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Abstract

This research consideres the effect of molecular overlayers on the spin

Hall magnetoresistance (SHMR) and anisotropic magnetoresistance

(AMR) of heavy metals (Pt, Ta, and PtMn). The objective is to

investigate the effect of molecular overlayers on the effective spin orbit

coupling (SOC), i.e. the charge-spin conversion of heavy metals. We

have pursued this objective by measuring the SHMR & the AMR in

YIG/Metal and YIG/Metal/C60 structures. This effect has generated

a large interest over the last few years, and they are critical in the

study of the spin Hall angle and its applications, e.g. for devices such

as spin torque MRAM.

”In this study” when C60 is grown on a metal, the electronic structure

is altered due to hybridisation and charge transfer. A conducting layer

with high SOC is formed at the interface between a heavy metal and

molecules. The SHMR for Pt/C60 and Ta/C60 at room temperature

are up to a factor 6 higher than for the pristine metals, with the spin

Hall angle increased by 20-60 %. At low fields of 1-30 mT, there is

an AMR which increases up to 700 % at room temperature by C60.

Given the dielectric properties of C60, this opens the possibility of

gating the effective SOC of metals, with applications for spin transfer

torque memories and pure spin current dynamic circuits.

Annealing sample plays a crucial part in our transport properties

of (Pt, PtMn) and (Pt, PtMn)/C60 because of changes to the crys-

tallinity and metallo-molecular coupling at the interface. As a result,

the SHMR/MR can increase by a further factor 4 when annealing at

a temperature of 300 ◦C.



Symbol

G Spin Mixing Conductance
λ Spin Diffusion Length
M Magnetisation
D Diffusion Constant
d Thickness
θsh Spin Hall Angle
ρ Resistivity
σ Conductivity
T Temperature
Js Spin Current
Je Charge Current
τsf Spin Relaxation Time
τp Momentum Relaxation Time



Abbreviations

MR magnetoresistance
AMR anisotropic magnetoresistance
SHMR spin hall magnetoresistance
NM Normal Metal
DC direct current
GGG gadolinium gallium garnet
Y IG yttrium iron garnet
Y AG Yttrium Aluminium Garnet
Pt platinum
SHE spin Hall effect
ISHE inverse spin Hall effect
RF radio frequency
V TI variable temperature insert
SOC spin-orbit coupling
OSC Organic semiconductors
DC Direct Current
FM Ferromagnet
FMR Ferromagnetic Resonance
XRD X-ray Diffraction
XRR X-ray reflectivity
TEM Transmission Electron Microscopy
SEM Scanning Electron Microscope



Contents
1 Introduction 1

1.1 Spintronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Thesis layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Literature review 7

2.1 Introduction to the structure and properties of YIG . . . . . . . . 8

2.2 C60 fullerene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 Spin Hall effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.4 Spin Hall magnetoresistance . . . . . . . . . . . . . . . . . . . . . 14

2.5 Anisotropic magnetoresistance (AMR) . . . . . . . . . . . . . . . 19

2.6 Magnetism in platinum . . . . . . . . . . . . . . . . . . . . . . . . 20

2.7 Rashba effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.8 Spin physics in metal-molecular interfaces . . . . . . . . . . . . . 25

2.9 Metal / C60 Molecule Interface . . . . . . . . . . . . . . . . . . . . 26

3 Experimental methods 31

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2 Sputter Deposition . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.3 High vacuum thermal evaporation . . . . . . . . . . . . . . . . . . 37

3.4 X-ray measurements . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.5 Transport measurements . . . . . . . . . . . . . . . . . . . . . . . 40

3.5.1 Cryostat measurements . . . . . . . . . . . . . . . . . . . . 40

3.5.2 Electron transport measurements . . . . . . . . . . . . . . 42

3.5.3 Sample annealing process . . . . . . . . . . . . . . . . . . 44

3.5.4 Magnetoresistance measurements . . . . . . . . . . . . . . 44

3.6 Superconducting quantum interference device . . . . . . . . . . . 46

viii



CONTENTS

4 Spin Hall magnetoresistance in YIG/Pt and YIG/Pt/C60 49

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.2 Spin Hall magnetoresistance in platinum . . . . . . . . . . . . . . 50

4.2.1 Resistivity dependence on temperature . . . . . . . . . . . 50

4.2.2 Field dependence . . . . . . . . . . . . . . . . . . . . . . . 54

4.2.3 Fitting of the SHMR . . . . . . . . . . . . . . . . . . . . . 60

4.2.4 SHMR platinum thickness dependence . . . . . . . . . . . 61

4.2.5 Low Field AMR in Pt . . . . . . . . . . . . . . . . . . . . 65

4.3 YIG sample characterisation . . . . . . . . . . . . . . . . . . . . . 70

4.3.1 AMR at low fields: YIG on YAG . . . . . . . . . . . . . . 74

4.3.2 The enhancement of SOC with a C60 capping layer . . . . 75

4.4 Annealing effects on platinum . . . . . . . . . . . . . . . . . . . . 81

4.4.1 Annealing effects on Pt by TEM . . . . . . . . . . . . . . . 81

4.4.2 Annealing effects on Pt resistivity . . . . . . . . . . . . . . 82

4.4.3 Annealing effects on Pt SHMR . . . . . . . . . . . . . . . 83

4.4.4 Emergence of a uniaxial OOP anisotropy after annealing . 85

4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5 Spin Hall magnetoresistance in YIG/Ta and YIG/Ta/C60 90

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.2 Spin Hall magnetoresistance in tantalum . . . . . . . . . . . . . . 91

5.2.1 Resistivity dependence on temperature . . . . . . . . . . . 91

5.2.2 Field dependence . . . . . . . . . . . . . . . . . . . . . . . 94

5.2.3 Tantalum Fitting of Transport Measurements . . . . . . . 96

5.2.4 Thickness dependence of the SHMR in tantalum . . . . . . 97

5.2.5 Low Field AMR in Ta . . . . . . . . . . . . . . . . . . . . 103

5.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

6 Spin Hall magnetoresistance in YIG/PtMn and YIG/PtMn/C60106

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

6.2 Spin Hall magnetoresistance in PtMn . . . . . . . . . . . . . . . . 107

6.2.1 Resistivity dependence on temperature . . . . . . . . . . . 107

6.2.2 Out of plane magnetoresistance . . . . . . . . . . . . . . . 109

6.2.3 SHMR PtMn thickness dependence . . . . . . . . . . . . . 111

ix



CONTENTS

6.2.4 Low Field AMR in PtMn . . . . . . . . . . . . . . . . . . 112

6.2.5 Annealing effects on PtMn by TEM . . . . . . . . . . . . . 114

6.2.6 Annealing effects on PtMn resistivity . . . . . . . . . . . . 115

6.2.7 Annealing effects on PtMn SHMR . . . . . . . . . . . . . . 116

6.2.8 Annealing effects on PtMn AMR . . . . . . . . . . . . . . 118

6.2.9 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

7 Conclusion and future work 121

7.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

7.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

References 150

x



List of Figures
2.1 The unit cell of YIG has cubic structure. The magnetisation in

YIG produces from the superexchange interactions between 16

Fe3+ ions on the octahedral and 24 Fe3+ ions on tetrahedral sites.

Taken from [47] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 The C60 molecule consists of 60 carbon atoms arranged in 20

hexagons and 12 pentagons. Taken from [54]. . . . . . . . . . . . 10

2.3 The weak π bonds and strong σ bonds are represented by shaded

and unshaded regions respectively. Taken from [51]. . . . . . . . . 11

2.4 The geometry of the spin Hall effect in (a) shows the charge current

Jc in the plane scattering with spins in different direction. The ex-

trinsic skew scattering is in (b). (c) Extrinsic side jump scattering

from an impurity. Taken from [69]. . . . . . . . . . . . . . . . . . 13

2.5 The mechanisms at the origin of the SHMR. Taken from [4].(a)

shows the SHE is generating a spin current Js which is perpendic-

ular to the charge current Je. (b) Here, the spin current is reflected

from the surfaces of the thin metal film. (c) Shows how the ISHE

is producing the charge current. (d) Shows the magnetisation M

and spin polarisation σ parallel and how the spin current is re-

flected from the interface and back into the metal. (e) Here, the

magnetisation M and spin polarisation σ are perpendicular and

the spin current is able to pass into the YIG. (f) Shows the spin

current producing a spin polarised charge current in the Pt. . . . 17

2.6 The temperature dependence of the SHMR between 5 K and room

temperature measured in YIG/Pt. (a) Temperature trend for vari-

ous Pt thicknesses deposited by electron beam evaporation. Taken

from [92]. (b) Temperature trend for Pt 5 nm deposited by sput-

tering like our Pt wires. Taken from [93]. . . . . . . . . . . . . . . 19

xi



LIST OF FIGURES

2.7 Magnetic susceptibility against the density of states (DOS) near

the Fermi energy g(EF ). This effect is termed as Stoner enhanced

paramagnetism. Taken from [69]. . . . . . . . . . . . . . . . . . . 21

2.8 2D representation of the energy dispersion relation (top) and Fermi

surface (bottom) for both the spin majority (blue) and minority

(red) charge carriers. (a) in a non-magnetic material and (b) in

a ferromagnetic material with an applied magnetic field. Adapted

from [109] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.9 A schematic diagram of the molecular hybridisation with a ferro-

magnetic metal (FM). The DOS of both the molecule and the FM

are at the top of the figure. At the bottom, the molecular energy

level broadens and spin-dependent splitting occurs due to orbital

hybridisation with a ferromagnetic metal surface. Moving from

right to left makes the initial discrete molecular orbitals broaden

and shift their position to the Fermi level EF of the FM. Taken

from [117]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.10 The interfacial coupling between a metal and C60 is shown. Be-

cause of the molecular orbitals hybridization and the redistribution

of surface charge near the surface, the gap is narrow and the LUMO

band is broaden. Thus, the LUMO moves to be close to the Fermi

energy and this process is known as Fermi level pinning. A DFT

simulation of a C60/Au and C60/Ag contact is shown in the bottom

panel, with the ensuing charge redistribution traced across a small

area. Taken from [131]. . . . . . . . . . . . . . . . . . . . . . . . . 29

3.1 Schematic of the magnetron sputtering method. The target is the

material to be deposited and it is shown as the cathode. The

substrate is shown on a rotating sample wheel, which is electrically

grounded. The distance between the target and the substrate is

about 8-9 cm. The sputtering gas flows into the chamber and is

then ionised to form the plasma. The plasma ejects atoms from

the target that then diffuse to be deposited onto the substrate. . . 33

xii



LIST OF FIGURES

3.2 Temperature dependence of the saturation magnetisation for (a)

YIG(170 nm) and (b) YIG(40 nm) grown by RF sputtering on a

GGG substrate. Below 90 K there is a decrease in Ms at lower

temperatures due to the presence of a GdIG layer antiferromag-

netically coupled to YIG below that temperature. The extent of

the decrease depends on the thickness of the YIG layer. The thick-

ness of the dead layer has been measured to be some 6 nm, so the

change in magnetisation for a 40 nm layer is approximately 17%

(the ratio of GdIG to actual YIG, 6/34, is very close to the mag-

netisation ratio (77-64.4)/77. . . . . . . . . . . . . . . . . . . . . . 36

3.3 Illustration of the thermal sublimation source interior. Taken from [147].

The C60 molecules are placed in a crucible which is attached to the

copper rods and heated by a tungsten filament. The cooled water

is cycled around the copper shield to prevent excessive heating.

The quartz crystal monitors the deposited thickness of the molec-

ular film. The sublimation of C60 works as a centre track, so the

substrate needs to be far enough from the crucible to receive atoms

properly and to avoid the heating from the tungsten filament. . . 38

3.4 Schematic of the Cryogenics Instruments cryostat. Taken from

[161]. The VTI is controlling the temperature degrees. The needle

valve controls the amount of Helium gas. The magnetic fields

are applied by a pair of superconducting coils. The liquid helium

reservoir is keeping the temperature stabilized. . . . . . . . . . . . 41

3.5 A schematic of the sample structure. A YIG film is first deposited

on a GGG substrate. Two metal (Pt, Ta, PtMn) wires are de-

posited on the top of the YIG film and the C60 is covering the

right metal wire. A current flows through the outer two points in

the Pt wire, and the inner two points are used to sense the voltage

signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

xiii



LIST OF FIGURES

3.6 The nomenclature for the measurement planes and orientations

for the magnetoresistance measurements. The SHMR is measured

by rotating the angle in β. The field does rotate with respect to

the charge current, which causes the AMR to manifest in γ. The

α-plane MR thus results in a combination of the SHMR and AMR. 45

3.7 The figure shows the SHMR (β plane) and AMR (γ plane) ori-

entation by varying the angle between the film and the magnetic

field in (a) and (b). The SHMR magnitude is small when the

angle between M and the spin orientation is 90◦ and large when

the angle between them is zero◦. The magnitude of AMR is large

when the magnetic field longitude with Je and small when they are

perpendicular. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.8 The configuration of a magnetometer with detection coils allows

high-resolution measurement of the properties of magnetic thin

films. A magnetic sampe size is about 4×4 mm2 which vibrates at

14 Hz with an oscillation amplitude of 5 mm. Taken from [169]. . 48

4.1 (a). Resistivity (ρ) as function of temperature (T) for a plain Pt

wire shown in blue colour and red colour for Pt with C60. The

resistivity ratio of a Pt wire and a Pt/C60 wire are presented in (b). 52

4.2 (a) Resistivity of Pt wires as a function of the metal thickness

is shown. The shape of the platinum resistivity follows what is

expected for a NM as function of sample thickness. The RRR of

Pt and Pt/C60 are presented in (b). . . . . . . . . . . . . . . . . . 53

4.3 MR in a Pt wire with perpendicular magnetic field at room tem-

perature in (a) and 5 K in (b). For YIG/Pt sample in (a), the

C60 layer increases the SHMR due to spin accumulation by about

a factor 3, but reduces the polynomial MR contributions because

of the increased effective thickness of the Pt/C60 bilayer. (b). A

negative contribution from a different MR that becomes stronger

at low temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . 56

xiv



LIST OF FIGURES

4.4 Resistance with different applied fields as a function of the mag-

netic field in the transverse to perpendicular configuration (β an-

gle). The data is fitted to a cos2(β) function. We take the ampli-

tude at the lowest field of 0.5 T, when the YIG substrate is sat-

urated but the polynomial contributions are small, as the SHMR

value. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.5 a) The MR is roughly linear with the applied magnetic field when

the field exceeds the out of plane saturation for YIG. Larger SHMR

results also in bigger spin Hall angle in (b). However, this increase

is an artefact of using the same fit for data that includes contribu-

tions to the MR other than the spin Hall MR (weak localisation,

thin film MR). (c) shows the sharp increase in MR due to the

SHMR before the YIG saturates. . . . . . . . . . . . . . . . . . . 59

4.6 (a,c). SHMR for Pt wires 1.5 nm thick with and without C60 on

GGG/YIG(170nm) measured at different temperatures and fitted

to equation 2.9.(b,d). Examples of SHMR fits to cos(β)2. Resis-

tivity and magnetoresistance measured at 25 K for Pt wires 1.5

nm thick without (b) and with (d) a 50 nm overlayer, grown on

a GGG/YIG(170 nm) substrate. The applied field for these mea-

surements is 0.5 T. . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.7 Derived spin hall angle from fitting the SHMR vs. T data as a

function of the spin mixing conductance (G↑↓) value used in the

fit. The arrow points to the spin-mixing conductance that we use

in the SHMR fit. Note that ΘSH is higher for Pt/C60 for all (G↑↓)

values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.8 Derived spin diffusion length at room temperature and 0 K from

fitting the SHMR results for Pt and Pt/C60. The spin diffusion

length is generally proportional to the thickness, according to the

data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.9 (a) SHMR for Pt and equivalent Pt/C60 wires of different thick-

nesses on GGG/YIG(170 nm) films. The SHMR is higher in

Pt/C60 for almost all temperatures and thicknesses. (b) SHMR

Ratios between Pt/C60 and Pt wires. . . . . . . . . . . . . . . . . 64

xv



LIST OF FIGURES

4.10 For 5 nm thick wires or less, the ΘSH obtained from the SHMR

data fits is significantly higher with the molecular overlayer. Inset:

