and perpendicular orientations, which causes the AMR to
manifest if any is present. The α-plane MR thus represents a sum of the β-plane and
γ-plane MRs.

To characterise the MR, the relative change in resistivity is used. For the conven-
tional MR, this is defined as follows

∆ρ

ρ0
=
ρ(H)− ρ0

ρ0
(3.7)

where ρ(H) is the resistivity at the applied field H , ρ0 is the resistivity at zero applied
field and ∆ρ/ρ0 is the quantity used to quantify the MR. For the ADMR, the definition
depends upon the orientation, as the conventional definitions of the SHMR and AMR
are used. For simplicity, the quantity which characterises the ADMR is still labelled
∆ρ/ρ0, but has the following value for the α-plane MR

∆ρα
ρ0

=
ρx − ρy
ρy

(3.8)

where ρx is the resistivity at the applied field in the longitudinal orientation and ρy in
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the transverse orientation. For the β-plane MR, the ADMR value is defined as

∆ρβ
ρ0

=
ρz − ρy
ρy

(3.9)

where ρz is the resistivity at the applied field in the perpendicular orientation. This
definition is consistent with that for the SHMR. Finally, for the γ-plane MR, we define
the ADMR as

∆ργ
ρ0

=
ρx − ρz
ρz

(3.10)

where the resistivities are as defined for the other orientations. This coincides with
the relation that the AMR has ρx > ρy ≈ ρz while the SHMR has ρz ≈ ρx > ρy

[17; 23; 113].

3.5.3 Hall effect measurements

The Hall effect has a particular measurement geometry which is adhered to at all times.
In the ordinary Hall effect, a field is applied out of the plane of the sample and the
Lorentz force causes electrons to deflect their path to one side of the conductor, re-
sulting in a transverse voltage known as the Hall voltage [55]. The sign of the Hall
coefficient is determined by understanding the relative orientations of the current and
the field, as the Lorentz force is governed by the right-hand rule. In the Hall measure-
ments performed in this thesis, the current is applied in the positive x direction and
the field in the positive z direction. The electrons are hence deflected in the positive y
direction, causing a voltage in the negative y direction. The contacts are hence made
to satisfy this geometry and result in the correct sign of the Hall coefficient.

The shadow mask illustrated in fig. 3.2 is designed as a Hall bar which means
the transverse voltage measured is designed to have no component of the longitudinal
voltage within it. To ensure this, the Hall bars across the central electrode are six
times thinner than the central electrode and are designed to be exactly opposite one
another. In reality, manufacturing tolerances of 5 µm mean that a component of the
longitudinal voltage is measured, resulting in a zero field voltage and a component
to the signal which is symmetric with respect to the applied field. The data is hence
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processed to remove this component, with the symmetric component corresponding
to the perpendicular MR and the antisymmetric component to the Hall effect. The
symmetric component is found from

Vsym =
V (+µ0H) + V (−µ0H)

2
(3.11)

with the asymmetric component given by

Vasym =
V (+µ0H)− V (−µ0H)

2
(3.12)

where Vsym and Vasym are the symmetric and antisymmetric voltage components, re-
spectively, and V (±µ0H) represents the voltage at a particular applied field, applied
either in the positive or negative z orientation.

Figure 3.7: The Hall effect observed for 35 nm Fe with a 2 nm Pt cap on an Al2O3 substrate
is used as an illustrative example for the determination of the ordinary and anomalous Hall
coefficients, RH and RS, respectively.

Once the asymmetric component of the measured voltage has been extracted, this is
divided by the applied current and multiplied by the film thickness to provide the Hall
resistivity, ρxy. For the ordinary Hall effect, this forms a linear relationship with the
applied field, of which the gradient is the ordinary Hall coefficient,RH. For the anoma-
lous Hall effect, however, the field dependence is less trivial. At low field, there exists

63



3.5 Low temperature electron transport

a field-dependent contribution to the Hall resistivity from the anomalous Hall effect,
which saturates at the saturation field of the magnet. Beyond this field, the contribution
is constant and thus the gradient at high field is equal to RH once more [70]. In order
to find the anomalous Hall coefficient, RS, the difference between the two intercepts of
linear fits at large positive and negative fields is halved. This is illustrated in fig. 3.7.
This method is appropriate only for samples lacking a magnetisation; the illustrated
sample does contain a magnetisation, and as such the conventional scaling proposed in
section 2.4.2 is the appropriate one to use in this case. This example is shown for ease
of illustration; another example of this is shown in fig. 2.2b) for a sample without a net
magnetisation. In the case where the field at which the anomalous Hall component RS

ceases to change with increasing field is unclear, data at sufficiently high fields must
be used to fit the linear relationship and determine both RH and RS with any accuracy.
Throughout this thesis, data are fitted between applied field values of 7-8 T in order to
determine the values of the coefficients.
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CHAPTER 4

Non-magnetic impurity delta layers in
the Hall effect
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4.1 Introduction

Impurities have a long history of being used within metals in order to study scatter-
ing. In the search for higher yield spin Hall effect devices, dilute alloy systems of a
host with low spin-orbit coupling and an impurity with high spin-orbit coupling have
proven promising candidates for a large extrinsic spin Hall effect [10–14]. Since these
effects are dependent upon extrinsic scattering from impurities, and this scattering is
the same for electrons in both charge currents and spin currents, it was decided to study
the effects predicted for spin currents within a charge current system. This is a much
simpler experiment to perform with a much lower cost than the fabrication of multiple
spin Hall devices to probe the position dependent physics. As such, in this chapter the
effect on the ordinary Hall effect of a discontinuous delta layer of a metal with high
spin-orbit coupling in a non-magnetic system is investigated.

4.2 Transport properties of Cu thin films

Copper, although itself possessing low spin-orbit coupling and a negligible intrinsic
SHE, has been shown to produce large extrinsic effects when doped with Ir and Bi
impurities [10–12]. For this reason, Cu was chosen as the host metal for a study of 5d
impurity delta layers. It is hence of great importance to first characterise the resistivity
and Hall effect of the host metal. This is facilitated through a thickness dependence
study. A series of thin films of Cu are grown, shaped as a Hall bar through shadow
masked sputter deposition, to various thicknesses. The substrate chosen for this study
is polished n-type silicon coated with 100 nm of dry thermal oxide to give a resistivity
in the range 5-10 MΩ cm. The resistivity and ordinary Hall coefficient at 4.2 K of the
Cu samples deposited on this substrate are plotted as a function of film thickness in fig.
4.1. Uncertainties are plotted as error bars in this figure, but are smaller than the point
size in most cases.

The values of the resistivity are in line with those reported in the literature for thin
films of copper, at higher thicknesses approximating to the bulk value [57; 64]. The
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4.2 Transport properties of Cu thin films

Figure 4.1: The a) resistivity and b) ordinary Hall coefficient for thin films of Cu at a tem-
perature of 4.2 K are displayed as a function of film thickness. Panel a) shows a fit of the
Fuchs-Sondheimer relation to the data.

bulk value of the mean free path is found to be (0.7± 0.2) µm via a fit of the theory of
Fuchs and Sondheimer, i.e.

ρ(t) ≈ ρ0 +
3

8
ρ0λ0

1

t
(1− p) (4.1)

where ρ(t) is the resistivity of a thin metal film of thickness t, ρ0 is the resistivity of
a bulk sample of the same composition, λ0 is the mean free path of the conduction
electrons in the bulk and p is the parameter governing surface scattering, as in equation
2.6. This value of the bulk mean free path is consistent with literature [64]. It is found
that σ0 = (5 ± 3) µΩcm and p = (0.003 ± 0.003). A note on the units of the Hall
coefficient is warranted here. Throughout this thesis, units of Ωm T−1 are used, which
are equivalent to m3C−1. The other units often employed in the literature are Ωcm
G−1 which is equivalent to 10−2 Ωm T−1. The Hall coefficient is varying in the range
pΩm T−1, having a larger value than previously demonstrated for polycrystalline Cu
at this temperature at lower thicknesses, but at higher thicknesses is in line with liter-
ature value [57; 64]. Hence the polycrystalline copper films grown by dc magnetron
sputtering are of high purity and well-suited to the task of hosting impurity δ-layers.

During the growth of samples with discontinuous δ-layers, the film is rotated within
the growth chamber to another target and then rotated back to the copper target. In or-
der to determine whether this movement and break in growth causes any transport ef-
fects, a control experiment was performed. Here, the sample growth was interrupted at
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4.3 Resistivity of thin films with δ-layers

points where a δ-layer may be inserted to determine if any dependence on the position
of this interruption arises. This acts as a check of whether impurities in the vacuum are
significant enough to alter transport properties, and also whether any induced defects
are capable of causing some extrinsic scattering phenomena. No trend was observable
with position and 71 % of results were within one standard deviation of the average.
This data was combined with control samples in each growth cycle to find the Hall
coefficient of undoped Cu with a thickness of 40 ML at a temperature of 2 K.

Throughout this chapter, multiple growth runs are employed to study the position
dependent effects for various impurities within a Cu host of around 16 nm thickness;
the actual thickness varies slightly between datasets, with a standard deviation of 1
nm. Twenty control samples in all were created during this process, with one for each
growth run involving impurities, to give seven such samples, along with thirteen in
the control experiment with a pause. The solid lines in fig. 4.7 represent the control
value for each dataset of the absolute value of the ordinary Hall coefficient, |RH|, with
the dashed lines representing the standard deviation in this value. The ordinary Hall
coefficient for (16.67 ± 0.06) nm of copper was found to be −(96.2 ± 0.7) pΩm T−1

with a standard deviation of 2 pΩm T−1. These results serve as a basis to determine
whether subsequent results for doped samples are statistically significant.

4.3 Resistivity of thin films with δ-layers

In order to investigate the ordinary Hall effect for samples with a discontinuous δ-layer
of non-magnetic impurities, several films are produced for each dataset with the posi-
tion of the δ-layer changing in each. In order to model the behaviour of the resistivity
ρxx as a function of this position, a model of parallel conductors is employed.

Considering the theory of Fuchs regarding the effects of film thickness and mean
free path upon the resistivity of a thin film, the conductivity of one layer can be ex-
pressed as found in equation 2.2 with Φ(k) as defined in equation 2.3 with the integral
Ei(−k) shown in equation 2.4 and the Drude conductivity in equation 2.5. In order
to apply a parallel conductor model, the films can be considered a tri-layer system;
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4.3 Resistivity of thin films with δ-layers

Figure 4.2: The longitudinal resistivity ρxx as a function of impurity position in monolayers
(ML) of the host metal Cu for Ta, Mn and Ir. The black squares show the results for Cu with an
interuption in growth while the black line shows the results of the general parallel conductors
model for resistivity. All measurements were taken at a temperature of 2 K.

there are two layers of the host metal, of thickness z and (T − z) with an alloyed delta
layer between the discontinuous layer of impurities and the host metal, of thickness d.
For impurities at the film surface, this becomes a bilayer system. The theory of Fuchs
can hence be employed to find the conductivity of each of these layers. In considering
the integral of equation 2.4, there exists no analytical solution and as such numerical
methods must be used. Using the substitution y = 1/t, the integral of equation 2.4
becomes

− Ei(−κ) =
∫ 1/κ

0

1

y
e−1/ydy (4.2)

using the relation dt = −y−2dy to complete the variable replacement. The integral
now has finite limits, allowing the use of Simpson’s rule with the form

E =
1

3
h

(
f0 + fN + 4

∑
odd, m

fm + 2
∑

even, m

fm

)
(4.3)

where N represents the total number of steps which are employed between the limits;
this must be an even number. The interval between these steps is h while fi represents
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4.3 Resistivity of thin films with δ-layers

the value of the function in the integrand when evaluated at i. In finding the conduc-
tivity of each layer, a value of N = 105 is used, since values larger than this were still
consistent to four significant figures.

In order to combine the conductivities of the layers in a model of parallel conduc-
tors, these must be scaled by the relative thicknesses of the layers. To facilitate this,
the conductance of the entire sample is found from

g =
W

l
(σzz + σ(T−z)(T − z) + σ′d) (4.4)

where W is the width of the sample, T is the total sample thickness, l the distance
between the voltage probes, σz and σ(T−z) are the conductivities of the host metal of
thickness z and (T − z), respectively, while σ′ is the conductivity of the alloyed δ-
layer and d is its thickness. The only adjustable parameter is the fraction of the total
conductivity that σ′ represents. It is assumed that σ′ ≈ σ0/3 to give the result shown
in fig. 4.2. This value for the δ-layer conductivity is chosen as it represents well the
relative conductivity of Cu alloys with similar metals in the literature [10–13]. The
bulk mean free path found from the Fuchs-Sondheimer fit in fig. 4.1a) is used along
with σ0 chosen from this fit. The samples have dimensions shown in fig. 3.2.

The general shape observed in the data is recreated by the calculation, affording in-
sight into the origins of the trend. The form of the resistivity as a function of delta layer
position is a further manifestation of this phenomenon; additional scattering occurs at
the interface between the host and the impurity δ-layer. For δ-layers in the centre of
the film, the resistivity is hence increased the most as both of the host metal layers
contribute equally to the resistivity.

Scattering events within the alloyed δ-layer are ignored in this model; the coverage
of the delta later is around 60 % and hence gives a discontinuous layer of impurities.
By neglecting scattering within this discontinuous layer, scattering at impurity sites is
modelled more clearly. Assuming a small d of the δ-layer and neglecting finite size
effects within this alloyed layer hence better represents the physical picture. The pa-
rameters used give good quantitative agreement for a δ-layer of iridium with copper. A
small change in thickness between the two iridium-doped datasets leads to a change in
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4.4 The Hall effect in thin films with impurity δ-layers

the relative resistivity. Tantalum impurities lead to a greater increase in the resistivity
while manganese leads to the highest, with a doubling of the resistivity for an impurity
δ-layer at the interface with the substrate when it is moved to the centre of the film.
This dependence upon impurity character cannot be modelled within the theory of
Fuchs for scattering at film boundaries. The scattering type involved is more likely to
be the cause of this change in magnitude. Mn impurities have been shown to produce
the spin effect, as outlined in section 2.4.1.1, in the ordinary Hall effect when doped
in a Cu host at higher concentrations [49; 68]. Iridium is known to produce strong
skew scattering when used a dopant in spin Hall effect devices [10] but its effect on the
resistivity is less well known. Tantalum is also known to produce skew scattering, and
has been postulated as a candidate for resonant scattering with side-jump in spin Hall
effect devices [14; 177]. These scattering types may be the cause of the dependence on
impurity character, but the cause currently remains unknown. Work is ongoing with
calculations being performed by Dr. Martin Gradhand at the University of Bristol in
order to determine the cause of the relative changes.

4.4 The Hall effect in thin films with impurity δ-layers

Impurities of Mn, Ta, Fe, W, Ir and Bi are considered as delta layers within a Cu host.
A temperature of 2 K is used to measure the Hall coefficient(s) in order to determine
the changes in the absence of strong electron-phonon scattering, allowing other forms
of scattering to be observed to modify the Hall effect; this could include scattering
with side-jump [69] or the spin effect [49; 68], as outlined in section 2.4.1.1. Fields
of up to 8 T are applied in the perpendicular orientation for a Hall bar of Cu with an
impurity δ-layer at a fixed position in the z axis of the film. The Cu thickness used is
in the range (16 ± 1) nm over eight datasets with 136 samples analysed for transport,
in all. The film thickness is converted into monolayers for the analysis, with each film
assumed to contain 40 monolayers (ML) of Cu as the average interplanar spacing of
Cu is around 2-4 Å [178; 179] for polycrystalline samples such as these.
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4.4 The Hall effect in thin films with impurity δ-layers

4.4.1 The anomalous Hall effect in Cu(δFe)

There is one system considered in this chapter, that of Fe δ-layers in a Cu host, which
deviates from the linear relationship between ρxy and applied field. In this case, an
anomalous Hall effect is produced and the case for a δ-layer in the centre of the film is
shown in fig. 4.3. For this film, it is found that RH = −(84.10 ± 0.07) pΩm T−1 and
RS = (36.9± 0.4) pΩm at a temperature of 2 K as per the definition in equation 2.28.
The anomalous Hall component can be clearly seen to saturate at relatively low field,
compared to the measurement range, and as the field is increased beyond this, there
exists a linear response in the Hall resistivity due to the OHE. This image is quite dif-
ferent than those first discovered for the AHE, where RS was found to be much greater
than RH [70]. Given the nature of the impurities, it is prudent to check whether the
low-high field transition discussed by Hurd [57] can be observed.