Top view of the optimized C60/Pt(111)-(2
√

3x2
√

3)R30 interface

DFT model. The C60 molecules are adsorbed on top of one Pt-

vacancy. The black polygon marks the in-plane periodicity of the

system. Pt: silver, C: cyan. Courtesy of Dr. G. Teobaldi. . . . . . 65

4.11 a. The SHMR peaks in correlation with spin diffusion length of

Pt. Lines are a guide to the eye. b. Maximum SHMR measured

in Pt and Pt/C60, not necessarily at the same temperature. . . . . 66

4.12 SHMR for Pt wires 1.5 nm thick on GGG/YIG(170 nm) measured

at different temperatures. The measurement of a repeat sample

demonstrates quantitatively the degree of sample-to-sample repro-

ducibility. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.13 (a). LF-AMR peak (see inset) is observed at around a few mT,

which corresponds to the magnetization of the surface of the YIG.

(b) Room temperature LF-AMR comparison between YIG/Pt and

YIG/Pt/C60. The curves are qualitatively the same, but the mag-

nitude of the effect is enhanced by the molecules. (c) Unformatted,

out-of-plane hysteresis loop measured at room temperature for a

GGG/YIG(170nm) film. (d), top: Corrected and magnified minor

loop. (d), bottom: Differential of the magnetization in the minor

loop and magnetoresistance. . . . . . . . . . . . . . . . . . . . . . 68

4.14 (a). Correlation between the in-plane, longitudinal hysteresis loop

and the LF-AMR for the Pt/C60 sample of figure 4.13. (b). LF-

AMR and minor hysteresis loop with the field in the perpendicular

orientation at 200 K. . . . . . . . . . . . . . . . . . . . . . . . . . 69

xvi



LIST OF FIGURES

4.15 (a) Cross-sectional high angle annular dark field (HAADF) image

of the YIG/Pt interface obtained using a scanning transmission

electron microscope. (b) Elemental chemical analysis of the in-

terface using EELS: the relative intensity maps of the Y, Fe and

Pt ionization edges are presented with a simultaneously acquired

HAADF image of the region, indicated by a white box in (a).

Bright clusters immediately below the YIG surface, indicated by

white arrows in the Pt map and the overview HAADF image, con-

tain a higher Pt concentration and may be due to Pt diffusion into

the YIG. Taken from [151]. . . . . . . . . . . . . . . . . . . . . . 71

4.16 (a) Perpendicular LF-AMR for GGG/YIG(170)/Pt(2)/C60(50). (b)

The perpendicular LF-AMR peak position and width are increased

in steps as the temperature is reduced. (c) Temperature depen-

dence of the maximum LF-AMR, calculated as the change in resis-

tance from the peak in the perpendicular orientation to the minima

in the longitudinal. There is a faster temperature drop in the MR

values for Pt when compared with Pt/C60. This may be due to

the acquired magnetic moment in Pt/C60 leading to a more stable

induced magnetisation up to higher temperatures. (d) The LF-

AMR for Pt and Pt/C60 fits to a (t − x)−1 function with respect

to the Pt wire thickness. . . . . . . . . . . . . . . . . . . . . . . . 73

4.17 Hysteresis loops in the plane for 40 nm thick YIG film deposited

on GGG (black curve) and YAG (red curve) at 300 K. Inset shows

the magnetic moment as a function of applied magnetic field before

the subtraction of the paramagnetic contribution from the GGG

substrate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.18 (a) YAG/YIG(40nm)/Pt(3nm)/C60 magnetization of hysteresis loop

measured in an in plane direction at room temperature by SQUID.

(b) Correlation between the differential of the magnetization in-

plane and longitudinal LF-AMR for the same sample. . . . . . . . 76

4.19 LF-AMR for a YAG/YIG(40nm)/Pt(3nm)/C60 sample measured

at 10 K with an out of plane, perpendicular field. The figure shows

the correlation between the magnetization and LF-AMR. . . . . . 77

xvii



LIST OF FIGURES

4.20 Curves where we fix the ΘSH and allow the spin mixing conduc-

tance to change by up to two orders of magnitude cannot fit si-

multaneously the results for both Pt and Pt/C60. The value used

in this fit is 4 × 1014Ω−1m−2 [6]. We can therefore conclude that

the ΘSH has changed. . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.21 FMR damping in YIG(40 nm)/Pt(2.5 nm)/Al(5 nm)/C60(50 nm)

and YIG(40 nm)/Pt(2.5 nm)/C60(50 nm) samples. An Al layer

is added to decouple the Pt and fullerenes in the control sam-

ple, rather than removing the C60. This is to have the same

layer (C60(50)) in contact with the microwave waveguide, avoid-

ing impedance coupling changes. Both metallo-molecular bilayers

were grown on the same GGG/YIG(40) sample, previously diced.

The relatively high damping is due to the small thickness of the

YIG layer, used to maximise the effect of the Pt layer. The damp-

ing, proportional to the spin mixing conductance, is not increased

by the presence of the molecular interface. FMR measurements

courtesy of Dr. Chiara Ciccarelli and James Pratchett at Cam-

bridge University. . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.22 DFT simulations of the in-plane magnetic moments and exper-

imental SHMR, normalized to the largest calculated (|mxy|) or

measured value (SHMR) as a function of the Pt thickness. . . . . 80

4.23 (a,b) Cross-sectional transmission electron microscope image of the

annealed Pt wire on a YIG substrate. (b) There is a clear diffusion

layer of Pt into the YIG. . . . . . . . . . . . . . . . . . . . . . . . 81

4.24 (a) The resistivity of Pt is increased after annealing, while with

C60, the resistivity is deceased. (b) In comparison to annealing,

the additional conducting hybrid interface reduces boundary scat-

tering and raises RRR. (c) As the sample thickness decreases, the

annealing Pt resistivity follows the expected pattern for an NM. . 83

xviii



LIST OF FIGURES

4.25 (a) and (b) are SHMR for annealed Pt 1.6 nm and Pt 2.8 nm re-

spectively. The SHMR is reduced in Pt/C60 respect to annealing

at 200-300 ◦C. The annealed Pt SHMR peaks at lower tempera-

ture (around 25 K) while unannealed Pt SHMR maximum occurs

around 75 K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.26 (a) In both the positive (+0.5 T) and negative (-0.5 T) magnetic

fields, the Pt 2.8 MR signal is not symmetric with the applied

magnetic field in β angle. (b) The same sample (Pt 2.8 nm) has

been measured at a higher field (3 T). (c, d) Pt 1.6 nm shows

opposite anisotropy to Pt 2.8 nm at low field (0.5 T) and high field

(3 T). (e) The measurement at different signs of the current 1 mA

and - 1 mA. (f) shows the change in low MR is not symmetric with

field. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.27 The resistance differential between a field at zero or 180 degrees, a

qualitative estimation of the out of plane anisotropy, as a function

of temperature. The difference shows the opposite sign for 1.6 and

2.8 nm and it is zero for samples with thicknesses of 1.2, 2.2 and

3 nm. For Pt 2.8 nm the resistance difference is nil at about 125

K but for Pt 1.6 nm is not until 200 K. . . . . . . . . . . . . . . . 88

5.1 (a). Resistivity temperature dependence for a plain 4 nm thick

Ta wire is shown in black color and red color for Ta with C60.

The resistivity has the opposite temperature coefficient to Pt and

conventional crystalline metals. The resistivity ratio of Ta wires

without and with C60 is presented in (b). . . . . . . . . . . . . . . 92

5.2 (a) The general shape of the Ta resistivity does not follow what is

expected for a NM as a function of sample thickness. The RRR of

Ta and Ta/C60 wires on YIG/GGG are presented in (b). A lower

RRR ratio is found for Ta/C60. . . . . . . . . . . . . . . . . . . . 94

xix



LIST OF FIGURES

5.3 MR in a 4 nm thick Ta wire with a perpendicular magnetic field

at 75 K. For YIG/Ta samples, the C60 layer increases both the

SHMR due to spin accummulation (saturated with the OOP YIG

magnetisation at ∼0.2 T), and also increases the high field linear

contribution. This is opposite to the case of Pt, and may be related

to the enhanced resistivity observed in Ta/C60 samples. . . . . . . 95

5.4 Examples of SHMR fits to cos(β)2. Resistivity and magnetoresis-

tance measured at 50 K for Ta wires 4 nm thick without (a) and

with (b) a 50 nm C60 overlayer, grown on a GGG/YIG(170 nm)

substrate. The applied field for these measurements is 0.5 T. . . . 97

5.5 The SHMR data fitting for different Ta thicknesses as a function

of temperature. (a) The thickest Ta wires could not be fitted due

to the upturns in SHMR at the low temperature region. (b) The

upturn in the SHMR at low temperatures for Ta/C60 is absent. . . 98

5.6 (a) SHMR for Ta and equivalent Ta/C60 wires of different thick-

nesses on GGG/YIG(170 nm) films. The SHMR is higher in

Ta/C60 for all temperatures and thicknesses. (b) Ratio of the

SHMR for different temperatures and Ta wire thicknesses. . . . . 99

5.7 (a). SHMR measured at room temperature for Ta and Ta/C60

wires of varying Ta thickness. The SHMR follows a similar thick-

ness dependence as platinum but with a maximum that occurs at a

larger thickness. The molecular interface enhances the SHMR for

all samples which results higher ΘSH for Ta wire with the molec-

ular overlayer in (b). The applied field for these measurements is

0.5 T. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.8 MR in Ta and Ta/C60 measured at 5 K in fields up to 3 T in

perpendicular to transverse (β) configuration. Note that values

will include the SHMR and other contributions, in particular above

0.5 T. (a,b) The MR increases with increasing magnetic fields,

but the C60 wire does not have a higher value. The higher C60

enhancement at thicker thickness is shown in (c and d). . . . . . . 101

xx



LIST OF FIGURES

5.9 (a) MR in Ta 2.5 nm and Ta/C60 measured at 5 K in fields up to 3

T in perpendicular to transverse (β) configuration. Measurement

temperature included in the graph. (b-d) At 100 K, 200 K, and 290

K, the MR is enhanced by C60, but not at 5 K, where we expect

the strongest quantum dimensional effects, i.e. weak localisaiton. . 102

5.10 When sweeping the magnetic field, the low field AMR is obtained.

Ta wires show a molecular increase in the low field AMR, similar

to Pt wires. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.11 (a) Perpendicular LF-AMR for GGG/YIG(170)/Ta(4)/C60(50), thick-

nesses in brackets in nm. (b) The perpendicular LF-AMR peak

position and width are increased in steps as the temperature is

reduced. (c) Different temperatures of LF-AMR comparison be-

tween YIG/Ta and YIG/Ta/C60. (d) LF-AMR measured at an out

of plane, perpendicular field for Ta and Ta/C60 wires of varying

Ta thickness. The molecular interface enhances the AMR for all

samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

6.1 (a). The relation between the resistivity and the temperature for

a plain PtMn wire is shown in black color and red color for PtMn

with C60. The resistivity ratio of PtMn vs. PtMn/C60 is presented

in (b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

6.2 (a) The PtMn resistivity as function of sample thickness. The RRR

of PtMn wire with PtMn/C60 are presented in (b). A higher RRR

ratio is found for PtMn/C60, which we attribute to less boundary

scattering. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6.3 MR in PtMn and PtMn/C60 wires with a perpendicular (a) and

in-plane (b) magnetic field. Here for YIG/PtMn sample, the C60

layer increases the MR due to spin accumulation, and also increases

the polynomial contributions opposite to platinum. (c) A negative

contribution from a different MR that becomes stronger at low

temperature. (d) The SHMR increases with applied magnetic field

strength in a pattern similar to the platinum, where PtMn/C60 has

higher SHMR. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

xxi



LIST OF FIGURES

6.4 (a) SHMR in PtMn alloy wires with and without a C60 interface.

The SHMR is higher in PtMn/C60 for all temperatures and thick-

nesses. (b) SHMR Ratios between PtMn/C60 and PtMn wires. . . 112

6.5 (a). Room temperature LF-AMR comparison between longitudinal

and perpendicular. (b) LF-AMR comparison between YIG/PtMn

and YIG/PtMn/C60. The curves are qualitatively the same, but

the magnitude of the effect is enhanced by the molecules. . . . . . 113

6.6 Cross-sectional high resolution of TEM images of the PtMn wire

on a YIG substrate. The images show the sample (a) before and

(b) after annealing using. The image in (b) after annealing shows

good crystallinity and ion distribution, with uniform distribution

of Mn. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

6.7 (a) The resistivity of PtMn increases after annealing. (b) With

C60, the PtMn resistivity shows metallic behaviour for annealing

temperatures of 250 ◦C or above. We hypothesize this may be due

to the additional conducting hybrid interface improvements. . . . 115

6.8 (a) SHMR comparison between PtMn alloy wires as sample grown

and annealed at 200 ◦C with and without a C60 interface. (b) The

effect of the molecular interface is further enhanced via annealing

at 200-300 ◦C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

6.9 (a). SHMR measured at room temperature for annealed PtMn

and PtMn/C60 wires of varying PtMn thickness. The molecular

interface enhances the SHMR for all samples which results higher

ΘSH for PtMn wire with the molecular overlayer in (b). . . . . . . 117

6.10 The longitudinal AMR for the same sample structure of YIG/PtMn

(2 nm)/C60 measured before and after annealing at 150 K is shown.

There is formation of domain pinning which leads to incompletely

aligned PtMn spins in the positive magnetic field region between

0 mT and 4 mT. . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

xxii



LIST OF FIGURES

6.11 (a) and (b) display the annealing effects on PtMn(1nm)/C60 and

PtMn(2nm)/C60 Low AMR respect to temperatures. The LF-

AMR of PtMn (2nm) after annealing improved by up to 400 %

at 100 K. As a result, the data suggest that annealing influences

thickness dependence. . . . . . . . . . . . . . . . . . . . . . . . . . 119

7.1 Planned XMCD mapping of samples YIG/PtMn/[C60, MnPc] vs.

YIG/PtMn. Previous work shows that magnetic proximity in Pt-

magnetic insulating interfaces is very weak or absent [214; 215]. In

contrast with that work, we will study the spin orbit coupling of

the metal with/without molecular overlayers and the spin accumu-

lation generated during an applied current. . . . . . . . . . . . . . 125

xxiii



CHAPTER 1

Introduction

1



1.1 Spintronics

1.1 Spintronics

Spintronics is one of the most active research areas of solid-state physics. It is

based on the notion of the combination between the spin and charge of elec-

trons [1]. This incorporates both the spin and charge of electrons in magneto-

electronic devices such as spin valves or magnetic tunnel junctions. The main

aim of spintronics is to develop a technology to increase speed and reduce power

consumption over current electronics and computing hardware [2]. In 1985, spin

polarised electrons were observed to be injected into a normal metal when a charge

current passes through a magnetic material [3]. The electrons become spin po-

larised in the magnetic material, then the spin polarised current moves into a

normal metal (NM) and relaxes over a characteristic spin diffusion length. As we

can control the magnetisation of magnetic materials with an external field, we

can control the direction of the spin current. By the spin Hall magnetoresistance

(SHMR) [4], it is possible to study spin-related charge transport phenomena. The

SHMR can quantify the spin orbital coupling in thin (∼nm) heavy metal layers

deposited on a magnetic insulator such as the yttrium iron garnet Y3Fe5O12 (YIG)

[4; 5; 6]. Spin-orbit coupling has attracted attention in the last years due to its

connection to spin-orbit torque and its applications in MRAM, energy generation

and low-dissipation devices [7; 8].

The spin-orbit coupling (SOC) is perhaps the most crucial mechanism in the

design of magnetic structures and metal device physics. This interaction occurs

when the electron of the atom moves in the electric field (caused by nucles with

crystalline anisotropy) and the spin of the electron combine with the effective

magnetic field. It determines the magnetocrystalline anisotropy, is key to the

propagation and electrical conversion of spin currents, determines the magni-

tude of interfacial mechanisms such as the Dzyaloshinskii Moriya interaction and

guides new paths of research, such as the generation of Majorana fermions and

energy band engineering of topological insulators [9; 10; 11; 12; 13]. The major

source of magnetocrystalline anisotropy is the SOC. The first order contribution

to magnetocrystalline anisotropy is essentially the orbital motion of electrons,
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1.1 Spintronics

which interacts with the crystal electric field [14]. The SOC also controls the effi-

ciency of spin - charge conversion in the spin Hall, spin torque and spin Seebeck

effects [15; 16; 17]. All of these are key to reducing the power consumption and

energy dissipation of computing and electronic devices, an issue that is quickly

coming to the forefront of technology. However, currently we can only tune the

SOC by static means, such as doping, preventing the design of architectures

where spin, charge and magnetic interactions can be reversibly modified to en-

hance device performance or to acquire new functionalities [18]. However, there

are previously reports that point to the possibility of gating the interfacial Rashba

SOC [19].

The efficient generation of pure spin currents has huge attention for the ap-

plications in emerging spintronic devices. A measure of the conversion efficiency

between charge currents and pure spin currents is given by the spin Hall angle

(ΘSH) of the material [20; 21; 22]. The ratio of the spin-to-charge current is

known as the spin Hall angle. The ΘSH is important in devices such as spin-

transfer torque (STT) memories, as it is correlated with the torque exerted on

ferromagnets (FM) [23]. A larger SHMR, and therefore increased ΘSH , can result

in lower power or smaller switching currents for such devices. By tuning the SOC

in conventional magnetic insulator/metal structures with a molecular layer, we

can also differentiate spin transport effects based on their physical origins [24; 25].

Organic spintronics is considered as the application of spin polarised electron

injection, transport and detection in devices using organic materials [26]. Organic

spintronics has made huge progress over the past few years. The low atomic mass

of organics leads to weak SOC and therefore long spin lifetimes although the low

mobility may reduce the spin diffusion length (∼ 100 nm in C60) [27]. The

interfacial properties between ferromagnetic electrodes and organic spintronics

have further increased the application, which has caused great interest in the field

of organic spintronics over recent years [28; 29; 30]. The addition of organics to

the field of spintronics leads to the consideration of how spin-hybridised states can

influence spin transport. When a molecule is in contact with a metallic substrate,

there is a change in the electronic properties of both materials due to orbital
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hybridisation and charge transfer. In the case of C60 with transition metals, this

leads to the formation of an additional conducting layer at the interface. This

interfacial change may lead to changes in the SOC of the metal. Previously, it

has been shown that this can lead to the emergence of spin ordering in interfaces

with thin layers of a C60/ thin transition metal interface [4]. The interfacial effect

is also critical in spin filtering and spin transport effects [2]

The generation and propagation of spin currents can be detected at FM/NM

interfaces. One of the methods to generate a spin current is by using ferromag-

netic resonance, where the electrons spin in a ferromagnet precess around an

applied magnetic field [31; 32; 33]. Thus, the spin current then can travel into

an adjacent NM from the magnetization precession, this process is called spin

pumping [34]. Another method to generate a spin current is based on spin Hall

effect (SHE). Section 2.3 will explain the SHE in more details. In this method,

the spin current is observed in materials due to the spin orbit coupling [35; 36].

Also, thermal effects can be contributed in producing the spin currents via tem-

perature gradients. The spin current is especially strong in metals with a high

atomic number such as platinum.

1.2 Thesis layout

In Chapter 2, the background physics relevant to this work are discussed to un-

derstand the experimental work and the results presented. Firstly, a general

introduction into the crystal structure of YIG and platinum is given. We present

theories of spin transport and magneto-transport phenomena that describe the

SHMR and AMR. Furthermore, some concepts of the organic spintronic with a re-

view of the relevant literature are introduced. A discussion of the spin-dependent

interfacial hybridisation at metal/C60 interfaces are considered, with the future

research path of tuning the properties of the molecular layer via optoelectronic

irradiation.

Key experimental techniques used for sample preparation, structural and mag-

netic characterisation are described in Chapter 3. Starting with the deposition

of YIG samples by RF magnetron sputtering and DC magnetron sputtering for
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metals. Then growth of C60 by in situ UHV thermal molecular sublimation. X-

ray reflectivity has been used to characterise the sample structure and determine

the thickness of thin films. The magnetic properties are studied using a super-

conducting quantum interference device (SQUID) vibrating sample magnetome-

tre (SQUID-VSM). Low temperature transport measurements have been used to

study the spin transport properties of metals and hybrid metallo-molecular struc-

tures over a wide range of temperatures and magnetic fields. The setup is used

for electrical characterization of the devices with a definition of the measurement

geometry.

Chapter 4 presents a MR investigation of Pt and Pt/C60 over a range of Pt

thicknesses (1.5-25 nm) and temperatures (5-290 K). Extracting the spin Hall

angle by fitting the SHMR data. Study the impact of YIG/Pt substrate for

gadolinium gallium garnet (GGG) and yttrium aluminium garnet (YAG). At

low fields of 1-30 mT, there is an anisotropic magnetoresistance, enhanced for all

temperatures and Pt thicknesses by C60. In this chapter, we investigate transport

properties of Pt and Pt/C60 after annealing at 200-300 ◦C.

Chapter 5 introduces the transport measurements of Ta and Ta/C60 over a

range of Ta thicknesses and temperatures. For Ta, the resistivity with C60 is

higher than without. This layer contributes to the transport, but in exchange the

rest of the Ta has a lower conductivity due to changes in the electronic structure

and increased polycrystalline seen by the electrons. The SHMR measurements

in this chapter were performed at a field of 0.5 T (pure SHMR), so the YIG can

be saturated out of plane but other field dependent. As it was the case for Pt,

a low field AMR exists in Ta, which is increased by C60 at all temperatures and

sample thicknesses.

In chapter 6, the findings of SHMR and AMR measurements of PtMn wires

on YIG before and after annealing demonstrate that molecular overlayers can im-

prove the spin orbit coupling of PtMn. The resistivity for PtMn with C60 is lower

than for bare PtMn wires due to charge transfer and orbital re-hybridisation,

contributing to the conductivity. TEM measurement are used to characterise the
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interfaces further and offer information on inter-diffusion before and after anneal-

ing. As we describe the influence of annealing on sample interface characteristics,

the annealing process plays a significant role in our investigations.

In Chapter 7 all the results from experiments and their interpretation are

summarised. Following that, a prognosis for future work is provided based on the

findings.
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2.1 Introduction to the structure and properties of YIG

2.1 Introduction to the structure and properties

of YIG

Yttrium iron garnet (YIG) is composed of yttrium, iron and oxygen. The chem-

ical composition is as follows:

[Y 3+
3 ](Fe3+

2 )[Fe3+
3 ]O2−

12 . (2.1)

Where Fe occupies both tetragonal and octahedral sites and Y is in the do-

decahedral sites as in figure 2.1. The ferrimagnetic properties of YIG arise from

the interaction between Fe3+ ions occupying tetrahedral and octahedral sites via

the oxygen ions surrounding them. The mechanism for this interaction is via

superexchange [37]. The superexchange is antiferromagnetic coupling via the

oxygen atoms with 2 magnetic lattices of different moment and opposite mag-

netisation direction. YIG is an insulator material with a large band gap (2.85

eV), high melting point (1555 ◦C), high thermal and chemical stability, low ther-

mal expansion and high thermal conductivity [38]. Low ferromagnetic resonance

damping (3 x 10−5) is one of the attractive properties of YIG, allowing spin trans-

port over long distances [39]. Also, YIG has been a very important material to

industry for decades due to its microwave properties [40].

Sample growth is an important factor in the production of high quality YIG.

The two most common methods to prepare YIG are pulsed laser deposition (PLD)

and radio frequency (RF) magnetron sputtering. Since RF magnetron sputtering

is the cheapest method of YIG preparation [41; 42], and it allows for thinner

films in-situ deposition, this method has been used in this project, sample growth

experimental details are explained in section 3.2.

Hybrid structures of YIG and strong spin-orbit coupling metals exhibit a

variety of interesting spin current related phenomena such as SHMR [4; 43; 44; 45],

the spin Seebeck effect (SSE) [15; 16; 17], spin pumping [31; 32; 33], and recently

in photo-induced-spin voltaic effect [46]. Because no electrical conduction occurs

in YIG, a magnetoresistance can be measured unequivocally in the thin metal
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layer; therefore, a charge current can only flow in the metal layer; this will be

explained further in section 2.4.

Figure 2.1: The unit cell of YIG has cubic structure. The magnetisation in

YIG produces from the superexchange interactions between 16 Fe3+ ions on the

octahedral and 24 Fe3+ ions on tetrahedral sites. Taken from [47]

2.2 C60 fullerene

In 1985 Harold Kroto, Robert Curl and Richard Smalley discovered the C60

fullerene for which they were awarded the Nobel Prize in 1996 [48; 49]. The re-

semblance of the molecule to the famous geodesic domes gives it a second name,

buckminsterfullerenes or buckyballs from the name of the designer Buckminster

Fuller [50]. The C60 molecule consists of 60 carbon atoms arranged in 20 hexagons

and 12 pentagons as shown in Figure 2.2. Every atom of carbon has six electrons

with the configuration 1s2, 2s2 and 2p2, with two electrons in the first shell and

four electrons in the 2nd shell [51]. Due to a slight difference in energies be-

tween s and p orbitals, hybridisation occurs in the carbon atoms. This forms

two types of covalent bonds in the molecule: π bonds and σ bonds [52; 53]. π
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bonds form when orbitals overlap side-by-side. σ bonds form when orbitals over-

lap end-to-end. Figure 2.3 shows how these bonding states form and the different

hybridisations of orbitals in carbon.

Figure 2.2: The C60 molecule consists of 60 carbon atoms arranged in 20 hexagons

and 12 pentagons. Taken from [54].

C60 is attractive for use in spintronics for the reasons that follow. Firstly, C60

acts as an n-type semiconductor, which is useful for thin film devices [55]. Sec-

ondly, compared to other organic materials, C60 allows readily for spin injection

because the Fermi levels of common ferromagnetic materials are well matched

with the lowest unoccupied molecular orbital (LUMO) of C60 [56; 57]. As a

result of this, a significant magnetoresistance has been observed at both low

and high temperatures when C60 is used as a spacer layer in spin valve devices

[27; 58; 59; 60; 61]. Thirdly, organic semiconductors have low atomic mass num-

ber (Z), and spin orbit coupling is proportional to Z4. Therefore, C60 has low

spin orbit coupling, which enable electrones to be transported with long spin life-

time [27]. The SOC is not only dependent on the atomic number, but also on the

curvature of the molecule. That is why, for example, C60 is a more efficient spin-

voltage converter (inverse spin Hall effect, proportional to the SOC) than some

molecules with Pt ions [52]. Also, C60 does not have hydrogen and it possesses a

weak hyperfine interaction because of the lack of spin in the nuclei of C12 [27].
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Figure 2.3: The weak π bonds and strong σ bonds are represented by shaded and

unshaded regions respectively. Taken from [51].