Figure 4.3: The Hall resistivity ρxy is shown as a function of applied field for 40 ML Cu with
a δ-layer of Fe at 20 ML. The data were taken at 2 K. Linear fits are shown to the ordinary Hall
component.

An anomalous Hall effect produced by such a dilute amount of Fe in a non-magnetic
host which is far from satisfying the Stoner criterion, and hence unable to experience
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4.4 The Hall effect in thin films with impurity δ-layers

a magnetic proximity effect, is surprising. Previous studies involving Fe as a dilute
impurity with a non-magnetic host have largely involved much greater concentrations;
60 % coverage of one monolayer in a 40 ML sample equates to a concentration of
1.5 %, in comparison to those in excess of 30 % in, for example, ZrFe [69]. Whilst a
planar array of Fe atoms in Pt has previously been studied [79], this was for a much
thinner film and hence a much higher concentration. The films discussed in fig. 2.6
are 0.9 mm thick with lateral dimensions 1 cm x 5.7 cm [64], making them bulk-like
in comparison to the thin films investigated in this study.

The change in Hall resistivity from the linear ordinary Hall resistivity is plotted
in fig. 4.4 for Fe δ-layers at various positions within 40 ML of Cu. This allows for
comparison to fig. 2.4b) from section 2.4.1. For impurities at 40 ML, i.e. the exposed
surface of the film, no discernible AHE is observed and as such |∆ρxy| ≈ 0 for all
fields. For the impurity δ-layer placed at the other surface, that between the substrate
and the film, however, an AHE is observed. The largest RS observed occurs for a δ-
layer at the centre of the film, i.e. at 20 ML, and it can be seen from fig. 4.4 that this
consequently produces the largest |∆ρxy| as a function of field. For impurities on the
top surface of the film, the exposure to air causes oxidation. The Fe in this position,
therefore, and when placed a few ML into this top surface, is oxidised and produces
no AHE.

The form of the curves in fig. 4.4 is classified as type C when compared to fig.
2.4. This signifies that there is a sizeable spin component, due to the spin effect, to the
Hall resistivity which does not saturate at the fields applied [57]. This is a surprising
result, as it has previously been found that for dilute magnetic impurities, in systems
such as AuFe, a spin component has been absent from the observed Hall resistivity;
only when the concentration is increased can a component be observed, with the re-
sponse becoming type B and then type C with increasing concentration [57; 63]. Some
results for comparison are shown in fig. 2.6. It can be observed that the data in fig.
2.6b) show a non-saturating spin component at the highest concentrations of Fe within
a Cu host; for the very highest concentration, of 325 ppm or 0.03 %, the response with
field is linear. The physics which lead to the enhancement of the spin component of
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4.4 The Hall effect in thin films with impurity δ-layers

Figure 4.4: The absolute change in the Hall resistivity after subtraction of the ordinary Hall
resistivity is shown for 40 ML Cu with a δ-layer of Fe placed at the positions indicated in the
legend. The data have been averaged and an indication of the scatter is shown at µ0H = 4 T
with a single error bar for each curve. The data were collected at a temperature of 2 K.

the AHE in Cu(δFe) compared to a more traditional dilute CuFe alloy is currently un-
known. Calculations are underway by a collaborator which hope to shed some light on
the phenomenon, investigating skew scattering and scattering with side-jump in these
samples. The effect of impurity δ-layer position on the anomalous Hall coefficient RS

is shown in fig. 4.5.

The anomalous Hall component vanishes for δ-layers at the top surface of the film.
Being exposed to air, it is likely the Fe impurities are oxidised hence diminishing the
anomalous Hall effect. The maximum magnitude of RS occurs not at 20 ML but 16
ML. Enhanced scattering may be expected to be observed in the centre of the film for
much the same reason as the increase in longitudinal resistivity; the largest contribu-
tion from scattering at the δ-layer interface occurs for a δ-layer in the centre of the film,
according to the expansion of Fuchs-Sondheimer theory. The contribution of scattering
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4.4 The Hall effect in thin films with impurity δ-layers

Figure 4.5: The anomalous Hall coefficient RS as a function of δ-layer position for a δ-layer
of Fe within 40 ML of Cu. All measurements were taken at 2 K. A solid line is provided at
RS = 0 for comparison to clean Cu.

with side-jump to the anomalous Hall effect is expected to be proportional to ρ2xx, as
in equation 2.27, and this could be the reason for the qualitative similarity; scattering
with side-jump is known to be a prevalent cause of the anomalous Hall effect for Fe
impurities [47; 48; 56; 69; 80]. This analysis is left to further work as longitudinal
resistivity data could not be collected for these samples.

4.4.2 The ordinary Hall effect in Cu with impurity δ-layers

It has been shown that a δ-layer of Fe impurities within a 16 nm film of Cu produces
an anomalous Hall effect which can be observed in the Hall resistivity as a function
of field. Dopants of Ta, W, Ir and Bi were also employed in this study within a Cu
host of the same thickness. An example of the observed Hall resistivity for a sample
without dopants and with a δ-layer of Iridium midway through the film is shown in
fig. 4.6. Linear fits indicate that no deviation is observed from the ordinary Hall effect
and no anomalous behaviour is observed as a function of field for any of the samples
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4.4 The Hall effect in thin films with impurity δ-layers

doped with non-magnetic impurities under study. The inclusion of an impurity δ-layer
changes the value of the Hall coefficient and this effect is discussed further in the re-
mainder of this section.

Figure 4.6: The Hall resistivity ρxy is shown as a function of applied field for pure Cu (black
squares) and Cu with a δ-layer of Ir impurities in the centre of the film (red diamonds). Both
measurements are displayed with linear fits and were taken at a temperature of 2 K.

The change in the ordinary Hall coefficient RH is shown as a function of impurity
δ-layer position in fig. 4.7 for all impurity δ-layer systems under study. The standard
deviation of 2 pΩm T−1 is indicated by the dashed lines in fig. 4.7 as a percentage
change from the control value for each dataset. It can hence be seen that the trends
which emerge are statistically significant and not a result of random fluctuations in the
measurement. All data are collected at a temperature of 2 K with an applied field of
up to 8 T. The data in fig. 4.7a) for Cu with a δ-layer of Ir is displayed as both red
circles and blue triangles; these are two separate sets of samples which were repeated
as a further indicator of the statistical significance of the result. Some scatter, of the
same order as the standard deviation found for Cu with an interruption in growth, is ob-
served but its magnitude indicates an excellent agreement between datasets and hence
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4.4 The Hall effect in thin films with impurity δ-layers

a significant result.

Figure 4.7: Relative changes in the ordinary Hall coefficient RH as a function of impurity
δ-layer position for impurities of a) Ta and Ir, b) Mn and Bi, and c) Fe and W within a 40 ML
Cu host from the value without impurities. All measurements were taken at 2 K and the dashed
black lines represent the standard deviation in the value of RH found from the pure 40 ML Cu
control samples.

It is worth noting the electron configurations of the various impurities at this point;
the impurity sites are assumed to be well-separated and non-interacting and hence their
electronic configurations are of interest. The data have been grouped according to the
spin state of the impurity ion as a result of the valence shell filled using Hund’s rule. It
can be observed that impurities within each grouping possess a similar trend with im-
purity position, both qualitatively and quantitatively. The electron configuration in the
valence shell for Ta is 5d3 and for Ir 5d7. This means that both these shells contain three
unpaired electrons. For Mn and Bi, their valence electron configurations are 3d5 and
6p3, respectively; these shells are half-filled and hence their orbital angular momentum
is zero. The valence configurations for the final grouping, Fe and W, are 3d6 and 5d4,
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respectively, meaning both have four unpaired electrons in their valence shells. This
correlation is of note when considering the ordinary Hall coefficient for samples with
dilute impurities [49; 68; 84]. Though traditionally this was thought to be observed as
a deviation from linear behaviour for the Hall resistivity as a function of field, if the
samples remain in the low-field condition, as illustrated in fig. 2.4a), a linear trend with
field will be observed. This has not been experimentally confirmed, however, and as
such there is currently no accompanying theory which allows for extraction of param-
eters. It is hoped that the calculations underway will allow for a better understanding
of the spin effects in this system and lead to a method for extracting more meaningful
data about the spin effect from the Hall resistivity data in the absence of non-linear
effects.

It is clear from fig. 4.7 that the ordinary Hall coefficient of Cu is modified by the
inclusion of the δ-layer of both magnetic and non-magnetic impurities as a function of
position. This change is asymmetric about the centre of the film; in the calculations
currently being performed, an attempt is being made to simulate the effects of poly-
crystalline Cu in a real-world system.

4.5 Summary

It has been shown that discontinuous impurity δ-layers of both magnetic (Fe) and non-
magnetic impurities (Ta, Ir, W and Bi) alter the value of the ordinary Hall coefficient in
a manner dependent upon the impurity character at a temperature of 2 K. This change
as a function of position has never before been observed. The form of the Hall effect
remains linear for non-magnetic impurity δ-layers in a Cu host up to a field of 8 T. A
correlation is apparent between the spin state of the impurity ions and the form and
magnitude of the position dependence. In the case of magnetic impurities, a single
δ-layer of Fe within 20 ML of Cu has been shown to produce an anomalous Hall effect
which depends upon the position of the impurity δ-layer in a manner separate from
the associated ordinary Hall coefficient of the films. The fundamental physics at work
here is interesting and novel; theoretical work is underway to provide an explanation
of all the effects discussed in this chapter and the contents of this chapter will lead to a
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high impact journal publication in the near future.
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CHAPTER 5

The effect of localised Fe impurities on
the magnetotransport of thin Pt films
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5.1 Introduction

Pt doped with magnetic impurities has long been a system of interest in solid state
physics, with the discovery of the magnetic proximity effect (MPE) leading to the po-
tential for designing materials with desirable properties for applications [68; 79; 85;
86; 143; 159; 180]. More recently, great interest has been placed on the effect of the
MPE on spin transport phenomena such as the spin Hall effect (SHE) and spin Hall
magnetoresistance (SHMR) [17; 20–23; 109; 112; 116; 163; 181].

The effect of discontinuous delta layers of Fe impurities within thin Pt films is stud-
ied here. The motivation behind this work is two-fold; the work in chapter 4 shows
that impurity δ-layers play a role in the ordinary Hall effect (OHE) for thin films doped
with discontinuous layers of both magnetic and non-magnetic impurities with high
spin-orbit coupling (SOC). The position dependence of a discontinuous layer of mag-
netic impurities on the anomalous and ordinary Hall effects is investigated here as an
extension of this study in a Pt host. The second part of the motivation lies with some
anomalous magnetotransport behaviour found in recent literature in YIG/Pt bilayers
[21; 22; 58; 112; 163] and an ongoing debate in the literature about whether the MPE
could play a role. To complement this study, the magnetotransport of YIG/Pt bilayers
under various preparation conditions are studied in chapter 6. To simulate the MPE,
and to understand the implications for the magnetotransport of localised magnetic im-
purities within Pt, discontinuous layers of Fe are deposited on an Al2O3 substrate prior
to the deposition of ultrathin Pt. In this chapter, the various magnetotransport phenom-
ena that result are discussed in detail.

5.2 Magnetotransport of thin and ultrathin Pt films

In this section, the magnetotransport of both thin and ultrathin, 2D, films of Pt is in-
vestigated. An ultrathin film is one whose thickness is much smaller than the mean
free path of the conduction electrons in the material; for bulk Pt, this is around 10-13
nm [182]. The film thicknesses are chosen to be 22 nm, as this is sufficiently large
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5.2 Magnetotransport of thin and ultrathin Pt films

to remove finite size effects and mesoscopic phenomena from low temperature mag-
netotransport, as demonstrated here, and 2 nm to probe quantum interference effects.
These films are deposited via dc magnetron sputtering and are hence nanocrystalline
in nature; this means that the substrate texture direction plays very little role in the
structure of the films.

5.2.1 Resistivity as a function of temperature

Before beginning a study on the effects of magnetic impurities within thin films, it is
first prudent to ensure the quality of the source material and determine the innate con-
centration of any pre-existing magnetic impurities. The prevalent method for deter-
mining this is via measurements of the Kondo effect, where the resistivity of a metal-
lic sample increases at low temperatures due to scattering from magnetic impurities
[146], as discussed in section 2.8. It is known that Fe impurities within Pt exhibit spin-
fluctation behaviour in very dilute concentrations, leading to a logarithmic increase in
the resistivity at low temperatures [159; 180; 183]. This allows one to determine if the
concentration of impurities has surpassed a particular threshold [159].

Figure 5.1: The resistivity as a function of temperature for a) (22.2±0.2) nm Pt deposited on
an Al2O3 substrate and b) (2.22± 0.02) nm Pt deposited on a YAG substrate via dc magnetron
sputtering. The insets show the full temperature range, while the main figures show the low
temperature regions where an upturn is visible in b) but not a). All measurements are taken in
zero magnetic field.
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5.2 Magnetotransport of thin and ultrathin Pt films

Fig. 5.1a) shows the resistivity of (22.2 ± 0.2) nm Pt deposited via dc magnetron
sputtering onto an Al2O3 substrate, as a function of temperature. The value of the re-
sistivity is consistent with that found in recent work for 20 nm Pt; the value reported
is around 20 µΩcm [34] while the values found in this sample vary in the approximate
range 16-26 µΩcm. It is expected that this film will have a slightly higher resistiv-
ity compared to the reported value, as that sample was annealed at high temperatures,
whereas this film was not. This value hence signifies a high quality polycrystalline film
of Pt.

Fig. 5.1a) shows the low temperature region of the resistivity data. No upturn is
visible, signifying a lack of any spin fluctuation or Kondo effects and hence an absence
of significant quantities of magnetic impurities, consistent with the quoted source ma-
terial purity of 99.99 %. This means that any upturn observed upon the introduction
of magnetic dopants is due entirely to the concentration added. This concurs with the
value of the resistivity to suggest the Pt grown by dc magnetron sputtering is of high
quality.

Fig. 5.1b) shows the resistivity of (2.22± 0.02) nm Pt deposited via dc magnetron
sputtering onto a Y3Al5O12 (YAG) substrate, as a function of temperature. The value
of the resistivity observed is much larger than for the (22.2 ± 0.2) nm sample shown
in fig. 5.1a), varying in the approximate range 36-53 µΩcm in the samples used here.
This is consistent with experimental values in the literature [184]. This larger value is a
consequence of the film becoming ultrathin, i.e. much thinner than the mean free path,
and therefore susceptible to quantum interference effects. The reduced cross-sectional
area leads to a higher number of interfacial scattering events as the thickness of the
film is significantly smaller than the expected mean free path for conduction electrons
within the Pt film [29; 184].

The data in fig. 5.1b) show a clear increase in the resistivity at low temperature,
with a minimum value at (11.2± 0.4) K. The resistivity below the minimum increases
in proportion to lnT , consistent with three phenomena outlined in chapter 2: the Kondo
effect, as per equation 2.50 [146]; quantum interference, as per equation 2.34, where
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5.2 Magnetotransport of thin and ultrathin Pt films

τi = βT−p contains the temperature dependence [122], and the enhanced electron-
electon interaction, as per equation 2.38. None of these phenomena can fully describe
the data on their own, however. If values from the literature for ultrathin Pt are used
to simulate to effect of quantum interference, weak anti-localisation is observed with
a decrease in the resistivity at low temperatures. Even with very low screening, the
enhanced electron-electron interaction alone cannot explain the data. Only when both
theories are combined can a fit to these data be obtained. This fit is shown in fig. 5.2a)
with the electron-electron power low shown in fig. 5.2b).
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Figure 5.2: The resistivity data from fig. 5.1b) is fitted on the left with equation 2.34 whilst
on the right the values found from use of equation 2.35 are fitted with equation 2.37.

The film is expected to be two dimensional due to its thickness being much shorter
than the expected mean free path and therefore the two dimensional expressions for
weak localisation and electron-electron interaction discussed in section 2.6.1 are used
in fig. 5.2. The only way to obtain a fit is to add together the two contributions:
quantum interference and electron-electron interaction.