2.3 Spin Hall effect

The ordinary Hall effect is the accummulation of charge (electrons and/or holes)

perpendicular to an applied magnetic and electric field and resulting in a Hall

voltage across an electrical conductor. This effect is due to the Lorentz force act-

ing on the charge carriers. Analogous to the ordinary Hall effect, where opposite

charges accumulate on opposite sides of the metal, the spin Hall effect results in

accumulation of opposite spin on either side [36]. The spin Hall effect (SHE) was

first theorised in 1971 by Dyakonov and Perel [62; 63]. This theoretical work

had no significant progress until 1999, when Hirsch [36] and Zhang [64] proposed

an experimental setup.

The charge current density Je can be split into the contributions of spin up

electrons J↑ and spin down electrons J↓ [65] with the total charge current density

is the sum of both

Je = J↑ + J↓ = −σ
e

(Oµ↑ + Oµ↓) (2.2)

The charge currents are generated by the spin dependent electrochemical po-

tential µ↑(↓). The elementary charge is e = |e| and σ denotes the charge conductiv-

ity. In a normal metal, the conductivity σ is identical for both spin orientations.

There is an angular momentum due to the spin of the electron. However, no net
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angular momentum is transported with the current when the same quantity of

spin up and spin down electrons flow in the same direction. The total angular

momentum transported is the difference between spin up and spin down currents.

Js = − ~
2e

(J↑ − J↓) (2.3)

where Js is the spin current, −J↓ corresponds to negative angular momentum

transport and −J↑ is associated with positive angular momentum flow. Thus, a

pure spin current arises when J↓ = −J↑ . As consequence of an imbalance in the

spin accumulation µs = µ↑ − µ↓, the spin current can be written as:

Js = − ~σ
2e2

Oµs (2.4)

As in equation 2.5, a spin current is generated by a charge current via the

spin Hall effect and a charge current is generated by spin current via inverse spin

Hall effect where s is the spin polarisation vector and ΘSH is the spin Hall angle:

ΘSH =| Js | / | Jc | Js = ΘSH(− ~
2e

)Jc × s (2.5)

The mechanisms by which the spin accumulation occurs is the same as that

which gives rise to the spin Hall effect. These mechanisms can be classified as

intrinsic or extrinsic, which are distinguishable based on whether the spin relax-

ation occurs in between or during scattering [66]. The extrinsic contributions

originate from spin-dependent scattering with impurities. Intrinsic contributions

are inherent to the band structure of the pure crystal. There exist two varieties of

extrinsic contributions subdivided into skew scattering [67] and side-jump scat-

tering [68].
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Figure 2.4: The geometry of the spin Hall effect in (a) shows the charge current

Jc in the plane scattering with spins in different direction. The extrinsic skew

scattering is in (b). (c) Extrinsic side jump scattering from an impurity. Taken

from [69].

Skew scattering was first proposed in the 1950s by Smit [70]. This mechanism

comes from spin orbit coupling within the disorder scattering potential. That

performs in different scattering cross sections as spin up and spin down electrons.

(see figure 2.4). In this case, approaching the electron from the impurity induces

an effective magnetic field due to the spin-orbit coupling which generates a net

force acting away from the scattering depending on spin direction. The magnitude

of the skew scattering contribution depends upon the difference in spin-orbit

coupling between the impurity and host.

Scattering with side-jump occurs as a result of the difference in the spin-

dependent mobility during the scattering process. Thus, the displacement is the

same for spin up and spin down electrons, but in opposite directions. A spin cur-

rent is generated perpendicular to the initially unpolarised charge current . The

expression for the side-jump scattering contribution to the spin Hall conductivity

is given by [71].

σSHsj = −2
e2

~
nλ2

c (2.6)
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2.4 Spin Hall magnetoresistance

Where n is the electron density and λ2
c is a coupling constant of the conduction

band. In the side jump mechanism, the spin-Hall angle is proportional to the

impurity concentration, [72] unlike the skew scattering mechanism. The total

spin Hall conductivity for the material is given by

σHxy = σintxy + σSSxy + σSJxy (2.7)

where σintxy , σSSxy and σSJxy are the sum of intrinsic, skew scattering and the side

jump contributions respectively.

The measure of spin Hall effect is given by the spin Hall angle, which is shown

as the ratio of the measured spin current injected into the NM material and

charge current deflected by ISHE in the NM material. The spin Hall angle is

strongly correlated to the spin diffusion length (λ), which quantifies the decay

of the pure spin current along with its diffusion. Moreover, the spin Hall angle

is a material-dependent parameter, and elements with high atomic number such

as Pt, W, Pd and Ta, have been regularly used for spin-charge interconversion

because they have strong SOC, resulting in large ΘSH [73; 74; 75; 76]. Typical

values for Pt spin Hall angle are between 0.02 and 0.13 [6; 76; 77; 78; 79; 80], where

the variation between results is largely regarded to be due to the difference in

interfacial spin-mixing conductivities [81]. For Ta, the spin Hall angle is negative

with typical values in the range between -0.02 and -0.15 [74; 76; 78; 82].

2.4 Spin Hall magnetoresistance

The SHMR is observed when a current is passed through a heavy metal thin film

deposited on a ferrimagnetic insulator [4]. Yttrium iron garnet is commonly used

as ferrimagnetic insulator and platinum as the normal metal thin layer. When a

charge current (Je) is applied through a Pt wire parallel to the YIG/Pt interface,

a spin current (Js) is genereated due to the spin Hall effect. The spin current

will diffuse transverse to the charge current and perpendicular to the YIG/Pt

interface. Thus, the spin current polarisation (s), Js and Je are orthogonal with

each other, which results in a spin polarisation parallel to the interface. The
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2.4 Spin Hall magnetoresistance

direction of the YIG magnetisation controls the conversion rate of the angular

momentum of the spin current reflected, as the spin current can be transferred

to the YIG film as spin waves [83]. When the direction of the magnetisation

M in the YIG layer and the spin polarisation s are parallel, the spin current is

reflected from the interface and back into the metal. Therefore, the inverse spin

Hall effect deflects the electrons and this results in a momentum change of the

electrons in the current direction, reducing the resistivity of the NM. However, if

the direction of the magnetisation M and spin polarisation s are perpendicular,

the spin current is able to pass into the YIG and continue as spin wave. Figure 2.5

is a pictorial representation of those processes.

The SHMR effect is simply due to the combined action of both the spin Hall

effect and inverse spin Hall effect. The SHE controls the spin current which is

proportional to the charge current. This results in spin accumulation at opposing

surfaces which is perpendicular to the flow of the electric charge as shown in

figure 2.5 (b). The ISHE is the conversion of an injected spin current into a

transverse electric current. Thus, this charge current that generated by ISHE

contributes to the total resistance of the electrode which depends on the magnetic

field. The mechanisms that govern both the spin Hall effect and its inverse is

based on the spin orbit coupling.

The angular dependence of the SHMR is given by equation 2.8:

ρ = ρ0 −∆ρ sin2ϕ (2.8)

where ϕ is the angle between the magnetisation vector of the FM and the spin

polarisation of electrons in the NM. The cross product of the spin accumulation

and spin mixing conductance at the NM interface derives the spin current density.

A sin2 dependency is predicted since both of these variables are connected to the

angle of the applied field. The size of the resistivity difference has been calculated

based on theory where the magnitude of the SHMR is given by the following

equation [5]:
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2.4 Spin Hall magnetoresistance

∆ρ

ρ0

= Θ2
sh

λ

d

2λG tanh2 d
2λ

σ + 2λG coth d
λ

(2.9)

Equation 2.9 gives the size of the resistivity difference (∆ρ) between two mag-

netisation orientations, and ρ0 is the resistivity of the film. The spin diffusion

length is λ, d is the thickness of the film, σ is the conductivity of the metal, and

G is the spin mixing conductance. For NM thicknesses above λ, the ISHE effect

has a smaller contribution to the resistivity. For thicknesses below λ, the spin

accumulation at the interfaces are mixed due to their proximity. G is dependent

on the quality of the interface between the metal and the insulator. The only

parameter not determined by the experiment (conductivity, temperature), nor set

as a fitting parameter (spin Hall angle, spin diffusion length) is the spin-mixing

conductance, which we have used the value derived in Althammers review paper

of 4× 1014Ω−1m−2 [6].

We use this equation 2.9 only as a means to have a qualitative idea of variations

in the different parameters contributing to the SHMR, although only those values

that are experimentally determined can be used to compare pure metal and metal-

molecular layers: resistivity, magnetoresistance (anisotropic and spin Hall), and

magnetization. We treat Pt/C60 as a single layer, but we do not know how thick

the C60 layer contributing to the resistivity is. Simulations seems to indicate that

only the first molecular layer in contact with the metal is conducting (∼1 nm),

but we cannot confirm this experimentally. There are no equivalent models for

two conducting layers.

Many recent studies have focused on the SHMR and related MR effects in

nonmagnetic layers with strong spin-orbit coupling, such as Pt, W and Ta grown

on YIG or other ferri/ferromagnetic substrates [84; 85; 86]. The general con-

clusion is that the interfacial magnetism in YIG/metal bilayers plays a role in

their magnetotransport [45; 87; 88]. The SHMR ratio is proportional to the spin-

mixing conductance of the YIG/metal interface and the square of Θsh [89] . Thus,

increasing the number of interfaces may increase the total SHMR ratios. This

makes the study of multilayer structures an essential topic of research for work
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2.4 Spin Hall magnetoresistance

in SHMR [90]. The effect of multilayer can be proved where the YIG/Pt/C60

SHMR effect is higher than YIG/Pt layers, as shown in the results chapters.

Figure 2.5: The mechanisms at the origin of the SHMR. Taken from [4].(a) shows

the SHE is generating a spin current Js which is perpendicular to the charge

current Je. (b) Here, the spin current is reflected from the surfaces of the thin

metal film. (c) Shows how the ISHE is producing the charge current. (d) Shows

the magnetisation M and spin polarisation σ parallel and how the spin current is

reflected from the interface and back into the metal. (e) Here, the magnetisation

M and spin polarisation σ are perpendicular and the spin current is able to

pass into the YIG. (f) Shows the spin current producing a spin polarised charge

current in the Pt.
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2.4 Spin Hall magnetoresistance

Temperature dependence of SHMR

Usually, thin film properties are dependent on the deposition technique employed.

For example, MR measurements are very sensitive to sample texture. The tem-

perature dependence of the SHMR reproduces observations in radio frequency-

sputtered YIG/sputtered Pt wires [91]. For Pt grown by evaporation on thicker

YIG layers grown by liquid phase epitaxy or pulsed laser deposition, the SHMR

has a gentler drop at high temperatures [92]. Figure 2.6 (a) shows the SHMR

measured for a Pt layer deposited via electron beam evaporation on top of a

YIG film. The gentler drop is attributed to a smaller temperature dependence of

the spin diffusion length [92], which could be due to a different resistivity of Pt

and different magnetic behaviour of YIG films depending on the growth method.

Our Pt wires are deposited by sputtering, similar to other groups working on

sputtered Pt wires [44; 91; 93]. Figure 2.6 (b) shows a peak in the SHMR at

100-150 K, which has been identified as corresponding to the temperature when

the spin diffusion length of Pt equals the Pt thickness. The relevance of spin-flip

phonon scattering is likely to play a key role on the shape of the SHMR [94]. We

hypothesize that the relevance of spin-flip phonon scattering vs. other scattering

mechanisms depends on the growth method used, the number of grain bound-

aries. The behaviour of the spin diffusion length as a function of temperature

may be predicted since the resistivity of a material is based on the momentum

scattering time. For a NM, the spin diffusion length has an inverse relationship

with temperature [95].

18



2.5 Anisotropic magnetoresistance (AMR)

Figure 2.6: The temperature dependence of the SHMR between 5 K and room

temperature measured in YIG/Pt. (a) Temperature trend for various Pt thick-

nesses deposited by electron beam evaporation. Taken from [92]. (b) Temperature

trend for Pt 5 nm deposited by sputtering like our Pt wires. Taken from [93].

2.5 Anisotropic magnetoresistance (AMR)

The AMR is useful for investigating spin-dependent electron transport properties

and magnetization processes [96; 97]. It is based on the spin orbit coupling

and the dependence of the resistivity of the relative alignment of the current

and the magnetic moments. The spin orbit coupling causes mixing between the

spin up and spin down bands in samples with conductive s-bands and spin split

ferromagnetic d-bands that are spin imbalanced at the Fermi energy. Thus, the

anisotropic spin-mixing leads to anisotropic scattering [98]. Depending on the

magnetisation direction when a large external field is applied to the sample, the

electron around the nucleus is slightly deformed. The orbits in the plane of

the current leads to small scattering, when the magnetisation is perpendicular

to the current direction, resulting a lower resistivity. On the contrary, when

the magnetisation is parallel to the current, the electron orbits perpendicular to

the current leads to larger scattering, resulting a high resistivity. The angular

dependence of the AMR is described by:

19



2.6 Magnetism in platinum

ρ(ϕ) = ρ⊥ + (ρ‖ − ρ⊥)cos2ϕ (2.10)

Where ρ‖ is defined as the resistivity when the magnetisation and the current

are parallel and ρ⊥ when they are perpendicular [97]. The orientation of the

magnetisation relative to the current direction provides a method to distinguish

between AMR and SHMR [2]. The SHMR and AMR have an angular dependence

of the resistivity on direction of magnetisation which can be easily checked by

performing out-of-plane magnetisation measurements. The SHMR is measured

at the angle between the spin polarisation and the applied H field, while the AMR

is measured at the angle between the charge current and the field (more details

in section 3.5.4). In this case, the behaviour of the SHMR and AMR is different.

However, there was an ongoing debate concerning whether the magnetoresistance

in YIG/Pt is in fact a consequence of an interfacial AMR within a proximity

polarised Pt layer [99]. This generated a lot of discussion about the true origin of

the AMR. The existence of a magnetic proximity effect in Pt/YIG is controversial,

with studies both for and against [24; 25]. The magnetic state of heavy metal Pt

will be discussed next section.

2.6 Magnetism in platinum

Platinum is paramagnetic, with atoms that have electrons in unfilled 5d shells.

The unpaired electrons have magnetic moments that align in the direction of an

applied external filed [98]. Pauli paramagnetism occurs when a magnetic field is

applied to a metal because the Zeeman energy lifts the degeneracy of the spin up

and spin down bands, moving them by ±µBµ0H. The number of electrons have

moved from spin up to spin down states is n↑ = g (EF)µBµ0H, and g (EF) is the

density of states at the Fermi energy. Thus, a magnetisation can given by:

M = µB (n↑ − n↓) = 2µ2
Bg (EF)µ0H (2.11)

The Pauli susceptibility (χP ) is dependent on the density of states at EF , as

seen in Equation 2.12. Thus, material with large g (EF) can be referred to as

Stoner enhanced paramagnets.
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2.6 Magnetism in platinum

χP =
M

H
= 2µ2

Bg (EF)µ0 (2.12)

Paramagnetic materials with large densities of states at the Fermi level have

a large enough Stoner product to cause a significant enhancement of the mag-

netic susceptibility, as shown in figure 2.7. However, the enhanced magnetic

susceptibility for Pt is unable to cause spontaneous ferromagnetism. It has been

reported that Pt can interact with other ferromagnetic materials to enhance its

magnetism [69]. In 1954, the magnetisation of Pt was shown to have a temper-

ature dependence with a peak at 90 K [100]. Recently, it has been claimed that

Pt shows ferromagnetic state when in contact with a ferrimagnetic material like

YIG [24; 101; 102].

Figure 2.7: Magnetic susceptibility against the density of states (DOS) near the

Fermi energy g(EF ). This effect is termed as Stoner enhanced paramagnetism.

Taken from [69].
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2.7 Rashba effect

Although Pt is not ferromagnetic, it shows AMR when in contact with a

magnetic insulator. This has been explained in [103; 104] as due to a magnetic

proximity effect. This study is based on the fact that Pt nearly satisfies the Stoner

criterion for ferromagnetism. The magnetic proximity effects or a spontaneous

polarisation of paramagnetic occur due to the hybridisation of atomic orbitals at

the interface. The boundary effects in thin film are significant, thereby leading

to an magnetic interaction between nearest neighbouring atoms at the interface.

In a YIG/Pt interface, X-ray magnetic circular dichroism (XMCD) provides an

average Pt moment of 0.054 µB at 300 K [24]. However, this is very close to

the resolution limit of the instrument, and it has been claimed that there is no

evidence for this induced magnetization [25; 45]. In this case, the XMCD signal

shows no obvious proof for induced magnetic moments, and it is 30 times smaller

when compared with the Pt/Fe reference sample. Magnetotransport measure-

ments show strong ferromagnetic characteristics in thin Pt films on a ferrimag-

netic insulator [101; 105; 106; 107].

2.7 Rashba effect

The Rashba effect is the result of a combination between symmetry and spin

orbit coupling. This effect is responsible for a spin splitting of a sub-band. When

the spin orbit coupling is present alongside a breaking of the structural inversion

symmetry, the Rashba effect occurs. It acts normal to the surface where the

electron and the spin orbit coupling transforms into a magnetic field transverse

to the current flow. The Rashba effect is represented by the Hamiltonian [108].

HRa =
αRa
~

(z× p) · σ (2.13)

where αRa is the Rashba coupling parameter, dependent on the electric field

strength, z is the symmetry-breaking axis, p is the momentum vector, and is σ

a vector of Pauli spin matrices. For the free electron, the total Hamiltonian is

giving by

Htotal =
P 2

2me

+
αRa
~

(z× p) · σ (2.14)
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2.7 Rashba effect

where me is the electron effective mass. From equation 2.14, the dispersion

spectra shifted in wavevector k direction with energy

E(k) =
~2k2

2me

± αk (2.15)

where the two possible spin directions (±) have eigen/states pointing perpen-

dicular to k. The result of the Rashba effect is a spin-split conduction band.

The spin degeneracy is a consequence of the time and spatial inversion symme-

tries. Figure 2.8 shows the energy dispersion relation and Fermi surfaces for a

non-magnetic and a ferromagnetic system. In non-magnetic systems, the Rashba

effect causes spins to align in the plane perpendicular to the electron momentum.

In a ferromagnet, the Rashba effect acts against the exchange interaction, causing

the spins to cant away from the magnetisation [109].

In the sense of generating a spin-current across an interface, the Rashba effect

and the spin Hall effect are similar [81]. The angular variations of the interfacial

Rashba-induced magnetoresistance and the SHMR are the same [6; 110; 111].

However, it is possible to distinguish these two mechanisms, since they have

different NM film thickness dependences [112]. The SHE happens in the bulk,

but the SHMR is due to the transfer of angular momentum at the interface,

Furthermore, there is a dependence on the spin diffusion length. For SHMR, the

maximum effect takes place when the Pt thickness is about the same as the spin

diffusion length, whereas in the Rashba effect, the thinner the better.

Molecules may affect the Rashba effect and spin texture of the metal, leading

to changes in the effective SOC of the hybrid wire [113; 114; 115]. Our results

are more consistent with a change in the effective SOC and magnetic moment

acquired by the transport electrons mediated by the introduction of C60. It rules

out mechanisms based on the formation of a perpendicular dipole, which arises

due to charge transfer at the Pt/C60 interface and its associated potential step,

which breaks the symmetry [116].
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2.7 Rashba effect

Figure 2.8: 2D representation of the energy dispersion relation (top) and Fermi

surface (bottom) for both the spin majority (blue) and minority (red) charge

carriers. (a) in a non-magnetic material and (b) in a ferromagnetic material with

an applied magnetic field. Adapted from [109]
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2.8 Spin physics in metal-molecular interfaces

In spintronic devices, interfaces play a very important part. Because of that,

we require characterization techniques that allow us to probe the spin-dependent

properties of the interface. It is usually difficult to transfer spins accross hybrid

interfaces. It is also challenging to understand the behaviour of an interface con-

sisting of two materials with very different conductivities, such as a hard metallic

electrode in contact with a soft organic layer [117; 118]. The efficiency of spin in-

jection into organic semiconductors is dependent on the spin-dependent properties

of the interface. The emergent spin polarisation that can occur due to interfacial

hybridisation has become a recent focus of research [119]. Several studies have

been developed to understand the fundamental phenomena of the hybrid inter-

faces on magnetic surfaces. Cespedes et al. observed evidence for contact-induced

magnetism at the interface between carbon nanotubes and a ferromagnet [120].

In 2010 Barraud et al. investigated the nature of the chemical bonds between the

organic molecules and magnetic surfaces at the interface [121]. They hypothe-

sized that the overlap between the ferromagnetic, metallic and molecular orbitals

leads to the formation of spin-hybridisation-induced polarised states. This spin-

hybridisation acts as an effective magnetic electrode and has a vital role in the

magneto-resistive characteristics of the device [122]. In 2013, Steil et al. explored

an important hybridisation step between organic molecules and magnetic sur-

faces by investigating the mechanism of the charge transfer across the interface.

They studied the dynamics of the hybrid interface via pump-probe photoemis-

sion experiments and explained the role of hybrid states for efficient spin filtering

properties [123]. In the theoretical side, calculations have been used by several

groups to study the role of the hybridization between organic molecules and fer-

romagnetic electrodes on the spin injection process [8; 124; 125]. They have found

that the variation of the electronic structure of the molecules is associated with

the interaction at metal-molecule interfaces.

To better understand metallo-molecular interfaces, it is very important to

consider how the density of states (DOS) of the two systems will change as they

interact. As shown in figure 2.9, the electronic structure of ferromagnetic metals
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is defined by a broad density of states which splits into majority and minority sub-

bands corresponding to spin-up and spin down electrons, respectively [117]. For

the organic molecule, the density of states are discrete molecular energy levels.

Both the highest occupied molecular orbital (HOMO) and/or the LUMO can

contribute to the current. The efficiency of the transport and spin injection is

greatly determined by the relative alignment of the Fermi energy of the metal to

the LUMO of the molecule. When the molecule is brought closer to the metal,

the DOS gets altered in two possible ways. First, the molecular orbitals become

broader, and electrons can leak in and out of the molecule, which leads to a

broadening of the molecular DOS due to the interfacial hybridisation. Second

case, the molecular energy level can be shifted, and a particular spin polarised

molecular orbital can align with the EF , which can be consequently dominating

the charge current accross the interface [117].

2.9 Metal / C60 Molecule Interface

Let’s consider the interface created by a semiconductor with a conduction band

Ec above the Fermi energy and an electron affinity Ea and a metal with work

function ϕ. In both systems, the Fermi energy becomes a universal reference when

these materials come into contact. However, because Ea + Ec 6= ϕ, aligning the

Fermi energies at the surface means that the vacuum levels are not the same

[126].

The difference in their Fermi levels provides an effective potential between the

two systems. Due to the effect of this electric field, an interfacial dipole emerges

at the metal-semiconductor interface. This potential in the semiconductor means

that electrons at the interface have a higher energy than electrons at the vacuum

level, essentially distorting the band structure so that the conduction band gets

nearer to the vacuum level as one gets closer to the interface. When a contact is

made between a semiconductor and a metal, the vacuum levels at the contact are

similar, and the band structure distortion is largest. In terms of determining in-

terfacial band distortions, the metal work function has significantly less influence

than predicted. Because the valence and conduction bands in the semiconductor
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Figure 2.9: A schematic diagram of the molecular hybridisation with a ferromag-

netic metal (FM). The DOS of both the molecule and the FM are at the top of the

figure. At the bottom, the molecular energy level broadens and spin-dependent

splitting occurs due to orbital hybridisation with a ferromagnetic metal surface.

Moving from right to left makes the initial discrete molecular orbitals broaden

and shift their position to the Fermi level EF of the FM. Taken from [117].

27



2.9 Metal / C60 Molecule Interface

preferentially align to the Fermi level rather than the vacuum level, this weak

dependency is known as Fermi-level pinning [127].

The ionisation potential of C60 has been calculated to be about 6.9 eV [128;

129]. Given that the band gap between the HOMO and LUMO is roughly 2.3

eV, an Ea of about 4.6 eV is expected. Several investigations of C60 adsorbed

onto a variety of metals, including Mg (ϕ = 3.6 eV), Au (ϕ = 5.1 eV), and

Ag (ϕ = 4.3 eV), reveal charge redistribution from the metal into the molecular

LUMO in all cases, demonstrating that vacuum level alignment is not required

[56; 130]. Chemical interactions and electron transfer, on the other hand, cause

charge redistribution and the creation of an interfacial dipole by distorting the

electronic structure of a molecule at the interface. For a wide variety of transition

metals, the broadening of interfacial orbitals aligns the LUMO below the Fermi

energy in C60, allowing charge transfer in which the LUMO at the interface is

partially supplied by electrons from the metal, see figure 2.10.
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Figure 2.10: The interfacial coupling between a metal and C60 is shown. Because

of the molecular orbitals hybridization and the redistribution of surface charge

near the surface, the gap is narrow and the LUMO band is broaden. Thus, the

LUMO moves to be close to the Fermi energy and this process is known as Fermi

level pinning. A DFT simulation of a C60/Au and C60/Ag contact is shown in

the bottom panel, with the ensuing charge redistribution traced across a small

area. Taken from [131].
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Charge transfer takes place at the interface where the molecular orbitals cross

the Fermi energy through interactions between organic semiconductors and met-

als. The charge transfers to C60 by hopping transport [132; 133]. Hopping transfer

is needed overcome an energy barrier, since the charge carriers are localised [134].

Electron tunneling between localised states is assisted by phonons, so the hopping

process is dependent on the temperature [135]. Therefore, as the phonon energy

is reduced at lower temperatures, the hopping probability will decrease. This

mechanism is called variable range hopping, implying different nergy barriers at

each hopping. Equation 2.16 shows that the conductivity σ is dependent on the

temperature T for a system of d dimensions (i.e. 1, 2 or 3), with b a parameter

related to disorder.

σ = e−b/T
1/(d+1)

(2.16)

The hybridisation at the interface will be a mix of molecular and metallic

character and is contingent on the coupling strength between the molecule and

the metal [136]. In the case of transition metals, the hybrid states form between

the π conjugated and the d orbitals. It has been shown that interesting magnetic

effects can be observed due to the interaction between molecules and transition

metals [137; 138; 139; 140; 141; 142; 143]. Due to the change in the density of

states at the Fermi energy, spontaneous magnetic behavior has been observed

in normal metals. They confirm that the appearance of magnetic ordering from

non-ferromagnetic materials arises from interfaces between thin films of 3d non-

ferromagnetic metals and C60 molecules.
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Experimental methods
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3.1 Introduction

3.1 Introduction

The experimental techniques that used to fabricate and characterise all thesis

samples are in this chapter. The samples were grown by using sputtering deposi-

tion system and in-situ thermal sublimation. X-ray reflectivity (XRR) was used

to investigate the structure of the samples like the thickness. Electron transport

measurements (helium flow cryostat) were used to investigate the magnetoresis-

tance from room temperature to 5 K. Magnetometry (superconducting quantum

interference device (SQUID) vibrating sample magnetometry (VSM) was used to

study magnetic properties.

3.2 Sputter Deposition

The sputter deposition growth process is based on production of the appropriate

materials and transport of these materials through a medium to a substrate where

they then condense to form a solid [144]. The deposition process here is an

example of physical deposition, which means that it does not use a chemical

reaction [2]. We used magnetron sputtering as shown in figure 3.1. A flow of pure

argon (99.999% purity), which is chosen due to its inert nature, is introduced into

the chamber to provide an atmosphere set to a pressure of several mTorr. Ar ions

hit the surface of the source atoms, then the surface material is scattered due to

the collisions with the Ar ions [145]. In magnetron sputtering , a metallic target of

high purity is placed atop an assembly of permanent magnets, in order to confine

the plasma by the Lorentz force. Mgnetron sputtering is used to increase the

rate of film growth from the sputtering process and to allow a stable plasma to

form at lower pressures. This sputtering process can be performed in two ways,

direct current (DC) or radio frequency (RF) alternating current. The process

used depends on the material that is desired to be deposited on material. DC

sputtering is used to deposit metals (Pt, Ta and PtMn), while YIG target is

insulating and so requires RF sputtering. C60 is grown by another deposition

technique, high vacuum thermal sublimation. This is described in the following

section 3.3.
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3.2 Sputter Deposition

Figure 3.1: Schematic of the magnetron sputtering method. The target is the

material to be deposited and it is shown as the cathode. The substrate is shown

on a rotating sample wheel, which is electrically grounded. The distance between

the target and the substrate is about 8-9 cm. The sputtering gas flows into the

chamber and is then ionised to form the plasma. The plasma ejects atoms from

the target that then diffuse to be deposited onto the substrate.
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The operational process of the sputter system is run under vacuum conditions

using a roughing pump to go from room pressure to 20-30 m Torr. By using a

cryo-pump, a high vacuum (HV) environment with a base pressure of about 10−7

Torr is produced. Water is one of main residual components in the system beside

nitrogen and oxygen but it is reduced by passing liquid nitrogen through a shroud

inside the chamber. The final base pressure in the main chamber is typically of

the order of 10−8 Torr. The chamber is filled with an inert growth gas, in this case

argon, which generates a growth pressure of about 2.5 mTorr. The composition

of the pressure and gas/water content in the chamber can be determined by using

a residual gas analysis method of mass spectrometry [146]. Water is particularly

harmful to metallo-molecular interfaces, and H2O base pressures of ∼10−9 to

10−10 Torr are needed [147]. It has been seen that the quality of the C60 film

degrades, which could be due partly to oxygen intercalation (and/or other gases)

and perhaps decoupling of the molecules at the interface.