As well as τso, the temperature dependence of the electron-electron interaction
time, τee is obtained. For τee we can fit equation 2.35 to learn whether the samples
are clean and follow Fermi liquid behaviour, or whether they have an enhanced inter-
action. As can be seen from table 5.1, A1 is much greater than A2, indicating that the
τee is enhanced by the 2D nature of the sample when compared to the bulk-like contri-
bution, which goes as T 2. The parameters obtained from this fit are shown in table 5.1
below. The value obtained for τso is larger than expected by a factor of 10. However, to
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5.2 Magnetotransport of thin and ultrathin Pt films

Table 5.1: Parameters for the fits of quantum interference and the enhanced electron-electron
interaction in fig. 5.2.

Sample τso (ps) ρxx (µΩcm) F Lso (nm) λ (nm)

YAG/2.22 nm Pt 6±4 30±3 0.36±0.01 30±3 11±1

Sample β(×10−10) P A1(×1010 s/K) A2(×1010 s/K2)

YAG/2.22 nm Pt 0.38±0.09 1.59±0.05 2.470±0.008 0.874±0.002

make sense of this number, we need the diffusion constant to find the lengthscale of the
spin-orbit scattering. The value from the bulk heat capacity has been used which then
gives scattering lengths of the order of 30 nm (see table 5.1); an order of magnitude
too high. D is also calculated from the Fermi velocity and the mean free path which
increases its value from that obtained from the heat capacity by an order of magnitude.
The value of D hence cannot be constrained very well. The data of fig. 5.2b) show
similarities with those found for AuPd alloys [136]. For samples with ρxx < 1 µΩcm,
hence deemed to be clean [123], values of between 10-30 ps have been found [120].
The longer lifetimes indicated by these data hence suggest a smaller contribution from
this effect to the transport.

Figure 5.3: The resistivity as a function of temperature for a) (2.22 ± 0.02) nm Pt on YAG
cooled in zero field (black squares) and an applied field of 3 T (red circles) and b) Ag with a
dilute amount of magnetic impurities, cooled in various fields, relative to the resistivity at 10
K. Graph b) courtesy of [185].

The third logarithmic temperature dependence mentioned is the Kondo effect. The
absence of a resistivity minimum in the (22.2 ± 0.2) nm data indicate the source ma-
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terial is of high purity and hence the minimum observed for (2.22 ± 0.02) nm Pt is
not due to the Kondo effect from source material impurities. While the substrates for
the two films are different, neither contain magnetic elements and as such the Kondo
effect should not be induced from this difference. The application of a magnetic field
when cooling the sample works to destroy the Kondo effect; this can be seen in fig.
5.3b) for Ag films; the resistivity increases less with the application of greater fields
below Tmin until standard metallic behaviour is observed at 4 T. In order to fully re-
move the Kondo effect from the data, the ultrathin sample was cooled in a field of
3 T; these data are shown in fig. 5.3a) alongside the zero field data. It can be seen
that the opposite effect occurs; there is a larger increase in the resistivity below Tmin

when a field is applied out of the sample plane, indicating quantum interference effects.

5.2.2 Conventional magnetoresistance

The change in resistance as a function of field, i.e. the conventional magnetoresistance
(MR), of thin Pt films is considered. In order to separate any intrinsic effects from Pt,
it is prudent to consider the MR in both thin and ultrathin films of Pt; this enables the
contribution of quantum interference effects to the MR to be better understood. The
MR is discussed for the perpendicular orientation, where the field is oriented out of
the plane of the sample. This are illustrated in fig. 3.6, and is the orientation most of
interest when studying quantum interference effects.

Fits of quantum interference phenomena are applied to the data in fig. 5.4 from
equation 2.40 and are displayed as solid lines. The variation of the characteristic mag-
netic fields as a function of temperature are displayed in fig. 5.5. Using D = 33 cm2/s,
from the mean free path, it is found that τso varies in the range 0.8-6.0 ×10−13 s, in line
with expectation from the spin diffusion length [110; 186]. The value of Bi is found to
increase from low temperatures, as one would expect for electron-electron interaction
followed by increased phonon scattering. The values of Bs, Bso and Bo for the mag-
netic, spin-orbit and elastic contributions, respectively, are not expected to vary with
temperature [122] and this is what has been found for the clean Pt sample. The data
show that weak anti-localisation can explain this data and obtain reasonable values for
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5.2 Magnetotransport of thin and ultrathin Pt films

Figure 5.4: The perpendicular magnetoresistance for (2.22±0.02) nm Pt on a YAG substrate,
plotted as a function of both applied magnetic field and temperature up to 50 K. Please note
the curves for 2 K and 3 K overlap significantly with the point size chosen.

τso. The electron-electron interaction leads to a small magnetoresistance which is ne-
glected in this thesis.

The temperature dependence of the magnitude of the field-dependent MR are shown
in fig. 5.6 for both thin and ultrathin Pt. In both cases, the MR in all three orientations
is seen to be negligibly small above 50 K. Below 50 K, an increase to a positive MR in
all orientations is observed in both samples, with the largest being for the perpendicu-
lar orientation due to quantum interference effects in the ultrathin film.

5.2.3 Angle-dependent magnetoresistance

The angle-dependent magnetoresistance (ADMR) for thin films of Pt on a non-magnetic
substrate remains largely unexplored in modern literature, yet plays a role in the mea-
sured values of the SHMR and AMR quoted for YIG/Pt bilayers. Here, the intrinsic
effects from Pt are studied in order to understand the contribution of finite size effects
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5.2 Magnetotransport of thin and ultrathin Pt films

Figure 5.5: The various characteristic fields for scattering types used in the weak localisation
model of the perpendicular magnetoresistance. Uncertainties are plotted as error bars but are
smaller than the point size used.

to the magnitude of the ADMR at high fields. A film thickness of around 2 nm is
chosen for this study, as this has been found to be optimum in studies of the SHMR
in YIG/Pt bilayers [17; 113; 160; 161]. A control sample of a larger thickness is used
to isolate quantum interference effects. In angle dependent measurements on YIG, a
field is applied while the samples are rotated in three measurement planes, outlined in
section 3.5.2. A large field is applied in order to maximise the magnitude and allow
small ADMR to be measured above the experimental noise. Examples of the rotation
are shown in fig. 5.7.

Fig. 5.7 shows that in the α-plane at a temperature of 5 K and an applied field of
3 T, an angle-dependent magnetoresistance with a cosine squared dependence on the
angle manifests. The data in fig. 5.8 represent a combination of measurements of the
full angle-dependence and of differences between the relative conventional MRs which
were measured, at an applied field of 3 T.
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5.2 Magnetotransport of thin and ultrathin Pt films

Figure 5.6: The magnitude of the longitudinal, transverse and perpendicular magnetoresis-
tances at an applied field of 3 T are shown here as a function of temperature. The samples
under study are a) (22.2± 0.2) nm Pt on an Al2O3 substrate and b) (2.22± 0.02) nm Pt on a
YAG substrate. Lines shown are guides to the eye.

The ADMRs in all three orientations are shown for both thin and ultrathin Pt in
figs. 5.8a) and 5.8b) respectively. As the MR in all three orientations and both samples
was found to be negligible above 50 K, so too is the ADMR in all three orientations. In
the thicker sample, a small positive value is observed below 30 K in the α-plane. The
β-plane exhibits a small positive magnitude below 50 K. The γ-plane, where AMR is
typically measured, exhibits a negative value below 50 K. The magnitudes of all these
ADMRs are of the order of 10−5 and are thus much smaller than reported values of
SHMR or AMR in YIG/Pt bilayers. Their origins are in the magnetoresistance ob-
served at low temperatures in Pt, and as such the mechanisms are far removed from
those of SHMR and AMR.

The ultrathin Pt sample, shown in fig. 5.8b), develops ADMRs with much larger
magnitudes, of the order of 10−4; this is much more significant for measurements of
the SHMR and AMR. Quantum interference effects play a large role in increasing
these values, and once again the mechanisms behind these signals are not the same
as for SHMR and AMR; they only contribute to the value through the method used
to measure them. A positive signal with a cosine squared dependence which is in
phase with SHMR emerges in the β-plane below 30 K, to a maximum magnitude of
(8.07 ± 0.03) × 10−4 at 5 K. This is even larger than the SHMR measured in YIG/Pt
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Figure 5.7: The angle-dependent magnetoresistance at a temperature of 5 K and applied field
of 3 T in the α-plane for a) (2.22± 0.02) nm Pt on YAG and b) (22.2± 0.2) nm Pt on Al2O3.
Red lines show cosine squared fits to the data. Amplitudes are plotted in fig. 5.8 as a function
of temperature.

bilayers in some cases [110], and is an effect that has not been taken into account as
of yet. The γ-plane exhibits a large negative ADMR below 30 K, to a maximum mag-
nitude of −(9.48 ± 0.03) × 10−4 at 5 K. This corresponds to a negative AMR signal
if current measurement formalism is applied [22; 23; 181]. The α-plane is used to
measure the sum of SHMR and AMR signals, and in this case represents the sum of
the β and γ ADMRs well with a magnitude of −(1.285± 0.007)× 10−4.

The magnitude of the ADMR is strongly dependent upon the field, and is a product
of the weak anti-localisation observed at reduced thicknesses. The increases in the β-
and γ-plane magnitudes below 30 K are attributed to weak anti-localisation via the
magnetoresistance fitting. These trends are explored in dilute PtFe alloys and YIG/Pt
bilayers later in this thesis to elucidate a mixture of complex effects.

5.2.4 The Hall effect

The Hall effect measured in both thin and ultrathin Pt is another method to determine
the quality of the films and any contribution to the Hall effect from quantum interfer-
ence effects. In both samples, the ordinary Hall effect is observed, which is due to
the Lorentz force and described in section 2.4. The sign of the Hall effect is nega-
tive, as expected for electron charge carriers in a metallic sample. The Hall resistivity
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Figure 5.8: The temperature dependence of the magnitude of the angle-dependent magne-
toresistance taken at an applied magnetic field magnitude of 3 T for a) (22.2 ± 0.2) nm Pt on
Al2O3 and b) (2.22± 0.02) nm Pt on YAG. The planes are as outlined in section 3.5.2, with α

being the x-y plane, β the y-z and γ the x-z. Lines shown are guides to the eye.

over the entire field range is used to calculate the ordinary Hall coefficient, RH, as the
dependence on field is entirely linear. Further detail regarding the extraction of Hall
coefficients from raw data can be found in section 3.5.3. Representative examples are
shown at a temperature of 5 K in fig. 5.9.

Figure 5.9: The Hall resistivity as a function of field with linear fit is shown for a) (22.2±0.2)

nm Pt on Al2O3 and b) (2.22± 0.02) nm Pt on YAG at a temperature of 5 K.

The temperature dependences of the ordinary Hall coefficient for thin and ultra-
thin films of Pt are shown in figs. 5.10a) and 5.10b) respectively. The shape of the
temperature dependence is similar in both cases, with a decrease in magnitude below
30 K. This behaviour cannot be attributed to weak anti-localisation, as it is present in
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Figure 5.10: The magnitude of the ordinary Hall coefficient plotted as a function of temper-
ature for a) Al2O3/22.2 nm Pt and b) approximately 2 nm Pt deposited on various substrates;
see the legend for more details.

the thicker sample also. The magnitude of RH is, however, quite different for thin and
ultrathin films. The value of RH for a thin film is consistent with values in the litera-
ture [187; 188]. The ultrathin sample has a much larger magnitude, however. This is
consistent with trends previously observed for very thin films of Pt [189]. Here, the
Hall coefficient at room temperature decreases in magnitude from −(24.2± 0.1) pΩm
T−1 for the Al2O3/22.2 nm Pt sample to −(9.27 ± 0.02) pΩm T−1 for the YAG/2.22
nm sample Pt studied throughout this section. There are changes in the position of
the minima and in the magnitude of the Hall coefficient for the samples plotted in fig.
5.10b). These are most likely due to small variations in the sample thickness; two
films have a quoted thickness of (2.22 ± 0.02) nm whilst the others have a thickness
of (2.28 ± 0.02) nm. Those samples with the same quoted thickness are similar in
magnitude; more data are required to determine if the minima remain consistent.

The data represented in this section hence demonstrate that the Pt grown by dc
magnetron sputtering for the purposes of this thesis is of high quality and provides
magnetotransport results which exhibit a mixture of enhanced electron-electron inter-
action and quantum interference effects in the ultrathin regime.
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5.3 Interfacial Fe doping in the magnetotransport of
ultrathin Pt films

Various concentrations of Fe were deposited as a discontinuous layer prior to the depo-
sition of 2 nm of Pt via dc magnetron sputtering. In-situ deposition in a high vacuum
environment allows for exceptionally clean samples. Sapphire (Al2O3) is the substrate
of choice for this study, as thermally oxidised silicon has been found to greatly increase
the resistance of ultrathin films of Cu; well above that observed when using an Al2O3

substrate. This large increase in resistivity from Si made the measurement of Cu films
thinner than 4 nm impossible in the preparation of fig. 4.1. Sapphire provides a sin-
gle crystal surface; due to the preparation methods used in producing the substrates,
small steps are present on the surface [190]. The Fe may hence preferentially settle
into these during sputtering. The data do not reflect formation of continuous wires
on the surface, however. By localising impurities on the surface of the substrate, the
effect of localised magnetic ions on the surface of YIG is emulated, enabling this to be
compared to the data presented in chapter 6. It also poses interesting questions for the
scattering physics which are rarely explored in such a localised manner.

A pause time of 0.1 s was used in order to deposit approximately 4 % of a mono-
layer (ML) of Fe. This coverage approximation is based on the growth rate of (0.089±
0.005) nm s−1, found from x-ray reflectivity of thicker calibration samples, depositing
a thickness of Fe which equates to around 4 % of the lattice constant of Fe in 0.1
s. A pause time of 0.2 s was then assumed to deposit 8 % ML of Fe. A further ex-
periment was performed where, during growth, the substrate was moved over the Fe
source and away again, without a scheduled pause, prior to the deposition of Pt. This is
represented as δFe, as the coverage of this technique was not determinable by the tech-
niques employed in the preparation of this thesis. In order to determine the coverage
of δFe, transmission electron microscopy (TEM) could be used, although this proved
unfruitful in previous studies [106]. The superSTEM facility has a much higher res-
olution microscope and hence may be able to determine the coverage. This is left to
future work. This amount of Fe is deposited in addition to any during a pause time,
and hence is always present in addition to the coverage quoted for samples with higher
Fe concentration. Measurements of this sample allow for a concentration study of the
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magnetotransport effects.

5.3.1 Resistivity as a function of temperature

The resistivities of the various concentrations of interfacial Fe are plotted in Fig. 5.11.
The values are normalised to the resistivity at the minimum as follows

ρnorm =
ρ(T )− ρmin

ρmin
(5.1)

where ρnorm is the normalised resistivity value plotted, ρ(T ) is the value of the resistiv-
ity at a particular temperature, T , and ρmin is the value of the resistivity at the minimum.
The sample of YAG/2.22 nm Pt is used as a control sample, and its properties are dis-
cussed in more detail in section 5.2; the minimum in resistivity is here entirely due to
weak anti-localisation. When a small amount of impurities is added between the Pt
film and the substrate, the temperature at which the minimum occurs, Tmin, increases.
As the amount of impurities added is increased, so too does Tmin, indicating this in-
crease is due to the concentration of magnetic impurities.

The sample with δFe deposited beneath Pt has a slightly greater thickness of 2.28
nm compared to the other samples with a quoted thickness of (2.22 ± 0.02) nm. This
difference in thickness is far less than one ML, and is considered to have only a very
small effect on concentration dependent phenomena. It is known that the δFe sample
has the smallest concentration of impurities due to the nature of its growth, and this is
confirmed in the magnetotransport data.

The concentration dependence of Tmin indicates the presence of a Kondo effect or
spin fluctuation behaviour [146; 158; 159]. Below the minimum, the resistivity in-
creases in proportion to lnT for all samples; from the clean Pt study it is known that
this behaviour cannot be explained by the enhanced electron-electron interaction with
a negative contribution from weak anti-localisation alone. It is therefore difficult to ex-
tract concentration data from these curves. If the effect exhibited were the Kondo effect
alone, there are methods to determine the concentration of impurities, but a success-
ful method of removing the contribution of weak anti-localisation and the enhanced
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Figure 5.11: The normalised resistivity as a function of temperature at low temperatures of
various concentrations of Fe beneath an ultrathin Pt film. Lines shown are guides to the eye.
The temperatures displayed in the legend represent the temperatures at which the resistivity
minima occur for each sample.

electron-electron interaction to determine this has yet to be found [154–157]. In ad-
dition, the relative changes at low temperature scale with data for other samples, as
shown in fig. 5.12.