The sputtering system consists of eight magnetrons as well as an RF mag-

netron and an evaporation source for the deposition of C60 by thermal subli-

mation. To ensure consistent sample growth and to obtain a clean deposition

process with good yield of high quality films, the following procedures are fol-

lowed during this study. Substrates are cleaned in an ultrasonic cleaner first with

acetone, then with isopropanol to remove residual acetone. These are then, dried

using compressed air before the alcohol entirely evaporates now ready to loading

into the deposition system. Just before the growth, all targets are subjected to

a pre-sputtering cleaning process for 10 minutes before growing by energetic Ar

ions bombardment to remove any surface contaminants and trapped gas [148].

Metal layers are deposited from DC sputter guns operating at currents of 25-50

mA and powers of 14 - 18 W.

A DC sputtering system has a cathode connected to the target material and

an anode connected to the target. The cathode is biased at around -400 V and

the anode is usually grounded. A DC voltage, typically of a few hundred V, is

applied to ionise the Ar gas and accelerate the ions towards the target (anode)

and sputters metal atoms into the chamber. Then, these metal atoms diffuse
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through the plasma to the substrate above until the desired metal thickness is

deposited on the substrate [149]. RF magnetron sputtering works similarly to

DC, however a radio frequency AC current is applied. Since the YIG target is

electrically insulating, the standard DC sputtering cannot be used as DC current

cannot flow between the anode and cathode. In RF sputtering, AC current can be

used, with the insulating target acting as a buffer capacitor. The wave property

of the current becomes a factor in power transfer with a voltage oscillating at

radio frequency, around 13.56 MHz [150]. In the power supply, a resonant circuit

is adjusted to match the circuit impedance and prevent power being reflected

back to the power supply. The YIG target has different elements, so the YIG

film is deposited as a mixture of its constituent elements. The sputter rate and

mean free path for each element will be different. Slowing down the growth

rate by adding oxygen to the argon atmosphere allows the yttrium and iron to be

deposited onto the substrate in the correct stoichiometry for YIG. The persentage

of oxygen has been studied in much of the optimising work in the University of

Leeds [2; 44; 151]. To yield the most accurate YIG stoichiometry, the proportion

of O2 /Ar = 5 % and the RF power maintaines at 50 W at 13.56 MHz.

Gadolinium gallium garnet (GGG) is the standard substrate used in most

studies to grow YIG film because of the matching lattice constant [2; 152; 153].

However, GGG has a strong paramagnetic signal [44; 151]. As consequence of the

gadolinium diffusing from the GGG into the YIG during annealing, a gadolinium

iron gallium layer (GdIG) layer forms [151]. The intermixed GdIG region at the

GGG interface is magnetically dead at room temperature, but becomes antiferro-

magnetically aligned to the rest of the YIG film below 75-125 K. This impedes the

propagation of spin waves and therefore the transfer of angular momentum from

the Pt layer in which the SHMR effect is based. Figure 3.2 shows an example of

thick and thin YIG grown by RF sputtering and post-annealing at 850 ◦C in air.

The dead layer effects on the magnetic properties of YIG where the temperature

dependence of the magnetisation reveal a decrease in the low temperature region.

The use of shadow mask deposition in this study also allow to grow two metal

wires (down to 100 µm in lateral size) simultaneously on the same YIG substrate
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3.2 Sputter Deposition

(a)

(b)

Figure 3.2: Temperature dependence of the saturation magnetisation for (a)

YIG(170 nm) and (b) YIG(40 nm) grown by RF sputtering on a GGG substrate.

Below 90 K there is a decrease in Ms at lower temperatures due to the presence of

a GdIG layer antiferromagnetically coupled to YIG below that temperature. The

extent of the decrease depends on the thickness of the YIG layer. The thickness

of the dead layer has been measured to be some 6 nm, so the change in magneti-

sation for a 40 nm layer is approximately 17% (the ratio of GdIG to actual YIG,

6/34, is very close to the magnetisation ratio (77-64.4)/77.
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3.3 High vacuum thermal evaporation

without breaking vacuum. To deposit C60 (50 nm), we use another mask that is

cut in the shape of a rectangle to cover one of the Pt wires without breaking the

vacuum. These masks are mounted onto an inner wheel that moves independently

of the sample holder, allowing the two wires to be made on the same sample and

the C60 layer. In this way, we can ensure that both metal wires have the same

thickness, film quality, and interaction with the substrate.

3.3 High vacuum thermal evaporation

C60 has a high molecular weight and low inter-molecular binding energy. This

means that it can be evaporated easily in high vacuum [154]. The molecules are

held in powder form inside a crucible which sits in a tungsten filament as shown

in Figure 3.3. The tungsten filament is connected to copper electrodes through

which a current of around 20 A is applied to apply heat to the crucible. Isolated

C60 cages are remarkably stable up to very high temperatures and will refrain

from coalescing until roughly 1500 K [155]. As the process is under high vacuum,

the molecules can reach the substrate where they condense. The evaporation

source is encased in a Cu shield, and water cooling prevents irradiation-induced

overheating.

The C60 crucible is heated prior to sublimation to avoid the deposition of

fullerene oxides and chemical impurities and producing pure fullerene films [156].

The base pressure in the system during the molecule sublimation is approximately

10−8 Torr [157]. To determine the molecule thickness of the deposited film on

the substrate during the sublimation, a quartz crystal rate monitor sits above the

crucible. The total growth can be determined through a resonant frequency. The

resonant frequency in the crystals is changing as mass loading and deposited on

the substrate. Thus, the growth rate can be increased and decreased by changing

the current to the tungsten filament. It is important to calibrate the tooling factor

by measuring the C60 film thickness via X-ray reflectivity and comparing to the

value calculated by the monitor. C60 can be degraded very quickly under ambient

conditions due to photo-assisted oxidation and hydration [158]. Therefore, it is

vital that C60 is capped with Al to prevent chemical degradation.
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3.3 High vacuum thermal evaporation

Figure 3.3: Illustration of the thermal sublimation source interior. Taken

from [147]. The C60 molecules are placed in a crucible which is attached to

the copper rods and heated by a tungsten filament. The cooled water is cycled

around the copper shield to prevent excessive heating. The quartz crystal moni-

tors the deposited thickness of the molecular film. The sublimation of C60 works

as a centre track, so the substrate needs to be far enough from the crucible to

receive atoms properly and to avoid the heating from the tungsten filament.
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3.4 X-ray measurements

We use two kinds of X-ray measurements to study our thin films. X-ray diffrac-

tion (XRD) is an essential tool in the determination of crystal structure [159].

It is based on the diffraction phenomenon: when matter is illuminated with a

beam of X-ray photons, this may result in a coherent scattering of these photons.

The scattering is due to the interaction of photons with the bound electrons.

The scattering will be coherent when it occurs without an alteration of the wave-

length, and when the wavelength is changed, the scattered waves interfere to give

diffracted waves. By using Bragg’s law (3.1) the interference pattern can be used

to characterize the structure of the material.

nλ = 2d sinθ (3.1)

X-ray reflectivity is a measurement of the scattering light intensity, reflected

by a sample surface as a function of the incident angle. When the angle of

incidence is smaller than a critical value, there is total reflection of the photons.

When the incident angle exceeds the critical angle, all incident X-rays will be

reflected, and if they are equal, incident X-rays will propagate along the sample

surface. When the Bragg condition is satisfied for an integer number of total

internal reflections, multiple reflections can incur in interference fringes. This

leads to oscillations in the reflectivity curve, which are known as Kiessig fringes.

By using the Kiessig equation (3.2) one can estimate the thickness of the sample

and analyse the angular distribution.

λ = 2t
√
sin2θm + sin2θc (3.2)

Where λ is the wavelength of the X-rays, m is an integer, θm is the angular

position of constructive peaks and θc the critical angle [160]. XRR is used to find

out film thicknesses density, and roughnesses. XRD is a technique used to give

information about the structure of a crystalline material at the atomic scale.
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3.5 Transport measurements

3.5.1 Cryostat measurements

A cryostat allows the measurement of transport properties at a controlled tem-

perature. The system as shown in figure 3.4 consists of a variable temperature

insert (VTI) which controls the temperature from 1.4 K to 300 K. The VTI is

placed in a helium (He) reservoir which is surrounded by an outer reservoir of

liquid nitrogen. The use of a high vacuum space between the He and N2 and

between the N2 and the environment reduces heat loss. A needle valve is used to

control the flow of helium gas, and the temperature is controlled by a heater as

shown in the figure 3.4. A split pair of superconducting magnet coils was used to

apply magnetic fields of up to 3 Tesla (T). The liquid helium keeps the magnet

below their critical temperature and acts as the source of helium for gas flow.

The sample can be rotated in the applied magnetic field, where there is a motor

that is connected to the stick on top of the cryostat.

The samples sit close to the bottom of the VTI on a Cu mount, which is able to

change depending on the magnetic field orientation(s) required. The sample wire

bonds onto a chip carrier, which has pogo pins connectable to the sample mount.

By connecting the sample mount with a stainless steel that has a low thermal con-

ductivity, the sample wires feed to a port at the top of the cryostat. All electrical

wires are in twisted pairs, where negative and positive lines are twisted together

to eliminate noises inductively coupled to external electromagnetic waves.

SHMR has a distinctive angular dependence that can be observed by rotating

the sample in a fixed field and measuring the change in resistance. The field

applied must saturate the magnetisation of the YIG film. During measurements,

the temperature is monitored using a cernox thermometer mounted on the brass

sample holder.
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3.5 Transport measurements

Figure 3.4: Schematic of the Cryogenics Instruments cryostat. Taken from [161].

The VTI is controlling the temperature degrees. The needle valve controls the

amount of Helium gas. The magnetic fields are applied by a pair of supercon-

ducting coils. The liquid helium reservoir is keeping the temperature stabilized.
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3.5.2 Electron transport measurements

In the spin transport measurements, an important parameter to be measured

and to confirm that the spin transport channel behaves in an ohmic way, is the

transport channel resistance. As shown in Figure 3.5, the two metals (Pt, Ta

and PtMn) wires were deposited on top of YIG, one is then covered in C60 while

the other is not. Determining the resistance of a nanowire requires a four probe

method and a constant current supply illustrated in figure 3.5. By measuring

voltages in this method, there is no potential drop along the probes and contact

resistances are eliminated. The thickness is determined by XRR which cannot

be used on wire individually, so calibration samples are used. The same material

is grown in sheet form or with two wires via the mask placed on a comparable

sample. The four probe method is used to measure wire resistance with a current

of 1 mA. This yielded a good signal-to-noise ratio without producing enough Joule

heating to affect the wire resistance. The contacts were bonded with aluminium

wire onto the metal wire (Pt, Ta, and PtMn) and used a travelling microscope

to measure the distance between the inner voltage probe edges. By the same

method, the contacts were bonded onto the metal/C60 wire. We can rely on the

wire bonding (contacts) on the metal wires through C60 because the resistance

is reasonable. The resistance for metal/C60 wire is about kΩ, and if the wire

bonding was not reached to the metal, we would have very high resistance (MΩ).

Also, the I-V curve measurement will not be ohmic if the contacts were bonded

only on C60. Thus, the electrical conductivity is determined from the resistance,

the cross sectional area and length between the voltage probes. The resistivity

will follow the equation 3.3.

ρ =
R ∗ A
L

(3.3)

Where ρ is the resistivity, R is the resistance of the area of interest, A is the

cross-sectional area and L is the length between the voltage probes. Electrical

measurements were performed using a Keithley 6221 current source coupled to a

Keithley 2182A nanovoltmeter in order to minimise the noise level.
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3.5 Transport measurements

Figure 3.5: A schematic of the sample structure. A YIG film is first deposited

on a GGG substrate. Two metal (Pt, Ta, PtMn) wires are deposited on the top

of the YIG film and the C60 is covering the right metal wire. A current flows

through the outer two points in the Pt wire, and the inner two points are used

to sense the voltage signal.
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3.5.3 Sample annealing process

As previously discussed, YIG films were deposited via RF sputtering in a Ar/O

atmoshere on gadolinium gallium garnet substrates. GGG has a lattice con-

stant of 12.383 Å, which matches well with the lattice constant of YIG 12.376

Å [153]. Having a close match between the lattice constants minimises interfacial

strain [162]. Annealing was performed post-growth at 850 ◦C for 2 hours in a tube

furnace with the samples annealed in air. This improves the crystalline quality

and stoichiometry across the film.

In the case of anealing metals (Pt, PtMn), samples were placed in a tube

furnace to be annealed at different temperatures (200-300 ◦C.) for eight hours at

a pressure of 10-5 Torr. To prevent strain on the films, the tube furnace warms

up to a specified temperature and then cools down to room temperature at a

constant pace of 5 ◦C per minute.

3.5.4 Magnetoresistance measurements

There are three planes used of the magnetic field (H) with respect to the elec-

trical current and the YIG film -see figure 3.6. For a field which rotates in the

plane of the longitudinal to transverse orientation, this is named the α-plane

magnetoresistance. To measure only the SHMR without AMR effects, we rotate

H from perpendicular to transverse (change in β) as the current and field are

always perpendicular. The third orientation is in the γ-plane. Here, only the

AMR is measured. In this case, the field rotates between the longitudinal to

perpendicular orientations. In the γ-plane, the field is always perpendicular to

the spin orientation, which leads to the AMR and because of that no SHMR can

be observed.
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3.5 Transport measurements

Figure 3.6: The nomenclature for the measurement planes and orientations for

the magnetoresistance measurements. The SHMR is measured by rotating the

angle in β. The field does rotate with respect to the charge current, which causes

the AMR to manifest in γ. The α-plane MR thus results in a combination of the

SHMR and AMR.

The relative change in resistivity is used to characterise the conventional MR

as in following equation 3.4.

M ρ

ρ0

=
ρmax − ρ0

ρ0

(3.4)

Where ρ0 is the resistivity at zero applied field, ρmax is the resistivity at the

maximum applied field and Mρ
ρ0

is used to quantify the MR. From the angle-

dependent MR, the SHMR and AMR are defined. The way to calculate the error

bars for SHMR is from this equation (Error in SHMR/SHMR)2 = (∆B
B

)2 + (∆A
A

)2

, where A is ρ0, B is ρmax − ρ0. However, (∆A
A

)2 is very small so, it is neglect.

In figure 3.7 (a), the SHMR is measured by rotating the angle β, with the

applied H field (and therefore M) always orthogonal to the electrical current,
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3.6 Superconducting quantum interference device

but varying from in-plane to out-of-plane, and therefore from parallel (Rmin)

to perpendicular to the spin polarization (Rmax) [13], [163] [164]. The AMR is

measured by rotating the angle γ, with the applied H field in figure 3.7 (b). The

resistance maximum takes place when the magnetisation is parallel to the current

direction and minimum when the magnetisation is perpendicular to the current

flow.

(a) (b)

Figure 3.7: The figure shows the SHMR (β plane) and AMR (γ plane) orienta-

tion by varying the angle between the film and the magnetic field in (a) and (b).

The SHMR magnitude is small when the angle between M and the spin orienta-

tion is 90◦ and large when the angle between them is zero◦. The magnitude of

AMR is large when the magnetic field longitude with Je and small when they are

perpendicular.

3.6 Superconducting quantum interference de-

vice

A SQUID-VSM MPMS3 is used to study the magnetic properties of the samples

with a magnetic moment sensitivity of about 10−8 emu. It allows the measure-

ment of the total magnetic moment in the sample over a broad range of tempera-

tures from 1.8 K to 400 K and magnetic fields up to 7 tesla. The measurement is

achieved by oscillating the sample near a pair of opposite wounded pickup coils.

This is done to take advantage of the fact that the signal being measured is small
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3.6 Superconducting quantum interference device

when compared to the background noise. Based on Faraday’s law, the vibrating

sample generates an alternating magnetic flux within the coils that induces a

voltage signal in the pick up coil [165].

The measurements are performed through a system of superconducting detec-

tion which consists of two Josephson junctions set in a loop of superconducting

material. The two junctions are parallel in a superconducting loop [166]. Through

detection coils, the sample is vibrating and then produces a change in flux in the

detection coils as shown in figure 3.8. The detection coils are configured as a

second order gradiometer to reduce signals from external field. The second or-

der gradiometer is composed of a central coil with two symmetrical end coils

connected in series and in opposition to the central coil.

In the absence of an external magnetic field, the input current splits equally

through the Josephson junctions. However, a screening current begins circulating

in the superconducting loop and generates a magnetic field when a small external

magnetic field is applied. As soon as the current exceeds the critical current of the

junction, a voltage appears across the junction. As the magnetic flux is increased,

the screening current increases and the junctions become momentarily resistive

when the magnetic flux reaches half a quantum. At half quantum of the flux,

the screening current changes sign and it goes to zero at one flux quantum. This

variation of the current in the detection coils leads to a change in magnetic flux

and generates an output voltage V which is related to the magnetic moment of the

sample. A SQUID feedback circuit is used to cancel the current in the detection

coils except the induced current owing to a flux change due to the oscillating

magnetic sample [167], [168]. By measuring the magnetic moment at various

field values, hysteresis loops can be obtained for different magnetic materials and

various temperatures and fields.
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3.6 Superconducting quantum interference device

Figure 3.8: The configuration of a magnetometer with detection coils allows high-

resolution measurement of the properties of magnetic thin films. A magnetic

sampe size is about 4×4 mm2 which vibrates at 14 Hz with an oscillation ampli-

tude of 5 mm. Taken from [169].
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CHAPTER 4

Spin Hall magnetoresistance in YIG/Pt

and YIG/Pt/C60
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4.1 Introduction

4.1 Introduction

This chapter introduces the investigation of the spin-dependent transport prop-

erties of Pt and Pt/C60 over a range of Pt thicknesses and temperatures. Due to

charge transfer from the metal to the molecules, a conducting layer is formed at

the interface between Pt and C60, increasing the conductance of in Pt/C60 wires

with respect to those of pristine Pt. In this chapter, SHMR measurements have

been studied at a field of 0.5 T (pure SHMR), where the YIG is saturated for

all orientations but other field-dependent effects remain comparatively small. At

lower fields of 1-30 mT, there is an anisotropic magnetoresistance, enhanced for

all temperatures and Pt thicknesses by C60. We compare the results obtained us-

ing GGG and Yttrium Aluminium Garnet (YAG) substrates. Density Functional

Theory (DFT) simulations in figure 4.22 were carried out by Drs. G. Teobaldi

and E. Poli at the Scientific Computing Department of the Science and Tech-

nology Facilities Council (SCD-STFC). In this chapter, we investigate transport

properties of Pt and Pt/C60 after annealing at 200-300 ◦C.

4.2 Spin Hall magnetoresistance in platinum

4.2.1 Resistivity dependence on temperature

Figure 4.1 shows the measured resistivity as a function of temperature for Pt

and Pt/C60 on the top of YIG/GGG substrate. The sample has two Pt(3 nm)

wires that both wires are grown at the same time, with one of them covered

by C60(50 nm) and the other a control sample without C60. The general shape

of the platinum resistivity describes ρ vs T for metals, and this was consistent

with experimental literature [24; 92]. However, when the temperature is below

nearly 20 K the temperature dependence of the resistivity changes. An upturn

in resistivity is often observed in metals due to Kondo scattering or weak local-

ization [170; 171; 172]. The resistivity for Pt with C60 is lower than for bare Pt

wires because the interface between the C60 and Pt is metallised due to charge

transfer and orbital re-hybridisation, contributing to the conductivity. With C60

on top, the Pt resistivity is about 40 % lower, and the upturn at low T is absent.
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4.2 Spin Hall magnetoresistance in platinum

According to DFT calculations for Pt/C60, 0.18-0.24 electrons per C60 molecule

are transferred, and the only first molecular layer is metallised [18]. Thus, the

Pt wire with C60 has an effective thickness greater than the Pt wire without C60.

From our measurements, the added conductivity is equivalent to some 1 nm of

Pt, although we do not know the resistivity of this hybrid layer and its thickness

is likely different. Also, this is the reason why weak localization is less apparent

in Pt/C60 than Pt. Weak localization is stronger in low-dimensional systems.

A change of the effective conducting layer thickness of 1 nm can result in very

significant changes in the weak localization because we are increasing the layer

thickness by as much as 67% (1.5 vs 2.5 nm thick). However, the fact that the

hybrid conducting layer extends only for 1 nm is a hypothesis based on DFT sim-

ulations of the metallization and charge transfer at the interface. It is possible

that the hybrid layer has a higher resistivity and is therefore thicker.

The resistivity drops faster in Pt/C60 wires than pure Pt. In thinner (Pt), the

effect of the resistivity is dominated by surface scattering, but in the effectively

thicker (Pt/C60), the effect of phonon scattering is stronger. At room tempera-

ture, the resistivity of a metal is dominated by electron-phonon scattering. Figure

4.2 (a) shows the resistivity of Pt wires as a function of the metal thickness. The

surface scattering plays a dominant role in the thin wires which are used for

measuring the SHMR. Also, it has been reported that other factors, such as the

surface roughness and defects in the platinum structure, will affect the resistivity

[173; 174; 175].
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4.2 Spin Hall magnetoresistance in platinum

(a) (b)

Figure 4.1: (a). Resistivity (ρ) as function of temperature (T) for a plain Pt

wire shown in blue colour and red colour for Pt with C60. The resistivity ratio of

a Pt wire and a Pt/C60 wire are presented in (b).

The resistivity and residual resistivity ratio (RRR) give information about the

scattering in the sample. Boundary scattering contributes to reduce the RRR for

Pt vs. Pt/C60, but the difference is lost in the noise for the thickest films of 18 and

25 nm. The resistivity at low temperatures is dominated by impurities, defects

and grain boundaries. The RRR value of a metal is defined as the resistivity at

290 K, R290K , divided by the minimum resistivity at 5 K, R5K , for the individual

wires:

RRR =
R290K

R5K

(4.1)

The RRR for Pt and Pt/C60 is shown in figure 4.2 for different Pt thicknesses.

C60 modified the density of state (DOS) and transport properties of the metal.

This reduces the electron surface scattering, improving the residual resistance

ratio (RRR) as shown in figure 4.2 (b). For thicker films, the additional conduct-

ing hybrid interface increases the RRR but the effect is much smaller because 1

additional nm in a 25 nm sample is only 4%, compared to 50% in a 2 nm wire,

and the smaller effect may be lost in the noise, uncertainty or other additional
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4.2 Spin Hall magnetoresistance in platinum

effects. The additional conducting hybrid interface reduces boundary scattering

and increases the RRR for films 6 11 nm.

(a) (b)

Figure 4.2: (a) Resistivity of Pt wires as a function of the metal thickness is

shown. The shape of the platinum resistivity follows what is expected for a NM

as function of sample thickness. The RRR of Pt and Pt/C60 are presented in (b).

53



4.2 Spin Hall magnetoresistance in platinum

4.2.2 Field dependence

In figure 4.3, field sweeps were used instead to determine the angular depen-

dence. The field sweeps were done perpendicular to the wire along the out of

plane YIG hard axis. Thus, it is possible to observe the SHMR contribution, of

the order of several 10−4, that saturates at the anisotropy field of the YIG film,

some 100-150 mT at room temperature, and no higher than 0.5 T for any film

or temperature measured. In this field range, the Pt/C60 wire has a larger mag-

netoresistance than pure Pt. Above 0.15 T, other contributions, such as Kohler

magnetoresistance, localisation and/or the Hanle effect, become significant and

result in a parabolic or linear MR. The MR increases with the applied field and

assumes a B2 field dependence to fit the date, which is consistent with Kohler

MR. [176]. A possible explanation for Kohler MR is after an externally applied

magnetic field, conduction electrons are displaced from their trajectories by the

Lorentz force [177]. Also, when applied magnetic field is perpendicular to the

spin polarization, the Hanle effect increases the resistance of the NM layer. This

MR arises from the dephasing of spin accumulation by an external magnetic field

[178; 179; 180]. The localisation effect has been reported in Pt thin films for

temperatures below 50 K, which might give also an additional contribution to

the parabolic field dependency [91; 181; 182]. At lower temperatures, the phonon

contribution to the resistivity is greatly reduced, and an electron may scatter

backwards, increasing the resistivity. The effect is cancelled by an applied field,

reducing the sample resistance in the phenomenon known as weak localization.

However, in metals with high spin-orbit coupling, weak anti localization (WAL)

can take place [88; 182; 183]. The spin of the electron in this case is altered upon

backscattering and reverses the observed magnetoresistance.

Figure 4.3 (b) confirms the existence of WAL in our samples at 5 K. In the case

shown in figure 4.3 (a), the C60 overlayer enhances the SHMR signal by about

a factor 3 due to the higher Pt spin orbit coupling, but reduces other contribu-

tions due to the increased effective (conducting) thickness of the Pt/C60 bilayer.

However, when measuring at larger fields of up to 3 T, the low dimensional

magnetoresistance due to localization results in a polynomial dependence of the
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4.2 Spin Hall magnetoresistance in platinum

resistivity with the magnetic field [91]. This localization MR is much stronger in

pure Pt, as the wires have a smaller effective thickness. When measuring SHMR,

if high fields are used, it is not possible to compare the SHMR (dominated by

SOC) and these weak localization effects (guided by dimensionality). It is clear

that C60 has enhanced the SHMR, but at higher fields the pure Pt has higher

MR (not SHMR) values.

55



4.2 Spin Hall magnetoresistance in platinum

(a)

(b)

Figure 4.3: MR in a Pt wire with perpendicular magnetic field at room tempera-

ture in (a) and 5 K in (b). For YIG/Pt sample in (a), the C60 layer increases the

SHMR due to spin accumulation by about a factor 3, but reduces the polyno-

mial MR contributions because of the increased effective thickness of the Pt/C60

bilayer. (b). A negative contribution from a different MR that becomes stronger

at low temperature.
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Metals show a magnetoresistance that is dependent on the strength of the

applied magnetic field [176]. Here we determined the effect of C60 on the effective

SOC and the impacts on the SHMR measurements by angular rotations at a range

of applied field strengths. According to the SHMR theory, the effect should be

independent of the magnitude of the applied field above the saturation field of

the YIG [4; 5]. The highest field is required to saturate bulk YIG out of the plane

is 0.27 T. However, figure 4.4 shows the field dependence of the signal measured

in the β-plane (β-plane in 3.5.4 section). The resistance shows a cosine squared

behaviour with respect to the magnetization orientation, as expected for SHMR

experiments [4; 5]. This measurement is taken at 290 K with applied magnetic

fields from 0.5 to 3 T. The SHMR should be field-independent; the difference

between the measurements must be due to other magnetoresistive effects.

Figure 4.4: Resistance with different applied fields as a function of the magnetic

field in the transverse to perpendicular configuration (β angle). The data is fitted

to a cos2(β) function. We take the amplitude at the lowest field of 0.5 T, when

the YIG substrate is saturated but the polynomial contributions are small, as the

SHMR value.
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4.2 Spin Hall magnetoresistance in platinum

Figure 4.5(a) shows the change in the measured MR (i.e. the change in re-

sistance as a function of the angle β as shown in the in Fig. 4.4) as a function

of the applied magnetic field. Although the SHMR saturates at or below 0.5

T (YIG magnetization completely out-of-plane), other MR contributions, such

as ordinary MR [184; 185] and localization, are also dependent on the angle of

the applied magnetic field and may inflate the real SHMR values. The total

MR measured is roughly linear with the magnetic field. These contributions are

stronger for thinner films - see figure 4.5 (b), and therefore for Pt as compared

to Pt/C60, the latter of which has an additional hybrid conducting layer. To

avoid these other mechanisms from affecting our SHMR analysis, we carry out

all our measurements at the minimum field at which we are confident the YIG

is saturated for all orientations and temperatures: 0.5 T. Figure 4.5 (c) shows

SHMR at saturated value (0.3 T). The SHMR at 0.3 T is 6 ×10−4 and at 0.5

it is 6.2 ×10−4 that means the SHMR has changed by (0.2/6.2) x 100 is about

3 %. This means that measuring at 0.5 T makes a 3 % change in the SHMR

(i.e. 3 % on a 10−4 magnetoresistance), which is similar to our level of resolution

in the resistivity (one part per 1-10 million) and therefore not a significant dif-

ference. Furthermore, we cannot measure the out of plane saturation magnetic

field for GGG/YIG below 50-100 K due to the massive paramagnetic contribu-

tion of the much heavier GGG substrate at low temperature. Therefore, it is

possible that the out of plane saturation field is larger than 0.3 T for some of the

temperatures/films measured.