This scaling would seem to indicate that the Kondo effect cannot fully explain the
data, either. With future work, these data could help build a model for the specific case
of Fe impurities within Pt, localised at the interface, as the concentration is controlled.
For systems without a deliberate addition of impurities, such a model would prove
imperative in understanding the transport of these systems, such as YIG/Pt bilayers
discussed in chapter 6.

5.3.2 Conventional magnetoresistance

As described in section 5.2.2, the MR is explored here for two samples of Pt interfa-
cially doped with Fe on an Al2O3 substrate. Both Pt thicknesses are 2 nm, but the Fe
concentration is 4 % ML Fe in one sample and δFe in the other, as described at the
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Figure 5.12: The fits to the resistivity data below Tmin for a) Al2O3/δFe/2.22 nm Pt and b)
Al2O3/4 % ML Fe/2.28 nm Pt, using both quantum interference and the enhanced electron-
electron interaction.

Table 5.2: Parameters for the fits of quantum interference and the enhanced electron-electron
interaction in figs. 5.2 and 5.12.

Sample τso (ps) ρxx (µΩcm) F Lso (nm) λ (nm)

YAG/2.22 nm Pt 6±4 30±3 0.36±0.01 30±3 11±1
Al2O3/δFe/2.28 nm Pt 7±3 30±3 0.318±0.005 34±3 14±1

Al2O3/4 % ML Fe/2.22 nm Pt 7±2 30±3 0.332±0.005 33±3 13±1

Sample β(×10−10) P A1(×1010 s/K) A2(×1010 s/K2)

YAG/2.22 nm Pt 0.38±0.09 1.59±0.05 2.470±0.008 0.874±0.002
Al2O3/δFe/2.28 nm Pt 0.32±0.6 1.65±0.05 2.58±0.01 1.320±0.004

Al2O3/4 % ML Fe/2.22 nm Pt 0.34±0.04 1.63±0.05 2.32±0.01 1.200±0.003

start of section 5.3.

Fig. 5.14 shows the perpendicular MR for the two concentrations of Fe as a func-
tion of temperature. Solid lines show fits to the theory of quantum interference phe-
nomena described in section 2.6.2. Qualitatively, these fits appear to describe the data
rather well. The quantitative picture is different, however. Even in calculations per-
formed with various input parameters, the data could only be fit when τso was much
greater than the 10−13 s magnitude expected from both the spin diffusion length [110]
and the fits to the undoped data in fig. 5.4. The negative magnetoresistance requires
a non-zero BS value and a low Bso value in conjunction. The remainder of the fields
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Figure 5.13: The fits to the power law found from fig. 5.12 for the inelastic scattering time in
a) Al2O3/δFe/2.22 nm Pt and b) Al2O3/4 % ML Fe/2.28 nm Pt. Parameters are shown in table
5.3.1 below.

follow no set pattern, with fields varying between 0 − 2.5 T for the 4 % ML sample,
and between 0 − 7 T for the δFe sample. This could be an interesting new effect;
the interplay between spin-orbit effects and the insertion of a magnetic layer at the
interface. This has not been studied before; impurities added in previous work were
dispersed and usually within thicker samples. Kondo MR has previously been thought
to be suppressed in the ultrathin regime [191] and resistivity scaling data appear to
suggest the Kondo effect is not the prevalent mechanism for the upturn in resistivity at
low temperatures, as per fig. 5.12. This combination of phenomena has not been able
to be fully explained in the literature previously, and this thesis is no exception [135].

The temperature dependence of the MR in the three different orientations are shown
in Fig. 5.15. The presence of Fe is seen to cause a change in sign of the magnetoresis-
tance in all three orientations at low temperatures compared to the clean Pt case shown
in fig. 5.6. This is predicted to occur through magnetic scattering in the quantum inter-
ference effect [122; 123; 180]. A higher concentration of Fe results in a sign change of
the MR at a higher temperature in all three orientations. Both the positive longitudinal
and perpendicular MRs have a larger magnitude for a higher concentration, as well as
all three negative MRs at low temperatures having a larger magnitude for the higher
concentration. The literature currently lacks a study of interfacial doping in this man-
ner, with current theory applicable to exchange enhancement and magnetic ordering of
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Figure 5.14: The perpendicular magnetoresistance as a function of temperature and field for
a) Al2O3/4 % ML Fe/2.22 nm Pt and b) Al2O3/δFe/2.28 nm Pt. The solid lines show fits using
the quantum interference equations from section 2.6.2. Please note panel a contains repeats at
10 K, 15 K and 20 K which overlap significantly but can be viewed more clearly when zoomed
in.

large moments distributed throughout a dilute alloy [180]. This case is quite specific,
and there exists a gap in the theory landscape which makes it difficult to extract con-
centration and other information from these data.

5.3.3 Angle-dependent magnetoresistance

The angle-dependent MR for the two samples interfacially doped with Fe are shown as
a function of temperature in fig. 5.17. Measurements were performed in the geometry
described in 3.5.2 with an applied field of 3 T. Representative data are shown in fig.
5.16.

The ADMR for ultrathin Pt with δFe beneath is shown in fig. 5.17b). The α, β and
γ plane MRs are seen to fluctuate with large uncertainty around zero magnitude above
50 K, and are hence deemed to be negligible. Below 50 K, however, there exists an
increase and positive MR in all three planes. For the α and β planes, this bears simi-
larities to the trend observed for a thin Pt film shown in fig. 5.8a). The α and γ plane
MRs are positive for the δFe doped sample, in contrast to the negative effects observed
in these planes for ultrathin Pt, shown in fig. 5.8b). The replacement of weak anti-
localisation with weak localisation due to the presence of magnetic impurities is part
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Figure 5.15: The magnitude of the MR at an applied field of 3 T as a function of temperature
in the longitudinal, transverse and perpendicular orientations. The sample structures are a)
Al2O3/4 % ML Fe/2.22 nm Pt and b) Al2O3/δFe/2.28 nm Pt.

of the reason for this. However, the γ plane MR was also negative for a thin Pt film
without quantum interference effects. This would suggest that at low temperatures,
scattering from magnetic impurities causes a positive ADMR in all three orientations.
Its magnitude is larger in the α and β planes than for thin Pt, but doesn’t reach the large
magnitudes caused by weak anti-localisation in pure ultrathin Pt.

Fig. 5.17a) shows the angle-dependent MR for the sample of Pt with 4 % ML Fe
beneath, and this exhibits a large positive MR in the α and β planes over the entire
temperature range. As the geometry of the β plane is the standard method to measure
the SHMR [17; 110; 113], this has implications for measurements on magnetic insula-
tors, further explored in chapter 6. MR in the γ plane is the standard method by which
the AMR is measured in ferromagnetic materials. A small signal is apparent in this
plane only at low temperatures, which is in agreement with AMR measurements in
YIG/Pd bilayers in the literature [118]. This same mechanism of scattering cannot be
responsible for the MR observed in the β plane at higher temperatures, as it is obscured
by phonon scattering.

Above 50 K, the MR in the β plane for 4 % ML Fe beneath ultrathin Pt has a
strong dependence on the temperature. Below this temperature, the dependence is
complicated by a range of low temperature scattering events prevalent once phonon
scattering becomes negligible. The maximum magnitude of this MR is found at 5 K to
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Figure 5.16: Representative angle-dependent data for Al−2O3/4 % ML Fe/2.22 nm Pt at an
applied field of 3 T and a temperature of 2 K in the β-plane. The solid red line describes a
cosine squared fit to the data.

be (3.4±0.1)×10−4, comparable to some SHMR measurements on YIG/Pt bilayers in
the literature [110]. The magnitude and temperature dependence of this MR represent
a novel form of SHMR which has not previously been observed. The 4 % ML Fe forms
a thin layer of a dilute PtFe alloy beneath an ultrathin Pt film. This does not exhibit
long-range magnetic order, as the impurities are well spaced, and no ferromagnetic
signal could be observed via magnetometry measurements. However, the rotation in
this plane with an applied magnetic field gives rise to a change in the resistivity that
follows a cosine squared dependence on the angle, as in the SHMR [17; 113]. The
signal in this sample has a strong dependence on the magnitude of the field applied, in
contrast to the SHMR discovered in YIG/Pt bilayers, which is expected to saturate in
magnitude for fields larger than the coercive field of the YIG [17]. This effect is hence
termed a paramagnetic SHMR (PSHMR). The MPE is expected to play a role, enhanc-
ing the apparent size of magnetic impurities by polarising adjacent Pt, as outlined in
section 2.7.
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Figure 5.17: The magnitude of the ADMR at an applied field of 3 T as a function of temper-
ature in the α (x-y), β (y-z) and γ (x-z) planes. The sample structures are a) Al2O3/4 % ML
Fe/2.22 nm Pt and b) Al2O3/δFe/2.28 nm Pt.

The lack of a signal at high temperatures in an AMR geometry is often cited as
evidence of a lack of magnetic impurities in a Pt film [23; 58; 112]. This behaviour is
observed for Pt interfacially doped with Fe in the γ orientation, with both high and low
concentration, as shown in fig. 5.17; therefore a lack of signal at high temperatures is
not evidence of a lack of interfacial magnetic impurities. A small signal develops in this
orientation below 70 K for 4 % ML Fe and below 30 K for δFe, with a concentration
dependent magnitude. Its maximum observed value for 4 % ML Fe of (9± 1)× 10−5

occurs at 5 K; a much smaller value than for the α and β planes. For δFe, the maximum
observed magnitude of (2.5 ± 0.4) × 10−5 occurs at 10 K, likewise smaller than the
other MRs at this temperature. This signal only manifests when phonon scattering is
suppressed.

5.3.4 The Hall effect

An anomalous Hall effect is observed in both Pt samples with dilute interfacial impu-
rities. The shape as a function of applied magnetic field is not trivial, and has a strong
temperature dependence. A selection of Hall effect data are shown in fig. 5.18 to illus-
trate this.

In both cases, there exists a non-trivial field dependence up to high fields. The
cause of this behaviour, which bears a strong contrast to the ordinary Hall effect ob-
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5.3 Interfacial Fe doping in the magnetotransport of ultrathin Pt films

Figure 5.18: The Hall effect observed for ultrathin Pt films doped with an interfacial discon-
tinuous layer of Fe. The samples are a) Al2O3/4 % ML Fe/2.22 nm Pt and b) Al2O3/δFe/2.28
nm Pt. The asymmetric component of the raw Hall data is shown.

served in ultrathin Pt in section 5.2.4, is the Fe dopants added at the interface with
Al2O3. The anomalous Hall effect (AHE) is hence observed in these dilute alloy sys-
tems, but lacks the sharp saturation observed in ferromagnets [70]. The form of the
Hall effect is notably similar in shape to that for a planar array of Fe nanoparticles
[79] and that recently observed in YIG/Pt bilayers [22; 23; 112], as well as for a gated
ionic liquid in contact with Pt [86]. The shape is seen to have similarities between the
two concentrations displayed in fig. 5.18, yet the magnitude of the Hall resistivity ρxy
has a strong dependence on the concentration. There are also more subtle differences
which are revealed with a more in-depth analysis, discussed in the remainder of this
section. The Hall coefficients are extracted from data above 7 T, as this was indicated
as a crossover with linear fits to the high and low field Hall effects.

The data in fig. 5.18 look like they might be related to superparamagnetism; the
saturation data resemble a Langevin function and at low temperatures, the curves are
hysteretic. This would indicate that we are below the blocking temperature. However,
the data are not Langevin-like; plots of the data scaled by B/T are not coincident, as
shown in fig. 5.19.

In order to determine whether skew scattering or scattering with side-jump were
dominant within these samples, the resistivity scaling of equation 2.27 was employed.
The longitudinal resistivity ρxx, shown as a function of temperature in fig. 5.20a), was
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5.3 Interfacial Fe doping in the magnetotransport of ultrathin Pt films

Figure 5.19: The Hall resistivity scaled as a function of the field divided by the temperature
for a) 2.22 nm Pt with 4% ML Fe at the interface with Al2O3 and b) 2.28 nm Pt with δFe at the
interface with Al2O3.

plotted on the x axis with the anomalous Hall resistivity ρAHE
xy = RS, shown as a func-

tion of temperature in fig. 5.20b), was plotted on the y axis. The result can be viewed
in fig. 5.21.

Figure 5.20: On the left, the normalised value of ρxx is plotted as a function of temperature
at low temperatures, repeated from fig. 5.11. The right shows the value of ρAHE

xy = RS as a
function of temperature, as in fig. 5.24.

In fitting fig. 5.21, values below Tmin are neglected. It is found that to produce a fit
to the data, an intercept is required such that the fitting equation becomes

ρAHE
xy = κρ2xx + Φρxx + C (5.2)

where C is a constant ρxy value when ρxx is extrapolated to zero. This is clearly un-
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5.3 Interfacial Fe doping in the magnetotransport of ultrathin Pt films

Figure 5.21: The value of RS, plotted as ρAHE
xy , scaled with the longitudinal resistivity for

a) 2.22 nm Pt with 4 % ML Fe at the interface with Al2O3 and b) 2.28 nm Pt with δFe at the
interface with Al3O3. Red lines show quadratic fits to the data.

physical; without a longitudinal charge resistivity, no anomalous Hall resistivity can
exist. The coefficients found from such fits, i.e. κ and Φ in equation 5.2, are hence
also unphysical and do not correspond to intrinsic, side-jump or skew scattering con-
tributions. It is clear that this method of scaling the anomalous Hall resistivity does not
apply to these samples doped with Fe. The table of parameters obtained from the fits
of equation 5.2 in fig. 5.21 is shown below, table 5.3.

Table 5.3: The parameters found from scaling the anomalous Hall resistivity with the longi-
tudinal resistivity. Rsq represents the goodness of fit for equation 5.2.

Substrate Φ (mrad) κ (MSm−1) C (µΩcm) Rsq

Al2O3/δFe -(70±10) 0.10±0.02 1.1±0.2 0.89826
Al2O3/4 % ML Fe -(55±4) 0.079±0.007 0.92±0.07 0.9486

Both interfacially doped PtFe samples exhibit a low field component to the Hall
resistivity which has a different gradient to the rest of the field region at intermediate
temperatures. This becomes clearest during the region in temperature over which the
anomalous Hall coefficient changes sign. The low field Hall effect over this region is
shown in fig. 5.22 for both samples. A few differences are immediately apparent; the
gradient of the anomalous region at 30 K is much steeper for the larger concentration;
this is shown as changes in the Hall coefficients in figs. 5.23 and 5.24. For the lower
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5.3 Interfacial Fe doping in the magnetotransport of ultrathin Pt films

Figure 5.22: The low field Hall effect over the temperature region where the anomalous Hall
effect changes sign for Pt interfacially doped with a discontinuous layer of Fe. The samples are
a) Al3O3/4 % ML Fe/2.22 nm Pt and b) Al2O3/δFe/2.28 nm Pt. The asymmetric component of
the raw Hall data is shown. Lines serve as guides to the eye. The same scales are used in both
diagrams for ease of comparison.

concentration δFe, shown in fig. 5.22b), the central component is most markedly dif-
ferent at 40 K. The change in sign of the anomalous Hall coefficient, RS, is seen to
first be apparent at high fields, and the low field component maintains a signal of the
opposite sign over the transition region; this is not reflected in the value of RS, as it is
calculated from the high field ordinary Hall component, as outlined in section 3.5.3.

A larger density of data is presented over the region where RS changes sign for the
sample doped with 4 % ML Fe in fig. 5.22a). The temperature region is higher due to
the increased concentration of magnetic impurities. For the region where the anoma-
lous Hall component has a dependence upon the field, the gradient of this region is seen
to smoothly change from positive at low temperatures, to negative at higher tempera-
tures. It maintains a small component at low field of opposite sign during the transition,
as for the lower concentration sample. These data are qualitatively consistent with data
in the literature for thicker samples of Pt with a planar array of Fe nanoparticles em-
bedded within them [79]. In this case, a higher concentration was also found to result
in a sign change of RS, although data for the transition region are not reported here.
The sign of the ordinary Hall coefficient, RH, is positive at room temperature in these
samples, in contrast with both samples considered here. The origin of the central com-
ponent in this data is not well understood.
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5.3 Interfacial Fe doping in the magnetotransport of ultrathin Pt films

Figure 5.23: The ordinary Hall coefficient RH as a function of temperature for ultrathin
Pt films doped with a discontinuous interfacial layer of Fe. Concentrations are shown in the
legend. Undoped Pt is shown as a control. Lines serve as guides to the eye.

The temperature dependence of RH for ultrathin Pt films interfacially doped with
Fe is shown in fig. 5.23. The magnitude is seen to vary greatly over the temperature
range, when compared to that for clean ultrathin Pt on YAG. A positive RH manifests
below 200 K for Pt with 4 % ML Fe beneath; this behaviour of a positive RH value
is observed in Pt with a planar array of Fe nanoparticles [79] and also for Fe films
[50; 63; 73; 138; 139]. This effect is found only for the highest Fe concentration here
studied. For the lower concentration of Fe, RH remains negative at all temperatures,
with a minimum magnitude of −(0.09± 0.09) pΩm T−1 observed at 40 K. To the best
of the candidate’s knowledge, this is the only time Fe impurities within Pt have been
found to give a negative ordinary Hall component throughout the temperature range
studied. The transition from a negative to a positive Hall coefficient is interesting and
not yet explained. However, with the quality and quantity of data amassed here, we
may be able to interest a theoretician in explaining these results.

The temperature dependence of RS for ultrathin Pt films interfacially doped with
Fe is shown in fig. 5.24. The coefficient is extracted from the raw data by the pro-
cess described in section 3.5.3. The temperature dependence of this coefficient bears
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5.4 Thickness dependence of the magnetotransport of Pt thin films with a
discontinuous interfacial layer of Fe

Figure 5.24: The anomalous Hall coefficient RS as a function of temperature for ultrathin Pt
films doped with a discontinuous interfacial layer of Fe. Lines serve as guides to the eye.

qualitative resemblance to that of RS for ultrathin Pt with an ionic liquid [86]. In the
cited experiment, various voltages were applied to an ionic liquid in contact with a thin
Pt film. This leads to various concentrations of magnetic ions in contact with the Pt
film, and varying temperature dependences of RS result from the MPE [86]. Larger
voltages give rise to a higher temperature for the change in sign of RS and a steeper
increase in its positive value at low temperatures. This equates with the concentration
dependence observed here with impurities localised at the interface. The sign change
of the anomalous Hall effect as a function of temperature has been observed recently
in other systems, but is not yet explained [75; 192–194].

5.4 Thickness dependence of the magnetotransport of
Pt thin films with a discontinuous interfacial layer
of Fe

When a sample thickness of 5.55 nm Pt is considered with 4 % ML Fe beneath on an
Al2O3 substrate, the Hall effect is seen to have a marked difference in shape. Repre-
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5.5 Summary

sentative data for this Hall effect are shown in fig. 5.25a). The high field Hall effect is
much more linear and as expected for the anomalous Hall effect in a sample exhibit-
ing a lower concentration of independent magnetic impurities. This is reflected in the
magnitude of the Hall coefficients. The ordinary Hall coefficient, shown in fig. 5.25b),
remains negative throughout the temperature range under study, and has a larger ampli-
tude than that of (2.22± 0.02) nm undoped with Pt. This is due to its greater thickness
contributing to a Hall coefficient which is closer to the bulk than for ultrathin Pt. The
anomalous Hall coefficient, shown in fig. 5.25c), has the same shape in the tempera-
ture dependence, but has a far shallower increase at low temperatures and decrease at
high temperatures. This is due to the thicker film; as the impurities are confined at the
interface with the substrate, this film exhibits behaviour for a much lower concentra-
tion of Fe. It is remarkable that such a minute amount of magnetic impurities confined
in such a way is able to produce an anomalous Hall effect. The film is thicker than the
typical spin diffusion length for polycrystalline Pt films of 1.2-1.6 nm [186].

To complete this study of the anomalous Hall effect in thin films with interfacial
impurities, further work should be completed. The low field Hall effect, during the
change in sign of the anomalous Hall effect, can not be seen to exhibit regions of dif-
ferent sign in fig. 5.25a) due to the chosen resolution of the experiment. A higher
resolution in field and a wider temperature range would further elucidate the mecha-
nisms at work in this sample. A detailed study over a range of thicknesses would also
enable the effect of interfacial impurities on this Hall effect to be studied. As these
measurements are quite lengthy, this proved out of the scope of this PhD project.

5.5 Summary

It has been demonstrated that quantum interference effects make a substantial contri-
bution to the angle-dependent magnetoresistance, indicating that in 2D samples, such
as those used in measurements of the SHMR in YIG/Pt bilayers, this effect should
be taken into account. A discontinuous δ-layer of Fe placed within an ultrathin Pt
film, localised at the interface with an Al2O3 substrate, is found to have a dramatic
impact upon its magnetotransport. A large negative MR is found to develop in the
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5.5 Summary

Figure 5.25: The Hall data for 5.55 nm Pt with 4 % ML Fe beneath on an Al2O3 substrate:
a) shows the Hall resistivity as a function of field at select temperatures, b) shows the ordinary
Hall coefficient, RH and c) shows the anomalous Hall coefficient, RS, both as a function of
temperature for both 5.55 nm (black squares) and (2.22 ± 0.02) nm (red circles) Pt with 4 %
ML Fe beneath. b) also shows RH for (2.22± 0.02) nm Pt without Fe impurities. Lines are to
guide the eye.

perpendicular orientation where weak anti-localisation is destroyed by the presence of
magnetic impurities, and weak localisation becomes dominant. The magnitude of this
MR is dependent upon the concentration of impurities added. A small AMR is found
below 50 K, with a magnitude dependent upon the concentration. A paramagnetic
spin Hall magnetoresistance (PSHMR) is found to manifest with a strong temperature
dependence distinct from that of the conventional SHMR. In a system with reduced
concentration, this PSHMR is considerably reduced.

It is found that a concentration of less than 4 % ML Fe at the substrate is sufficient
to cause the anomalous Hall effect to manifest within Pt, with a higher concentration
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5.5 Summary

of 4 % ML causing a change in sign of the ordinary Hall coefficient below 200 K. For a
larger film thickness of 5 nm, the anomalous Hall effect persists with only 4 % ML Fe
placed at the substrate. RS exhibits behaviour in all cases as a function of temperature
and concentration qualitatively similar to that for a Pt system with MPE [86]. The Hall
effect data are not Langevin-like, however, and resistivity scaling of the AHE show
that there is a strong side-jump contribution.
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CHAPTER 6

Interfacial dependence of
magnetotransport in YIG/Pt bilayers
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6.1 Introduction

6.1 Introduction

With the recent discovery of the spin Hall magnetoresistance (SHMR) [17; 113], bi-
layers of magnetic insulators and normal metals with high spin-orbit coupling have
attracted much research interest. The magnetic proximity effect at the interface in
YIG/Pt bilayers has been invesigated in the literature, with varying results [20–23].
Here, the YIG/Pt interface is prepared in four different ways, allowing for an investi-
gation of the impact of interface preparation on the magnetic proximity effect.

6.2 Characterisation of YIG

The magnetic insulator yttrium iron garnet (Y3Fe5O12, YIG) is grown to high quality at
the University of Leeds, due to the optimising work of other group members in recent
years [110; 161; 195; 196]. Two substrates are used throughout this study: gadolinium
gallium garnet (Gd3Ga5O12, GGG) and yttrium aluminium garnet (Y3Al5O12, YAG).
Both substrates have a similar lattice parameter to YIG, aiding in the formation of epi-
taxial films. A magnetic ’dead layer’ was found to exist upon annealing YIG films
grown on GGG substrates [165; 196], leading to the use of YAG substrates in this
study. This represents the first time this substrate was used in the group for the growth
of YIG by rf magnetron sputtering, and hence a brief study of the characteristics of
films grown on both YAG and GGG is presented here, in addition to analysis at the
various stages of interface preparation.

6.2.1 Magnetometry

Vibrating sample magnetometry is used to probe the magnetic properties of the YIG
films in the plane of the sample, as outlined in section 3.4. A comparison of data for
annealed YIG films on both GGG and YAG is shown in fig. 6.1.

The three YIG samples shown in fig. 6.1 were grown simultaneously, then two
were annealed together in a furnace to a final thickness of (40.8 ± 0.8) nm. Two

112



6.2 Characterisation of YIG

Figure 6.1: Magnetometry data for (40.8± 0.8) nm of YIG grown by rf magnetron sputtering
on both GGG (black squares) and YAG (red circles, blue triangles) substrates simultaneously.
Two samples were annealed together in a furnace, as outlined in 3.2.2.2, whilst the third was
left amorphous. VSM measurements are taken in the plane of the sample at a temperature of
295 K.

samples on YAG and two on GGG were grown at the same time, and results for the
same substrate are consistent. The magnetometry work was performed in the plane of
the sample at 295 K, and it was found that both directions yielded consistent results,
suggesting a magnetically isotropic film. There are striking differences in the magne-
tometry data between the two substrates, however. The saturation magnetisation, MS,
is found to be much smaller for the YAG substrate than GGG. On GGG, MS is found
to be (140± 10) emu/cc, which is comparable to findings for bulk YIG films and con-
sistent with previous films from the department [110; 161; 196]. On a YAG substrate,
the MS is found to be (77 ± 8) emu/cc; almost half that for GGG. The coercive field,
Hc, also is markedly different for the two different substrates; on GGG it has a value
of (0.5±0.1) Oe, whilst on YAG this rises to (370±50) Oe; an increase of almost two
orders of magnitude. It can be seen that the sample which wasn’t annealed lacks a net
magnetisation.

The stark contrast in the magnetometry data is attributed to different lattice param-
eters of the substrates. GGG and YAG have lattice parameters of 12.383 Å and 12.000
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Å, respectively, whilst YIG has a lattice parameter of 12.376 Å [167; 197; 198]. The
substrate offering the closest match is hence GGG, and this explains why the magnetic
properties are more in line with that of bulk YIG than for YAG substrates. It has pre-
viously been found that a larger lattice mismatch leads to strain on epitaxially grown
YIG, which can induce an anisotropy and strongly affect the magnetic properties of the
YIG [199]. Another possible cause of the decrease in the value of MS is the diffusion
of non-magnetic Al or Y from the substrate, consistent with recently observed results
at the YAG/YIG interface [168].

It is important to note that a linear paramagnetic background signal has been re-
moved from the data for GGG shown in fig. 6.1, due to the strong paramagnetism
observed in GGG. No paramagnetic signal is observed on YAG, making this a pre-
ferred choice for low temperature magnetometry measurements, where background
signals become harder to extract. As YAG possesses no conventionally magnetic el-
ements, the formation of a magnetic dead layer from the migration of these elements
is avoided, giving opportunity to study its potential effects in contrast to GGG. De-
spite possessing less desirable magnetic properties for applications, YIG films grown
on YAG hence still hold considerable interest for the scientific community.

Much of this chapter focuses on magnetotransport for YIG during various stages
of preparation, so the magnetic properties at these stages is worth noting. Directly
after deposition and prior to annealing, the YIG films are amorphous and exhibit no
ferrimagnetic signal in magnetometry measurements; on GGG, the paramagnetic back-
ground signal is apparent, but on YAG no signal is observable above the noise level of
the system. This is shown in blue on fig. 6.1 alongside the data after the annealing pro-
cess. After etching, and taking the difference in thickness into account, no statistically
significant change is seen in either the MS or Hc value.

6.2.2 X-ray diffraction

The YIG crystal structure is probed via the use of x-ray diffraction at 2θ values greater
than 20◦. Fig. 6.2 shows representative high angle x-ray diffraction data for YIG which
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has been annealed on a YAG substrate.

Figure 6.2: a) High angle x-ray diffraction data are shown for annealed YIG on a YAG sub-
strate; the main figure shows the full 2θ range considered, whilst the inset shows the YIG(444)
and YAG(444) peaks. Following realignment to the YIG(444) peak, the Gaussian fit of this peak
is shown in b).

The peak for the YIG(444) crystal plane is found to be centred at (51.03± 0.01)◦,
which corresponds to a lattice parameter of (12.36±0.01) Å for the (444) plane, consis-
tent with expectation for YIG [167], via the method outlined in section 3.3.2. The low
intensity is due to the thin nature of the film; recently, larger peaks have been observed
for YIG grown in the group which is of thickness 200 nm [200]. Two YAG peaks are
observed in the spectrum in fig. 6.2, centred at (25.7± 0.1)◦ and (52.8± 0.1)◦, corre-
sponding to lattice parameters of (12.0± 0.1) Å for the (222) plane and (12.0± 0.1) Å
for the (444) plane, respectively, consistent with expectation for YAG [197]. For YIG
films grown on GGG, the peak positions in the x-ray diffraction spectrum are much
closer together and difficult to distinguish without higher intensity scattering from a
thicker film. Thicker films of YIG grown on GGG within the group have proven to be
of very high quality with an interplanar spacing that indicates low strain in the YIG
layer [110; 161; 165]. The YIG grown on YAG is of lower quality, having a lower
magnetisation and low intensity XRD peak. The impact of this on the study is small;
providing the layer possesses a magnetisation, its magnitude has no impact on the
SHMR. Interfacial effects under investigation do not depend upon the bulk magnetic
properties of the YIG, but it is left to future work to determine if any change in inter-
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6.3 Resistivity and its temperature dependence in YIG/metal bilayers

facial effects could be determined depending on the termination at the surface.

6.3 Resistivity and its temperature dependence in YIG/metal
bilayers

The resistivity of metallic samples has long been used as a measure of their purity and
quality. The resistivity of thin films is particularly sensitive, susceptible to large in-
creases if interfaces are rough, their structure is disordered or if impurities exist within
the films, among other factors. When considering the change in resistivity as a function
of temperature, further information regarding the film structure can be gained. In this
section, the effect of the YIG preparation method on the resistivity and its temperature
dependence will be explored. Fig. 6.3 shows the normalised resistivity at low temper-
atures for YIG/Pt bilayers with various interfaces.

Figure 6.3: The normalised longitudinal resistivity at low temperatures for ultrathin Pt in
YIG/Pt bilayers with different interfaces. Lines are shown as guides to the eye. The interface
structure for each film is displayed in the legend, and each film consists of (2.22± 0.02) nm Pt
on the top surface. YAG represents the control sample without YIG.
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In fig. 6.3, the normalised resistivity data are calculated as in eqn. 5.1, and data for
(2.22± 0.02) nm Pt on a YAG substrate is represented by purple diamonds, as already
shown in fig. 5.1b). This is a control sample fabricated in the same growth cycle as
the other samples on a YAG substrate. The as deposited, annealed and etched samples
of YIG are all on a YAG substrate, whereas the sample with 4 % ML Fe between the
YIG and Pt is deposited on GGG in a separate growth run. The absolute resistivi-
ties lie in the range 30-36 µΩcm, for all but the etched film which has a resistivity of
53 µΩcm. This large increase is thought to be due to the film surface becoming ex-
ceedingly rough; previous work has shown high, thin peaks form on the surface after
etching when probed with atomic force microscopy (AFM) [161]. In the case of the
other films, the highest value found was for Pt on amorphous YIG, consistent with the
higher Tmin found in fig. 6.3 for this film. The lowest resistivity was found for clean Pt
on YAG, as expected, of 30 µΩcm.
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Figure 6.4: For YAG/Amorphous YIG/2.22 nm Pt, a fit of a) the quantum interference and
enhanced electron-electron interaction to the resistivity, as per equations 2.34 and 2.38, and b)
the resulting power law for the electron-electron interaction as per equation 2.37.

The YIG samples have varying thicknesses dependent upon the stage of prepara-
tion the surface is left at: as deposited YIG has thickness of (36.6 ± 0.6) nm; an-
nealed YIG of (34 ± 2) nm and etched YIG of (32 ± 1) nm. The thickness are found
from x-ray reflectivity data, as outlined in section 3.3.1. This data is shown in an
appendix with associated fits. The Pt thickness is consistent throughout the samples,
found by x-ray reflectivity from control samples of around 40 nm thickness within the
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Figure 6.5: For YAG/Annealed YIG/2.22 nm Pt, a fit of a) the quantum interference and
enhanced electron-electron interaction to the resistivity, as per equations 2.34 and 2.38, and b)
the resulting power law for the electron-electron interaction as per equation 2.37.

growth. The position of the resistivity minima shows variation between samples con-
sistent with varying concentrations of magnetic ions at the interface. It was recently
posited that engineering the crystal structure of the YIG at an interface with metals
could strongly affect the magnetotransport properties of the system [201]. Due to the
growth method utilised in this study, the lattice termination cannot be engineered in
such a way to complement this mathematical study; however, this would be possible
with liquid phase epitaxy, pulsed laser deposition or molecular beam epitaxy with in-

situ reflection high-energy electron diffraction: an area for future research. The method
employed of using amorphous (as deposited), ordered (annealed) and etched YIG does
allow for a study of how these processes affect the concentration of magnetic ions at
the termination of the film. Based on the work of chapter 5, the effect of varying con-
centrations of Fe impurities has been studied and here allows for interpretation of the
magnetotransport data where the concentration of magnetic ions is unknown. The sys-
tems are not entirely equivalent, but the physics of a localised dilute concentration of
magnetic impurities at the surface of a thin film is poorly understood. The systems are
sufficiently similar to shed light on some of the unexplained phenomena occurring in
YIG/Pt bilayers.

Fits to the resistivity data and resulting τee power law are shown in figs. 6.4, 6.5
and 6.6 for the amorphous, annealed and etched samples of YIG, respectively. The
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Figure 6.6: For YAG/Etched YIG/2.22 nm Pt, a fit of a) the quantum interference and en-
hanced electron-electron interaction to the resistivity, as per equations 2.34 and 2.38, and b)
the resulting power law for the electron-electron interaction as per equation 2.37.

parameters found from fits of both weak localisation and enhanced electron-electron
interaction to the resistivity data are shown in table 6.3, alongside the results from
chapter 5. Values of P are consistent with those in the literature for similar systems
[202]. Variations between samples are small and give us confidence that these fits are
meaningful. Fitting the temperature dependence of τee to the Fermi liquid equation
confirms the values of P are consistent with 2D behaviour. The values of F are also
consistent with the literature and our expectations - the enhanced electron-electron in-
teraction has reduced the Thomas-Fermi screening factor. As mentioned, the spin-orbit
lengthscale, which is equivalent to the spin diffusion length for this type of scattering
[202], depends on the elastic diffusion constant which is not well known; hence, our
best estimate is an order of magnitude too large. The elastic mean free path λ shows
that the samples are in the limit of being two dimensional. The point remains that the
spin-orbit lifetime is an order of magnitude too large compared to other measurements.
However, it should be noted that these effects have not been calculated together; they
are usually calculated independently and then added as though they were independent.
For example, we are not aware of a 2-D calculation for the effects of strong spin-orbit
scattering on the electron-electron interaction. Also, there is no account taken of mag-
netic impurity scattering in the temperature dependence. It is equally important that the
correct expressions are used; recently a publication was found to use a 1D expression
to analyse data from a 3D sample [202]. It is not clear what effect using the correct
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Table 6.1: Parameters for the fits of quantum interference and the enhanced electron-electron
interaction in figs. 5.2, 5.12, 6.4, 6.5 and 6.6.

Sample τso (ps) ρxx (µΩcm) F Lso (nm) λ (nm)

YAG/2.22 nm Pt 6±4 30±3 0.36±0.01 30±3 11±1
Amorphous YIG/2.22 nm Pt 7±1 36±3 0.295±0.005 31±3 11±1
Annealed YIG/2.22 nm Pt 7±3 33±3 0.343±0.005 32±3 12±1

Al2O3/δFe/2.28 nm Pt 7±3 30±3 0.318±0.005 34±3 14±1
Etched YIG/2.22 nm Pt 6±3 53±3 0.35±0.01 24±3 8±1

Al2O3/4 % ML Fe/2.22 nm Pt 7±2 30±3 0.332±0.005 33±3 13±1

Sample β(×10−10) P A1(×1010 s/K) A2(×1010 s/K2)

YAG/2.22 nm Pt 0.38±0.09 1.59±0.05 2.470±0.008 0.874±0.002
Amorphous YIG/2.22 nm Pt 0.29±0.03 1.70±0.05 2.500±0.009 1.690±0.003
Annealed YIG/2.22 nm Pt 0.35±0.06 1.63±0.05 2.43±0.02 1.080±0.005

Etched YIG/2.22 nm Pt 0.36±0.09 1.60±0.05 2.55±0.01 0.934±0.003
Al2O3/δFe/2.28 nm Pt 0.32±0.06 1.65±0.05 2.58±0.01 1.320±0.004

Al2O3/4 % ML Fe/2.22 nm Pt 0.34±0.04 1.63±0.05 2.32±0.01 1.200±0.003

expression might have on the parameters returned.

The temperature at which the resistivity minimum occurs, Tmin, varies by a signif-
icant amount depending on the YIG surface. As stated in section 5.2.1, the minimum
in the YAG/Pt sample occurs at (11.2± 0.4) K and is due to quantum interference and
the enhanced electron-electron interaction, as the source material has been shown to be
free of significant amounts of magnetic impurities. The addition of magnetic impurities
localised at the interface of the substrate was found to increase Tmin to (13.7± 0.2) K
for 4 % ML Fe in section 5.3.1. Here, it is found that, for (2.22±0.02) nm Pt deposited
on amorphous YIG, Tmin increases to (15.6± 0.2) K, suggesting a large concentration
of magnetic ions are present at the YIG/Pt interface. For an annealed sample, this
value decreases to (13.4 ± 0.5) K and for an etched sample rises to (15.6 ± 0.2) K.
The amorphous and etched samples hence have the same Tmin value and therefore os-
tensibly the same concentration of magnetic ions on the YIG surface. The annealed
sample, however, with a lower Tmin, appears to have a lower concentration of magnetic
ions, but still more than in the non-magnetic control sample. This trend follows from
that seen for deliberate interfacial doping of Fe within Pt in chapter 5. In order to
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investigate whether magnetic ions are static on the YIG surface, or alloying with the
metallic layer, Cu is used in the following section.

6.3.1 Resistivity of YIG/Cu bilayers

Cu with dilute amounts of Fe impurities is a system known to exhibit the Kondo ef-
fect and be particularly sensitive to very low concentrations of magnetic impurities
[98; 151]. For impurities localised at the interface, a thicker film results in a lower
concentration of impurities. To determine whether Kondo scattering is present from
magnetic impurities at the YIG surface, thin films of Cu were grown on annealed sam-
ples of YIG. Cu is much farther from satisfying the Stoner criterion than Pt and as
such experiences a magnetic proximity effect of negligible magnitude. This allows
for the separation of the magnetic proximity effect from the results and allows one to
determine whether intermixing at the YIG/metal interface contributes to the observed
resistivity minimum phenomenon.

Figure 6.7: Resistivity data, normalised to the minimum resistivity observed, is shown at low
temperatures for various thickness of 99.9999% pure Cu deposited on annealed YIG atop a
GGG substrate.
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Fig. 6.7 shows the normalised resistivity at low temperatures of various thicknesses
of Cu deposited on YIG. The normalising in equation 5.1 has been applied to display
the data. The YIG is deposited on a GGG substrate and has undergone the annealing
and etching processes. The Cu target chosen for this study has 99.9999% purity to
enable detection of the minute concentrations of impurities which may be present at
larger film thicknesses for a sparse coverage of magnetic impurities at the interface. A
Cu film thickness of 20 nm was used in chapter 4 and no resistivity minimum above 4
K was observed in these systems. As such, 20 nm Cu is thought, like 20 nm Pt, to not
exhibit weak localisation phenomena; as such, resistivity minima for this thickness are
caused by Kondo scattering from magnetic impurities [151].

Resistivity minima are observed for thickness of up to 20 nm Cu on YIG; at 50 nm,
no minimum is observed and the temperature dependence of the resistivity is metallic.
For 5 nm Cu, Tmin occurs at (28 ± 2) K. For double this thickness, the value changes
to (10 ± 2) K, then upon doubling again moves to (8 ± 2) K. These correspond to
concentrations of (0.002 ± 0.001) at.% and (0.0007 ± 0.0002) at.% at thicknesses of
10 nm and 20 nm Cu, respectively, using the empirical relation found in [151] and
neglecting weak localisation. These exceptionally small concentrations are consistent
with the presence of interfacial impurities. For 7.5 nm Cu, a Tmin value of 15 K has
been found [130], indicating that the higher value observed here is due to magnetic
impurities. Further magnetoresistance data would be needed to fully separate weak lo-
calisation from the Kondo effect in this system, as their temperature dependences are
proportional; this is left to future work [122; 146].

This brief study serves to demonstrate that magnetic impurities cause Kondo scat-
tering in thin films of Cu deposited on YIG. This means intermixing is present at
the interface between a metal and YIG, independent of any magnetic proximity ef-
fects. The intermixing is known to be of the lengthscale of less than 2 ML from cross-
sectional transmission electron microscopy (TEM) work performed on similar samples
[110; 161]; the resolution of the technique is insufficient to rule out intermixing below
this length scale.
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6.4 Angle-dependent magnetoresistance in YIG/Pt bi-
layers

The SHMR is a recently discovered phenomenon which is simply measured by rotat-
ing a YIG/metal bilayer in a constant applied magnetic field in the β-plane [17]. In
this section, the ADMR of YIG/Pt samples with various interfaces is reported, with a
study on the field-dependence of the SHMR.

6.4.1 Field dependence of the spin Hall magnetoresistance

The SHMR is a phenomenon which is independent of the magnitude of the applied
field above the saturation field of the insulating magnetic layer [17; 113]. The field
dependence of the signal measured in the β-plane (y-z plane) is investigated at 100 K
in order to determine if an additional PSHMR exists for any of the interfaces under
study, shown in fig.6.8.

A strong field dependence is observed for the ADMR in the β-orientation which
is not expected from the theory of the conventional SHMR [17; 113]. For a substrate
of amorphous YIG, the conventional SHMR signal is expected to be small as the mo-
ments are randomly aligned. This SHMR will only saturate at very high fields, which
depend upon the anisotropy of the amorphous YIG, as this is when the magnetisation
is fully rotated out of the plane of the sample [203]. The signal measured in this sam-
ple is hence interpreted as a combination of SHMR and PSHMR signals, as discussed
in chapter 5, resulting from disordered Fe sites at the YIG surface. The strong field
dependence observed in fig. 6.8a) is therefore expected as more of these isolated sites,
both within the YIG and on its surface, are aligned with the field. The magnitude
of the PSHMR is found to be (1.38 ± 0.04) × 10−4 at an applied field of 3 T and
(0.28 ± 0.04) × 10−4 at an applied field of 1 T. The lower field magnitude is chosen
to be sufficiently high to saturate an annealed YIG sample out of the plane. This large
value shows that the PSHMR is capable of surpassing the SHMR in magnitude.

123



6.4 Angle-dependent magnetoresistance in YIG/Pt bilayers

Figure 6.8: The field dependence of the magnetoresistance in the β-plane at 100 K for 2.22
nm Pt on a) amorphous YIG, b) annealed YIG, c) etched YIG and d) 2.28 nm Pt on annealed
YIG with 4 % ML Fe on top. The solid lines show cosine squared fits to the data. Samples a)-c)
have a YAG substrate, while sample d) is grown on GGG. The fields are chosen to be above the
expected saturation field of the YIG out of the sample plane.

Once the YIG has been annealed, the conventional SHMR mechanism is expected
to be prevalent, as the YIG structure is now ordered. This is expected to saturate at the
saturation field of the YIG and remain constant for larger applied fields. A significant
difference is still observed between the two applied fields in fig. 6.8b), with magni-
tudes of (0.49 ± 0.03) × 10−4 and (0.14 ± 0.02) × 10−4 at applied field of 3 T and
1 T, respectively. Both magnitudes are significantly smaller than for the amorphous
YIG sample; this indicates that the PSHMR has reduced in magnitude as the SHMR
has manifested. This is in part demonstrated by the reduced Tmin observed in section
6.3 and is demonstrated by other magnetotransport phenomena, explored later in this
chapter. A PSHMR is still present, however, as the magnitude of the ADMR remains
strongly dependent upon the magnitude of the applied magnetic field above the satura-
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tion field of the YIG layer.

Upon etching, a large SHMR signal is found to manifest at 1 T, with a large
PSHMR also found. The magnitude at 1 T is found to be (3.22 ± 0.04) × 10−4,
which increases to (3.69 ± 0.07) × 10−4 at an applied field of 3 T; the PSHMR in
this field range is hence significantly less than that observed for amorphous YIG, but
larger than for annealed YIG. The resistivity has increased significantly to around 55
µΩcm compared to the 34-38 µΩcm found for the other interfaces with YIG. This rein-
forces the result of increased roughness found from x-ray reflectivity as the most likely
cause of the increase. The large increase in the SHMR signal by an order of mag-
nitude indicates an improved spin mixing conductance in this sample, which is also
evidenced by the Hall effect found in section 6.6.1. An enhancement of the PSHMR
is also found in this sample, however, in comparison the YIG which has been annealed.

For the sample shown in fig. 6.8d), where the interface is doped with 4 % ML
Fe, the field dependence of the SHMR signal is less remarkable when considered
as a percentage change. The magnitudes of the ADMR are (8.5 ± 0.1) × 10−4 and
(7.7± 0.1)× 10−4 at applied fields of 3 T and 0.6 T, respectively. It can be seen that at
0.6 T the angle dependence does not fit a cosine squared dependence very well. This is
because this field is insufficient to fully saturate the moment of the YIG layer out of the
sample plane. The larger magnitude within this sample at a low applied field is due to
the larger SHMR signal that exists when GGG is the chosen substrate; fig. 6.10 shows
this as a function of temperature clearly. The field dependence beyond the saturation
field shows that a PSHMR also exists in this sample, as expected from the Fe doping
alone, and as observed in chapter 5 for the same level of doping on an Al2O3 substrate.
The magnitude of the change in signal between the two fields is (0.8±0.1)×10−4; this
is a little less than the change for amorphous YIG, which is (1.10± 0.06)× 10−4, but
significantly larger than the change observed for etched YIG. This appears to suggest
a larger PSHMR in the amorphous YIG sample, consistent with a slightly larger Pt
thickness reducing the effective concentration within the film doped with Fe. These
data also raise the question of whether the PSHMR and SHMR have a detrimental ef-
fect on one another. This concept is discussed further in the following section.
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6.4.2 Temperature dependence of the ADMR

The temperature dependence of the ADMR in all orientations for all interfaces is shown
in fig. 6.9. The definition of the measurement geometry is located in section 3.5.2, fig.
3.6. The β-plane MR is where the SHMR can be measured, the γ-plane the AMR
and the α-plane represents the sum of the SHMR and AMR. At first glance, it can
immediately be seen that there are significant quantitative and qualitative differences
in the ADMR for the different YIG/Pt interfaces under study. The sample considered
to give the highest spin mixing conductance and largest magnitude SHMR is etched
YIG, when prepared on a GGG substrate. The data for the α-plane of this sample is
shown in fig. 6.10. This is the sample type used for previous work in the group and has
been shown to have consistently high quality [110; 161; 165; 196]. When the substrate
is changed to YAG, the value of the SHMR decreases dramatically due to the reduced
structural quality of the YIG film and hence reduced spin mixing conductance; this is
apparent from the data shown in fig. 6.9c). The archetypal YIG/Pt bilayers consist of
annealed or etched YIG, with the amorphous YIG and doped interface samples here
facilitating a separation of spin torque related effects from interfacial magnetic effects.

When the YIG layer is amorphous, the ADMR has a strong temperature depen-
dence in all three orientations. In the γ-plane, where conventional AMR would man-
ifest [22; 23; 163; 181], the response remains smaller than in the β-plane throughout
the temperature range, and only becomes significantly higher than zero below 100 K.
This is consistent with a low temperature AMR found recently in YIG/Pd bilayers, be-
lieved to be due to spin-dependent scattering within a ferromagnetic phase of Pd from
the MPE [118]. At higher temperatures, this effect is obscured by phonon scattering,
which is spin-independent and as such unaffected by the MPE. A similar temperature
dependence of ADMR in the γ-plane has been reported in section 5.3.3, fig. 5.17a), for
Pt interfacially doped with Fe on an Al2O3 substrate. This suggests that spin-dependent
scattering manifests below 100 K to cause an imbalance in the scattering between par-
allel and perpendicular orientations of the applied magnetic field and charge current; in
essence, an AMR. This may be due to physical magnetic impurities from intermixing
at the interface, as suggested by measurements of Cu in section 6.3.1 on etched YIG,
or from a localised MPE from Fe at the surface of the amorphous YIG. The β-plane,
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Figure 6.9: The temperature dependence of the ADMR in all three planes with an applied
field of 3 T for 2.22 nm deposited on a) amorphous YIG, b) annealed YIG, c) etched YIG and
d) annealed YIG with 4 % ML Fe on top.

where SHMR is usually measured, shows a signal of the order of 10−4 throughout the
temperature range studied. Its strong field dependence, shown in fig. 6.8a), suggests
the presence of PSHMR. The absence of magnetic ordering in the YIG would appear
to rule out the conventional SHMR effect; this is confirmed by perpendicular MR mea-
surements in section 6.5, fig. 6.11a). The temperature dependence of this PSHMR is
very different to that for Fe-doped Pt on Al2O3, however. The shape bears qualitative
similarities to that for etched YIG, which is interpreted as being due to the temperature
dependence of the conventional SHMR [17; 110; 113; 161]. The cause of this is cur-
rently unknown. The ADMR in the α plane acts as an addition of the β- and γ-plane
ADMRs, consistent with expectations.

Once the YIG has been annealed, the conventional SHMR is expected to appear
due to the net magnetisation which is experienced by the spin current flowing nor-
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Figure 6.10: The temperature dependence of the magnetoresistance in the α-plane with an
applied field of 3 T for 2.2 nm Pt deposited on etched YIG (black squares) and in the β-plane
for annealed YIG with 4 % ML Fe on top (red circles). The substrate used is GGG.

mal to the film surface. The ADMR data for this sample is shown in fig. 6.9b). The
γ-plane ADMR does not rise above zero with any statistical significance throughout
the temperature range under study, suggesting a dramatically reduced concentration of
magnetic sites at the YIG/Pt interface, and hence a significant reduction in the amount
of spin-dependent scattering present at low temperatures. The temperature dependence
of the β-plane ADMR, however, is drastically different to that previously reported for
YIG/Pt bilayers [110; 161] and bears a closer qualitative and quantitative similarity to
the temperature dependence of the PSHMR observed in Fe-doped samples in fig. 5.17.
The exceptionally small magnitude of this ADMR is due to a combination of the re-
duced YIG structural quality on a YAG substrate in comparison to GGG, but also due
to the lower concentration of Fe sites at the interface, as evidenced by the negligible
AMR signal. The strong field dependence of the β-plane ADMR, shown in fig. 6.8b),
suggests that the majority of this signal is due to the PSHMR, and indeed its mag-
nitude and temperature dependence are very similar to that observed for the minimal
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concentration sample explored in chapter 5. This increase with decreasing temperature
is more in-keeping with a paramagnetic signal and cannot be explained by the current
theory of the SHMR [17; 113]. The α-plane ADMR is almost identical to the β-plane
ADMR, acting again as the sum of the β- and γ-plane ADMRs, as expected.

Upon etching, the β-plane MR increases significantly in magnitude and its shape
as a function of temperature, shown in fig. 6.9c), is more in-line with that expected for
the conventional SHMR [110; 113; 161]. The dependence upon the field indicates the
presence of a sizeable PSHMR in addition to the conventional SHMR. A small neg-
ative AMR is present throughout the temperature range under study, becoming more
significant below 150 K. This is attributed to enhanced spin-dependent scattering in
this temperature region, and agrees with the negative AMR found in fig. 6.9d) for a
δ-layer of Fe placed at the YIG/Pt interface. The α-plane MR experiences an increase
in magnitude at very low temperatures, where the magnitude of the negative AMR in-
creases, which is inconsistent with the idea of the α-plane MR being simply the sum
of the γ- and β-planes MRs, though their absolute magnitudes do add to produce this
α-plane magnitude. The cause of the change in sign of the AMR is unknown, as the
AMR observed for Fe-doped Pt on an Al2O3 substrate in chapter 5 is positive. This
hence may be a consequence of the enhanced spin mixing conductance, although more
work needs to be done in this area to characterise this effect.

The data in fig.6.9d) represent a sample grown on a GGG substrate, which intrinsi-
cally provides a higher value of the SHMR due to the higher quality of YIG. Fig. 6.10
shows the magnetoresistance in the α-plane with an applied field of 3 T for 2.28 nm Pt
on etched YIG (black squares) and in the β-plane for annealed YIG with a delta layer
of Fe on top (red circles). The larger magnitude of the α-plane ADMR for etched YIG
may be due to the addition of an AMR signal, but its persistence to high temperatures
make it likely that this increase is actually due to a better spin mixing conductance at
the interface. This could be due to properties from the etching process, or the Fe im-
purities may reduce the spin mixing conductance, therefore reducing the magnitude of
the SHMR. More data are needed on the magnetotransport phenomena of these sam-
ples to determine the cause definitively. The β-plane ADMR in the Fe-doped sample
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shows a similar temperature dependence to the SHMR in etched YIG on GGG. Its re-
duced dependence upon the field, shown in fig. 6.8d), also indicates that the majority
of this signal is due to the conventional SHMR. A small PSHMR is present from the
Fe doping, but the ADMR and its temperature dependence is dominated by the SHMR.
In order to provide a better comparison for a true study of interfacial effects, a study of
an Fe-doped sample of annealed YIG deposited on YAG would be most useful.

It is hence clear that the interface structure strongly affects the ADMR in YIG/Pt
bilayers. For amorphous YIG, a PSHMR persists even without long range magnetic
order in the YIG film. The etching process is seen to improve the spin mixing conduc-
tance and cause the conventional SHMR to emerge, while largely a PSHMR is seen
to be present for YIG which has been annealed but not etched. This research high-
lights the importance of improving the interface quality for a direct observation of the
SHMR. The use of a GGG substrate is seen to greatly increase the value of the SHMR
in conjunction with the etching process; the peak magnitude for etched YIG on YAG
in the α-plane is found to be (2.88± 0.04)× 10−4 at 100 K, whilst for etched YIG on
GGG this value increases to (10.8± 0.1)× 10−4 in the region 120 - 180 K. To obtain
high quality samples for the detection of the SHMR, it is hence found to be optimal to
use a GGG substrate in conjunction with the piranha etch process.

6.5 Conventional magnetoresistance and its tempera-
ture dependence in YIG/Pt bilayers

The conventional magnetoresistance (MR) is also a useful tool for determining the
scattering occurring at the interface between YIG and Pt. The perpendicular orienta-
tion is explored in this section for the four different interfaces discussed within this
chapter. The shape is presented.

The perpendicular MR for the four samples is displayed in fig. 6.11. At higher
temperatures, the MR is positive for amorphous, annealed, etched and annealed YIG
with 4 % ML Fe, with quantitative differences between the samples. A negative MR
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manifests below 30 K for the sample with amorphous YIG. For annealed YIG, the
MR becomes strongly positive at lower temperatures. This behaviour highlights the
reduction of magnetic scattering from Fe at the interface, which causes the negative
MR observed in fig. 5.14. As in this case, fitting with quantum interference requires
a large value of Bs and a small value of Bso which are inconsistent with known data
regarding this system. The narrow central feature observed for etched YIG on YAG is
the manifestation of the SHMR as the magnetisation is rotated out of the plane, and
plots showing this are not amenable to fits of quantum interference phenomena. The
constantly positive nature of the MR at higher fields is consistent with a reduced inter-
facial Fe concentration in comparison to amorphous YIG. For annealed YIG with 4 %
ML Fe on top, a central feature with a sharply positive MR develops. This has a width
equivalent to the expected out of plane coercivity of the YIG layer grown on GGG,
i.e. approximately 1 T, and as such represents the value of the conventional SHMR
[17; 113]. At higher fields, the trend is qualitatively similar to that observed for amor-
phous YIG, with Fe impurities causing a negative MR below 20 K, as observed in
section 5.3.2.

The magnitude of the MR in all three orientations at an applied field of 3 T are
plotted in fig. 6.12. The shape and magnitudes vary greatly depending upon the in-
terface type. For amorphous YIG, the temperature dependence of the MR in all three
orientations bears a close resemblance to that observed for Fe-doped Pt in fig. 5.15.
The positive magnitude is comparable to that for a sample doped with δFe at the in-
terface. The negative magnitude is somewhat smaller, however, indicating a lower
concentration of magnetic scattering sites. At higher temperatures, the positive MR in
the longitudinal and perpendicular orientations remains at a fairly constant magnitude
in contrast to the reduction in magnitude observed for Fe-doped Pt at the highest tem-
peratures. This may be due to a reduced side-jump scattering mechanism, as this tends
to be more prevalent at higher temperatures, but there is little exploration of this in the
literature. A coherent theory is required to explain these data quantitatively.

The temperature dependence of the MR for annealed YIG is shown in fig. 6.12b).
Here, the transverse MR is seen to be negligible until the negative MR develops be-
low 50 K. The magnitude of this negative MR is smaller than for annealed YIG, either
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Figure 6.11: The perpendicular magnetoresistance as a function of both temperature and field
below 50 K for 2 nm Pt on a) amorphous YIG, b) annealed YIG, c) etched YIG and d) annealed
YIG doped with 4 % ML Fe. Solid lines in a) and b) represent fits to quantum interference
phenomena.

with or without Fe doping, reinforcing the hypothesis of reduced concentration of in-
terfacial moments within this sample. The shape of the longitudinal and perpendicular
MR magnitude as a function of temperature is novel, with a peak magnitude at 20 K of
(0.81±0.01)×10−4 in the longitudinal orientation and at 10 K of (0.9±0.1)×10−4 in
the perpendicular orientation. The magnitude of these MRs remains positive through-
out the temperature range considered. This shape appears to be a result of the YIG
interface, as this is not observed for the same thickness of Pt in fig. 5.6b).

The longitudinal MR for the etched YIG sample, shown with the other orientations
in fig. 6.12c), shows a qualitatively similar shape to the temperature dependence of
the SHMR shown in fig. 6.9c). This concurs with the hypothesis that the central fea-
ture observed is related to the improved spin mixing conductance in this sample and
indicates the MR is dominated by this contribution. The transverse MR has the same
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Figure 6.12: The temperature dependence of the magnetoresistance at an applied field of 3 T
in all three orientations for 2.22 nm Pt on a) amorphous YIG, b) annealed YIG, c) etched YIG
and 2.28 nm Pt on d) annealed YIG with 4 % ML Fe.

qualitative temperature dependence, but reflected in the x-axis at y = 0 as the central
feature has the opposite sign in the transverse MR. The perpendicular MR exhibits the
magnitude and temperature dependence of the SHMR, due to the magnetisation of the
YIG being rotated out of the plane during measurement and hence showing the SHMR
before saturation. Above saturation, another positive MR is observed, producing an
increase compared to the longitudinal MR observed. Below 50 K, an additional in-
crease is observed in the perpendicular MR. This follows the reduction of the negative
AMR magnitude and is only prevalent in the region where phonon scattering is greatly
diminshed.

To summarise, it is shown that a negative MR manifests in all three orientations
below 50 K for amorphous YIG and annealed YIG doped with 4 % ML Fe, and is
attributed to the presence of Fe impurities. The temperature dependence of the MR
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in the etched YIG sample represents the SHMR, in both positive and negative values,
for all orientations, due to the large low-field contribution from an enhanced spin mix-
ing conductance; this comes from the SHMR being clearly distinguishable in the MR.
Annealed YIG shows a novel temperature dependence for both the perpendicular and
longitudinal MR, with a sharp decrease in magnitude at very low temperatures. In the
transverse orientation, a negative MR manifests below 50 K, which is caused by the
presence of Fe impurities. These data hence reinforce some of the conclusions from
section 6.4.2, most notably that amorphous YIG possesses the largest concentration of
interfacial magnetic impurities without doping.

6.6 The interfacial Hall effect

Bilayers of Pt and YIG have recently been shown to exhibit an unconventional Hall
effect, with reports from various groups showing responses which differ both qualita-
tively and quantitatively [21; 22; 58; 112; 163; 164]. The origins of this Hall effect
are also debated in the literature, with a low-field contribution observed by some cited
as being due to the spin-mixing conductivity at the interface, termed the spin Hall-
anomalous Hall effect (SH-AHE) [58; 113], whilst a non-linear high-field component
observed by others is thought to be due to the MPE [21; 22; 112; 163]. In this section,
the dependence of the Hall response on the interface is reported.

The form of the Hall resistivity as a function of field is displayed in fig. 6.13 for var-
ious YIG/Pt interfaces. Regardless of the method of interface preparation, in all cases
the shape bears qualitative similarities to that observed in chapter 5, fig. 5.18 for ultra-
thin Pt films interfacially doped with a discontinuous layer of Fe. As in chapter 5, the
shape appears Langevin-like but scaling with B/T shows that this is not an appropri-
ate method. This shape is also qualitatively consistent with those observed for YIG/Pt
bilayers in recent publications [21; 22; 112; 163]. The AHE persists in all cases to a
field higher than the out-of-plane saturation field of the YIG layer [21; 58; 112; 161]
and thus cannot originate from the magnetic properties of this layer. Quantitatively,
the Hall resistivity is strongly dependent upon the interface preparation method with a
much larger value of almost 2000 pΩm at 8 T and 1.6 K for a sample doped with Fe,
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Figure 6.13: The Hall resistivity as a function of field at various temperatures for 2.22 nm
deposited on a) amorphous YIG, b) annealed YIG, c) etched YIG and d) annealed YIG with 4
% ML Fe on top. Lines shown are guides for the eye.

compared to around 50 pΩm under the same conditions for an annealed sample with-
out the Fe dopants. A change in sign of RH can also be observed between these two
samples at this temperature. The amorphous YIG and interfacially doped YIG exhibit
the largest Hall resistivities, with the annealed and etched samples have relative quan-
titative consistency in the Hall resistivity with a peak magnitude of around 100 pΩm.
The very low field component, crucial for observation of the SH-AHE, is discussed
further in section 6.6.1. The ordinary and anomalous Hall coefficients for these sam-
ples, extracted as described in section 5.3.4, are shown as a function of temperature in
fig. 6.15.

The temperature dependence of RH and RS across the various interfaces appears to
indicate a trend of a changing concentration of interfacial ferromagnetic moments. In
chapter 5, it has been shown that different concentrations of interfacial Fe impurities in
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6.6 The interfacial Hall effect

Figure 6.14: The Hall resistivity scaled with the applied field over the temperature for 2.22
nm Pt on a) Amorphous YIG, b) Annealed YIG, c) Etched YIG and d) Annealed YIG doped with
4% ML Fe.

an ultrathin Pt film produce qualitatively similar behaviour in the Hall coefficients as a
function of temperature. This is shown for two concentrations of Fe in figs. 5.23 and
5.24. A lower concentration of interfacial moments is hence represented by a consis-
tently negative RH throughout the temperature range studied, a lower value of RS and
a lower temperature at which a change in sign occurs forRS. Using this data as a basis,
it is hence possible to determine the relative concentrations of interfacial moments in
the four samples represented in fig. 6.15. Thus, the smallest concentration is observed
for Pt deposited on annealed YIG, represented by red circles in fig. 6.15; a change in
sign of RS is observed below 30 K. After the etching process has been applied to a
concurrently produced sample, a larger concentration of interfacial moments is seen to
manifest, as RH exhibits a change in sign below 50 K and RS below 40 K; this sample
is represented by blue upward triangles in fig. 6.15.

Amorphous YIG, when used as a substrate for ultrathin Pt, is seen to exhibit a
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6.6 The interfacial Hall effect

Figure 6.15: The a) ordinary and b) anomalous Hall coefficients as a function of temperature
for 2.22 nm Pt deposited on various YIG interfaces. A YAG substrate is used for all but the
sample with 4 % ML Fe, which has a GGG substrate. Lines shown are guides for the eye.

large increase in interfacial moments based upon the Hall data, in comparison to or-
dered YIG samples. This significant change indicates there is a significantly larger
concentration of moments from Fe sites at the YIG/Pt interface in this system. The
amorphous YIG under study did not exhibit a net magnetic response when magnetom-
etry measurements were performed. This means that the anomalous Hall effect in this
system is due entirely to the moments at the interface between the materials.

The anomalous Hall effect observed is attributed to extrinsic spin-orbit scattering
from magnetic sites at the YIG/Pt interface. As there is no intrinsic anomalous Hall ef-
fect observed in ultrathin Pt, shown in chapter 5 fig. 5.9 where the dependence on field
is linear, the addition of impurity sites and disorder at the interface is the cause of the
nontrivial field dependence of the Hall resistivity. Scattering with side jump is known
to be a prevalent mechanism for the anomalous Hall effect in dilute alloys containing
Fe [47; 48]. This is particularly apparent in YIG with 4 % ML Fe on the surface, as
in this case the ordinary Hall coefficient remains positive throughout the temperature
region under study. The temperature dependence of the anomalous Hall coefficient for
all samples, shown in fig. 6.15b), bears qualitative similarities to that of ultrathin Pt
experiencing a magnetic proximity effect from an ionic liquid [86], including the trend
for concentration dependence. The scaling proposed in equation 2.27 is attempted to
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6.6 The interfacial Hall effect

Figure 6.16: Resistivity scaling for the anomalous Hall coefficient RS, plotted as ρAHE
xy , for

2.2 nm Pt on a) Amorphous YIG, b) Annealed YIG, c) Etched YIG and d) Annealed YIG doped
with 4 % ML Fe.

be applied to the data, as shown in fig. 6.16, with parameters in table 6.2. In order
for the theory to fit the data, an intercept must be added to the quadratic equation, as
per equation 5.2, which is unphysical. The traditional scaling expected for the skew
and side-jump scattering in the anomalous Hall effect is hence not applicable to these
samples, either doped with Fe or grown on YIG, and hence the coefficients obtained
from the fit are also not representative of the physical picture and cannot be used to
draw conclusions.

The findings from section 6.4 and previous work [18; 110; 161] have shown that
the piranha etch process enhances the spin mixing conductance at the YIG/Pt interface
and hence also enhances the magnitude of the SHMR. The findings from the Hall ef-
fect also show an increase in the magnetic behaviour of the interface, raising questions
about the mechanisms by which the SHMR is enhanced due to the etching. It has been
shown in chapter 5 that a paramagnetic spin Hall magnetoresistance (PSHMR) can be
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6.6 The interfacial Hall effect

Table 6.2: The parameters found from scaling the anomalous Hall resistivity with the longitu-
dinal resistivity as per equation 5.2, shown in figs. 5.21 and 6.16. Rsq represents the goodness
of fit.

Substrate Φ (mrad) κ (MSm−1) C (µΩcm) Rsq

Al2O3/δFe -(70±10) 0.10±0.02 1.1±0.2 0.89826
Al2O3/4 % ML Fe -(55±4) 0.079±0.007 0.92±0.07 0.9486
Amorphous YIG -(140±30) 0.18±0.03 2.8±0.5 0.69879
Annealed YIG -(29±4) 0.040±0.005 0.52±0.07 0.79793

Etched YIG -(34±9) 0.030±0.008 0.9±0.3 0.82712
Annealed YIG/4 % ML Fe -(420±30) 0.16±0.01 28±2 0.97707

measured in interfacially doped dilute PtFe alloys, and this may contribute to the signal
measured in etched samples. One measure of the strength of the spin mixing conduc-
tivity from magnetotransport, without any enhancement from interfacial Fe doping, is
the SH-AHE, discussed in section 6.6.1.

6.6.1 The spin Hall-anomalous Hall effect

The spin Hall-anomalous Hall effect (SH-AHE) is a manifestation of the imaginary
part of the spin mixing conductance, leading to a field-dependent transverse voltage
below the YIG saturation field [113], as described in section 2.5. This appears as an
additional transverse voltage at fields below 1 T on top of the other Hall effects ob-
served. Experimentally, this has been observed at 300 K in a YIG/Pt bilayer with a
Pt thickness of 2 nm [58]. In addition to the high field curvature, an SH-AHE is also
observed in some of the YIG/Pt systems under study, and a selection of these data are
shown in fig. 6.17.

It can be seen that the SH-AHE has a larger magnitude when a GGG substrate
is used than for YAG, indicating that the imaginary component of the spin mixing
conductance is also enhanced for this substrate, as the enhanced SHMR shows the
real component is likewise improved. No SH-AHE is observed for YIG which has
not undergone the piranha etch surface treatment, indicating that this is crucial for a

139



6.6 The interfacial Hall effect

Figure 6.17: The spin Hall-anomalous Hall effect observed for a) GGG/Etched YIG/2.22
nm Pt, b) YAG/Etched YIG/2.22 nm Pt and c) the temperature dependence of the spin Hall-
anomalous Hall coefficient for both systems.

significant improvement in the spin mixing conductance, in line with the other mag-
netotransport data shown. On a GGG substrate, a more complex field dependence is
observed within the SH-AHE region at some temperatures, and the cause of this is
unclear. On a YAG substrate, the field dependence in the SH-AHE region is linear,
as has been previously observed [58]. There are currently no temperature dependence
data for this phenomenon in the literature, and that found in this study is shown in fig.
6.17c). The spin Hall-anomalous Hall coefficient, RSH-AHE, is here defined similarly to
RS, with half the difference between the y intercepts of two linear fits in the low field
region used to deduce its value. The trend is very different to that of the anomalous
and ordinary Hall coefficients in these samples, and is more similar to the temperature
dependence of the anomalous Hall coefficient observed for 10 nm Pt on YIG in the lit-
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6.7 Summary

erature [22], with its sharp increase in magnitude at the lowest temperatures observed.
It is clear that a much stronger effect is observed in GGG, but both substrates experi-
ence a change in sign, with that for GGG occuring at a higher temperature. More data
are needed to fully characterise this sign change in both samples.

6.7 Summary

The MPE plays a role at the YIG/Pt interface. Techniques employed on similar sam-
ples, such as scanning transmission electron microscopy (STEM) at the superSTEM
facility [165] and cross-sectional transmission electron microscopy (TEM) [110; 161]
show an ordered interface, with intermixing confined to within 1-2 monolayers. This
intermixing region is difficult to resolve with these techniques, however, and a concen-
tration of a few percent of one monolayer is beyond the scope of current microscopy
techniques. It is thus difficult to definitively state whether the cause of the observed
interfacial magnetotransport phenomena lies with a physical intermixing of chemical
elements at the interface, or rather if a localised MPE from Fe sites at the YIG surface
is the cause. The results from the Kondo effect for thin Cu films deposited on YIG,
discussed in section 6.3.1, suggest that some degree of intermixing is present at the
interface. Since Cu lacks other anomalous magnetotransport phenomena, such as the
anomalous Hall effect, this suggests that either the MPE or the high spin-orbit coupling
in Pt plays a role in enhancing these interfacial phenomena. Further work on metals
with high spin-orbit coupling which are further from satisfying the Stoner criterion,
such as W, Ir, or Rh, could help to illuminate the mediating factor. Systems of Cu
doped with metals such as Ir or Bi have been shown to produce a large extrinsic spin
Hall effect [10; 12] and are promising candidates for MPE-free investigation of spin
transport phenomena at the YIG interface.

It is found that the magnetotransport phenomena in YIG/Pt bilayers depend strongly
upon the interface preparation method used. Work on amorphous YIG has shown the
interfacial effects present for Fe-doped Pt in the magnetotransport, with an interfacial
AHE and negative MR at low temperatures. The piranha etching surface treatment is
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6.7 Summary

found to not only enhance both the real and imaginary components of the spin mix-
ing conductance, as demonstrated by an enhanced SHMR and the appearance of the
SH-AHE, but also to enhance the interfacial magnetic effects observed in the magne-
totransport. The substrate choice plays a large role in the quality of the spin mixing
conductivity, with a larger SHMR and SH-AHE found when using a GGG substrate in
conjunction with piranha etching, owing to the reduced strain in this system.
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CHAPTER 7

Conclusions and future work
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Throughout this thesis, the effect of extrinsic spin-orbit scattering on magnetotrans-
port phenomena has been considered. In an entirely non-magnetic system, it is found
that a discontinuous non-magnetic impurity δ-layer significantly modifies both the re-
sistivity and ordinary Hall coefficient in an impurity-dependent manner. The position
of the impurity δ-layer within the film is found to have a significant impact upon the
magnitude of the resistivity, with a peak value emerging at the centre of the film. This
is consistent with theoretical predictions using a model of parallel conductors which
is independent of the impurity type. It has been found that the transport in thin films
doped with impurities shows two new effects - the transport depends on the spin state
of the impurity and on its position. This will be published in conjunction with Dr. Mar-
tin Gradhand, who is currently performing calculations to explain the physics behind
these phenomena. In future work, extending the film thickness until the effect dimin-
ishes would enable a lengthscale over which the effects persist to be defined and hence
help to shape the theory. The use of impurities which exhibit low spin-dependent scat-
tering could help elucidate all the mechanisms behind the position dependent effect
and allow for extraction of skew, spin and side jump scattering contributions with an
appropriate choice of impurity.

Placing an impurity δ-layer of Fe on an Al2O3 substrate beneath an ultrathin Pt film
has been shown to modify the magnetotransport phenomena in comparison to the clean
ultrathin Pt case. Weak anti-localisation is destroyed and a negative magnetoresistance,
with magnitude dependent upon the concentration of impurities, manifests at low tem-
peratures in all orientations. A paramagnetic spin Hall magnetoresistance (PSHMR) is
discovered in this system which persists to high temperatures for 4 % ML Fe beneath
2 nm Pt, but is only strongly apparent below 50 K for a much lower concentration of
Fe. An AMR, of magnitude less than 1 × 10−4, is observed below 50 K for both Fe
concentrations, with a magnitude which increases with increasing concentration. The
anomalous Hall coefficient varies with temperature and concentration similarly to sys-
tems where an AHE is induced by the MPE [86]. The ordinary Hall coefficient is also
found to depend strongly upon the temperature and concentration, changing sign at a
higher concentration of Fe. The induced anomalous Hall effect persists to a thickness
of 5 nm Pt with 4 % ML Fe beneath. These magnetotransport phenomena have not
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been explored previously in the literature, and this represents the first time magneto-
transport phenomena have been explored for Pt with an impurity layer localised at the
interface with the substrate. These data provide an insight into how a localised MPE
can cause a PSHMR and an AMR and help to shed light on some of the phenomena
which emerge due to localised magnetism at the YIG/Pt interface. These results will
be published as they show important effects which influence the interpretation of mea-
surements such as the SHMR, which are currently of great interest.

It has been found that the magnetotransport in YIG/Pt bilayers is strongly depen-
dent upon the method used to prepare the YIG interface. Measurements of resistivity
as a function of temperature show a minimum at low temperature which observes an
additional contribution due to the enhanced electron-electron interaction. Cu of various
thicknesses exhibit a Kondo effect when deposited on YIG, which diminishes at higher
thickness, indicating intermixing takes place at the interface. A field dependence of the
ADMR in the β-plane, i.e. SHMR orientation, is observed showing that the PSHMR
contributes to the measured signal. This is particularly prominent for amorphous YIG,
which has low conventional SHMR, and annealed YIG, which exhibits a particularly
low SHMR. Placing an impurity δ-layer of Fe between YIG and Pt dramatically en-
hances the magnitude of the observed SHMR due to the contribution from the PSHMR.
A small AMR is observed in all YIG/Pt bilayers, but with differing signs.

It is found that the choice of substrate impacts the quality of the YIG/Pt interface
and hence the spin mixing conductance and SHMR observed. A GGG substrate pro-
vides a larger value of the SHMR than a YAG substrate, owing to the reduced strain
and improved stoichiometry of the YIG crystal structure. Etching the top surface of
the YIG is found to enhance the spin mixing conductance at the interface, as evidenced
by an enhanced SHMR and the manifestation of the SH-AHE. The temperature depen-
dence and substrate dependence for the SH-AHE has been explored for the first time
and is it is shown to undergo a change in sign at a temperature dependent upon the
substrate choice. The temperature dependence is distinct from that of RH and RS, and
a new model is required to understand this and its implications for the imaginary com-
ponent of the spin mixing conductance. These data will soon be published.
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An anomalous Hall effect which is not Langevin-like is observed up to high fields
in YIG/Pt bilayers. The temperature dependence of the ordinary and anomalous Hall
coefficients show that the various types of YIG produce differing amounts of side-
jump, attributed to differing amounts of exposed metallic Fe at the surface. The side-
jump contribution to the observed anomalous Hall effect is found to be strongly de-
pendent upon the interface preparation method. Contrasting the Hall coefficients with
those reported here for Pt with a localised discontinuous layer of Fe, relative concen-
trations are extracted. Etching the YIG surface is seen to produce a large SHMR in
addition to a large PSHMR.

It has hence been shown that extrinsic spin-orbit scattering can have a dramatic
effect on the magnetotransport of thin films. Expanding the work of in non-magnetic
systems may lead to spin Hall effect devices with a higher efficiency of charge to spin
current conversion. These impurity delta layer systems could also be investigated in
an ultrathin form on a YIG substrate in order to investigate the possibility of a large
extrinsic SHMR which is free from MPE, leading to a strong candidate for the detec-
tion of the magnetic state in YIG via spintronics. There is little doubt that extrinsic
spin-orbit phenomena have the capability to enhance the spintronics of the future.
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APPENDIX A

X-ray Reflectivity of YIG
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X-ray reflectivity data were collected for samples of YIG at various stages of the prepa-
ration process. The key stages at which data are taken are after deposition of amor-
phous YIG, after the annealing process and after the etching process. Representative
x-ray reflectivity data are shown for a YIG sample on a YAG substrate at these three
stages in fig. A.1.

Figure A.1: X-ray reflectivity data are shown for YIG on YAG, grown to a thickness of (38±1)

nm, at various stages of the preparation process. The changes in the critical edge are shown in
a), whilst b) shows the Kiessig fringes. Data are normalised to the count rate for 2θ at 0.5◦.

Qualitatively one can determine a trend where the critical edge moves to higher an-
gle for the annealed sample compared to the amorphous sample, then recedes slightly
following the piranha etch process; this is shown in fig. A.1. This qualitative trend is
observed for substrates of both YAG and GGG across six plates of sample growth, so
can be deemed a statistically significant trend. As the critical edge is known to give
information regarding the electron density at the film surface [204], one can then sur-
mise that the electron density is highest for the annealed film compared to the other
surfaces. In order to investigate this trend, the GenX fitting program [205] was used to
fit the data with various models of sample structure. The results of these fits are shown
in fig. A.2 and table A.1.

When producing these fits, various models were tried with varying success. It was
found that modelling all of the films with one layer of YIG on a YAG substrate gave
poor fits to the critical edge of the film with a high figure of merit (FOM) correspond-
ing to poor agreement with the data. Modelling a layer of Fe2O3 on top of the YIG
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Figure A.2: X-ray reflectivity data for amorphous (as-deposited), annealed and etched YIG on
a YAG substrate are shown with fits obtained from GenX [205] using various models described
in table A.1.

likewise provided poor agreement with the critical edge position, although a layer of
Fe3O4 could provide convincing fits to all three datasets. The best fits, i.e. those with
the lowest FOM, are shown in fig. A.2 and table A.1, however. For amorphous and
etched YIG, these consist of a layer of graded YIG, i.e. a top layer with an electron
density which differs from the remainder of the YIG in the sample. For the amorphous
sample, this layer proved to have a higher density than expected of YIG, whilst for the
etched sample this layer had a slightly lower density. When considering the physical
process of the piranha etch, this result agrees with expectation. For the amorphous
sample, the layer of YIG beneath the top layer is of a lower density than crystalline
YIG, as one might expect. The annealed sample, however, requires a top layer with
different chemical structure to fit the critical edge. Both iron oxides produced poor fits,
with the best match coming from considering a layer of yttria, Y2O3, atop the YIG. The
YIG beneath is then of the density expected, within uncertainty. This top layer which
is deficient in Fe has been observed previously in the literature, and confirmed with
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Table A.1: Parameters for the fits of x-ray reflectivity data for various YIG films shown
in fig. A.2, where t represents the thickness of each layer and densities referred to are
electron densities. For the amorphous and etched samples, the top layer consists of
YIG whilst for the annealed sample the material is modelled as Y2O3.

Sample Top Layer t (nm) Top Layer Density (%) YIG t (nm) YIG Density (%)
Amorphous 1.7±4 120±20 36.1±0.4 92±2
Annealed 1.8±0.2 119±4 34.3±0.5 101±1

Etched 4.2±0.5 95±5 30±1 100±5

polarised neutron reflectometry measurements [206].

When these top layers are compared to the magnetotransport data obtained in chap-
ter 6, there is good agrement with this model. The concentration of magnetic ions was
found to be least for the annealed sample, which from x-ray reflectivity fits equates to
a layer of yttria, and greatest for the amorphous sample, which appears to have a top
layer of YIG with (120±20)% the density expected. This agreement between the two
datasets gives confidence that these fits are meaningful.
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