The values we report for ΘSH are similar to those reported in the literature for

YIG/Pt (ΘSH of the order of 0.05-0.1), although we use a different YIG growth

method to most other groups (RF sputtering) as we discussed previously. It is to

be noted that ΘSH is derived from a fit of the SHMR, so the value obtained will

be higher if the magnetic fields used are larger, or if the spin-mixing conductance

value used in the fit is smaller. Most papers use magnetic fields of 1 to 9 T

[6; 92; 93], whereas we use 0.5 T, just enough to saturate the YIG out of plane,

but not so big that it brings additional magnetoresistive effects, in particular at

low temperatures (weak localisation, ordinary MR etc.). If we had carried out
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our measurements at fields of e.g. 3 T, as many other groups do, we would (erro-

neously) report ΘSH values 2.2 times higher, of ΘSH=0.1300±(0.0009) for pristine

Pt, and ΘSH=0.090±(0.001) for Pt/C60. This results in an artificially larger spin

Hall angle for Pt at higher fields, which must be taken into consideration when

comparing our results to the literature.

Figure 4.5: a) The MR is roughly linear with the applied magnetic field when

the field exceeds the out of plane saturation for YIG. Larger SHMR results also

in bigger spin Hall angle in (b). However, this increase is an artefact of using the

same fit for data that includes contributions to the MR other than the spin Hall

MR (weak localisation, thin film MR). (c) shows the sharp increase in MR due

to the SHMR before the YIG saturates.
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4.2.3 Fitting of the SHMR

The SHMR is obtained by fitting the change in resistance as the angle β is varied

from perpendicular to transverse. Figure 4.6 shows an example of this fit for a Pt

wire and its Pt/C60 partner. The SHMR vs temperature data show a change in

the spin Hall angle between Pt and Pt/C60 - whilst keeping the same spin-mixing

conductance. The fit in line appears a good match to the data across the full

temperature range. We fitted the SHMR using equation 2.9 to get a qualitative

idea of variations in the different parameters contributing to the SHMR, although

only those values that are experimentally determined can be used to compare pure

metal and metal-molecular layers: resistivity, magnetoresistance (anisotropic and

spin Hall), and magnetization. We treat Pt/C60 as a single layer, but we do

not know how thick the C60 layer contributing to the resistivity is. Simulations

seems to indicate that only the first molecular layer in contact with the metal is

conducting (∼1 nm), but we cannot confirm this experimentally. There are no

equivalent models for two conducting layers.

The only parameter not determined by the experiment (conductivity, tem-

perature), nor set as a fitting parameter (spin Hall angle, spin diffusion length)

is the spin-mixing conductance, which we have used the value derived in Al-

thammers review paper of 4 × 1014Ω−1m−2 [6]. The initial values that are set

as fitting parameters for spin Hall angle and spin diffusion length are 0.05 and

5 nm, respectively. Figure 4.7 shows the dependence of ΘSH on the value with

G↑↓ although ΘSH is larger for Pt/C60 in all cases. The spin Hall angle can be

artificially inflated by using smaller values for the spin mixing conductance. Note

that the change to the spin-mixing conductance do not change the effect of the

molecular layer.

Figure 4.8 shows the spin diffusion length as a function of Pt thickness as

derived from fitting equation 2.9 at different temperatures. The data shows that

the spin diffusion length is roughly proportional to the thickness, which is con-

sistent with the expectation [186] that λ ∝ 1
ρ
∝ t. As the platinum wire is thin,

the spin diffusion length will depend on thickness. The magnitude of the spin

diffusion length is comparable to published values [6; 94; 187] and is smaller than

values found in the bulk [188].
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Figure 4.6: (a,c). SHMR for Pt wires 1.5 nm thick with and without C60 on

GGG/YIG(170nm) measured at different temperatures and fitted to equation

2.9.(b,d). Examples of SHMR fits to cos(β)2. Resistivity and magnetoresistance

measured at 25 K for Pt wires 1.5 nm thick without (b) and with (d) a 50 nm

overlayer, grown on a GGG/YIG(170 nm) substrate. The applied field for these

measurements is 0.5 T.

4.2.4 SHMR platinum thickness dependence

Figure 4.9 (a) shows the SHMR measured at 0.5 T. The peak at 75-100 K has been

identified as corresponding to the temperature when the spin diffusion length of

Pt equals the Pt thickness [78; 91; 93]. However, figure 4.8 demonstrates that

the max in the SHMR cannot be due to the spin diffusion length equaling the

Pt thickness at that temperature. This peak could be due to the reduction in

the magnetization of YIG thin films below 50-150 K, as reported by A. Mitra

et al [151]. This magnetization reduction is caused by Gadolinium interdiffu-
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4.2 Spin Hall magnetoresistance in platinum

Figure 4.7: Derived spin hall angle from fitting the SHMR vs. T data as a

function of the spin mixing conductance (G↑↓) value used in the fit. The arrow

points to the spin-mixing conductance that we use in the SHMR fit. Note that

ΘSH is higher for Pt/C60 for all (G↑↓) values.

sion during annealing and the emergence of an antiferromagnetic coupling at the

GGG/GdIG/YIG interface below those temperatures. Another possibility could

be a temperature dependence of the spin diffusion length in terms beyond T−1.

However further work would be needed to confirm either hypothesis. For Pt

thicker than 2 nm as sowon in Figure 4.9 (a), the SHMR decreases with increas-

ing Pt thickness because when the Pt thickness is bigger than the spin diffusion

length, the spin current will have losses from scattering, resulting in a reduction

of surface interactions and reducing the magnitude of the inverse spin Hall effect

that contributes to the SHMR. The maximum effect of the molecular layer (factor

4 to 7 change) takes place for thin films (1.5 nm) at low temperatures, or thick

films (5 nm) at room temperature as shown in figure 4.9 (b). For the thinnest

measured films of 1.5 nm, the conducting layer at the interface adds an effective

thickness to the Pt.
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4.2 Spin Hall magnetoresistance in platinum

Figure 4.8: Derived spin diffusion length at room temperature and 0 K from

fitting the SHMR results for Pt and Pt/C60. The spin diffusion length is generally

proportional to the thickness, according to the data.

By fitting the SHMR data in figure 4.10, we can extract the spin Hall angle

ΘSH which, for wires 6 5 nm is significantly higher with the molecular overlayer.

This effect disappears for thick wires (>11 nm), where we hypothesize that the

molecular interface does not significantly change the effective SOC.
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(a) (b)

Figure 4.9: (a) SHMR for Pt and equivalent Pt/C60 wires of different thicknesses

on GGG/YIG(170 nm) films. The SHMR is higher in Pt/C60 for almost all

temperatures and thicknesses. (b) SHMR Ratios between Pt/C60 and Pt wires.

Figure 4.11 (a) shows the position in temperature of the maximum of the

SHMR for the measured Pt wire thicknesses. Although this maximum is some-

times attributed to the temperature point at which the spin diffusion length

matches the film thickness, these results indicate something different, as the de-

pendence of the peak position with Pt thickness is weak and, for Pt/C60, goes

to lower temperatures as the film thickness is reduced. In figure 4.11 (b) the

maximum SHMR measured (at different temperatures) as a function of the Pt

thickness for both pure metal and Pt covered on molecules. Figure 4.12 shows

the degree of sample-to-sample repeatability that can be quantified by measuring

a repeat sample.
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(a)

Figure 4.10: For 5 nm thick wires or less, the ΘSH obtained from the SHMR data

fits is significantly higher with the molecular overlayer. Inset: Top view of the

optimized C60/Pt(111)-(2
√

3x2
√

3)R30 interface DFT model. The C60 molecules

are adsorbed on top of one Pt-vacancy. The black polygon marks the in-plane

periodicity of the system. Pt: silver, C: cyan. Courtesy of Dr. G. Teobaldi.

4.2.5 Low Field AMR in Pt

For Pt grown on YIG, an additional change in resistance is observed at low

magnetic fields < 5 − 20 mT when the direction of an applied magnetic field is

changed with respect to the electrical current, see figure 4.13 (a,b). The origin of

this AMR is controversial. It has been attributed to a proximity-induced magne-

tization of Pt, which is close to the Stoner criterion [24]. The boundary effects in

thin film are significant, thereby leading to a magnetic interaction between near-

est neighbouring atoms at the interface. In YIG/Pt interface, XMCD provides

an average Pt moment of 0.054 µB at 300 K [24]. However, it is also claimed that

there is no evidence for this induced magnetization [25]. In this case, the XMCD

signal shows no obvious proof for induced magnetic moments, and it is 30 times

smaller compare with Pt/Fe reference sample. This low field AMR (LF-AMR)

is characterized by the presence of peaks, positive or negative depending on the
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(a) (b)

Figure 4.11: a. The SHMR peaks in correlation with spin diffusion length of Pt.

Lines are a guide to the eye. b. Maximum SHMR measured in Pt and Pt/C60,

not necessarily at the same temperature.

Figure 4.12: SHMR for Pt wires 1.5 nm thick on GGG/YIG(170 nm) measured

at different temperatures. The measurement of a repeat sample demonstrates

quantitatively the degree of sample-to-sample reproducibility.

field direction, resembling the AMR observed in magnetic films with domain wall

scattering [189; 190]. Due to SOC, in most magnetic materials domain walls re-

duce the resistance for in-plane fields, and increase it for out of plane fields. This
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domain wall AMR peaks at the coercive field Hc of the magnet, for the greatest

magnetic disorder and domain wall density. In YIG/Pt, the position of out-of-

plane LF-AMR peaks coincides with the coercivity of the perpendicular minor

YIG loops in figure 4.13 (c), which could point to a YIG surface layer with an

out-of-plane easy axis. We find that the LF-AMR has the same shape and peak

position with or without a molecular overlayer. This means that the LF-AMR

has the same coercivity with or without a molecular overlayer, indicating the

same micromagnetic configurations of domain walls. However, the magnitude of

the LF-AMR is larger when C60 is present, which could be due to an enhanced

SOC/anisotropy and/or acquired moment. This molecular effect is stronger for

the perpendicular configuration see figure 4.13 (b), which may be due a larger

perpendicular magnetic anisotropy induced by C60, as reported for Co [138].
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Figure 4.13: (a). LF-AMR peak (see inset) is observed at around a few mT,

which corresponds to the magnetization of the surface of the YIG. (b) Room

temperature LF-AMR comparison between YIG/Pt and YIG/Pt/C60. The curves

are qualitatively the same, but the magnitude of the effect is enhanced by the

molecules. (c) Unformatted, out-of-plane hysteresis loop measured at room tem-

perature for a GGG/YIG(170nm) film. (d), top: Corrected and magnified minor

loop. (d), bottom: Differential of the magnetization in the minor loop and mag-

netoresistance.
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The position of the OOP LF-AMR peaks coincides with Hc as measured in

a minor YIG loop. This supports the notion that the rotation of magnetic do-

mains in YIG is connected to the AMR measured in Pt. The out of plane minor

loop represents 10% of the total magnetisation of the YIG film (13 emu/cc), see

Figure 4.13 (d). Approximately half of the magnetisation are switched at 3 mT

and the rest at 7 mT. We attribute this minor loop to the YIG surface magneti-

zation. Note the linear slope dominating the magnetization, due to the in-plane

anisotropy of the majority of the film. The differential of the magnetization of

the minor loop is showing two peaks that we attribute to the coercivity of two

different regions. The local peak in the differential of the magnetisation at 3

mT, which we assign to the coercive field of the YIG film surface, matches the

position of AMR maximum for the OOP configuration. In the case of the field in

the longitudinal orientation, the low field AMR and hysteresis loop are presented

in figure 4.14 (a). The attribution of the AMR peaks to the coercivity of the top

YIG layers is more difficult in this configuration, as the YIG surface has an OOP

anisotropy and therefore the magnetization changes linearly with in-plane fields.

However, we can see that the position of the peaks matches the point at which

the magnetization value is ∼ 10 % from saturation, as it was the case for the

perpendicular minor loop and the out of plane LF-AMR.

Figure 4.14: (a). Correlation between the in-plane, longitudinal hysteresis loop

and the LF-AMR for the Pt/C60 sample of figure 4.13. (b). LF-AMR and minor

hysteresis loop with the field in the perpendicular orientation at 200 K.
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4.3 YIG sample characterisation

The fabrication of YIG films can lead to elemental diffusion and defects that

change the magnetic properties of the ferrimagnet and the interpretation of

transport measurements [151]. Arpita Mitra, et al. show interdiffusion at the

YIG/GGG interface where Gd from the GGG and Y from the YIG diffuse. Also,

their results indicate the diffusion of Gd and Ga at the interface forming Gd

and Ga-mixed YIG region, which can affect the magnetic properties of YIG near

the interface. Figure 4.15 shows atomic-resolution aberration corrected, cross-

sectional scanning transmission electron microscopy (STEM) images, and elec-

tron energy loss spectroscopy (EELS) chemical maps, courtesy of Prof. Quentin

Ramasse at superSTEM. It is possible to observe, in addition to a certain level

of surface roughness of the YIG film, an area close to the YIG surface and below

the sputtered Pt wire into which some Pt metal may have diffused and formed a

low density of nm-sized clusters. This diffusion can affect the magnetization and

anisotropy direction at the surface of the YIG layer, originating the minor loops

we observe in the perpendicular field direction in some YIG films [18; 151].
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Figure 4.15: (a) Cross-sectional high angle annular dark field (HAADF) image of

the YIG/Pt interface obtained using a scanning transmission electron microscope.

(b) Elemental chemical analysis of the interface using EELS: the relative intensity

maps of the Y, Fe and Pt ionization edges are presented with a simultaneously

acquired HAADF image of the region, indicated by a white box in (a). Bright

clusters immediately below the YIG surface, indicated by white arrows in the

Pt map and the overview HAADF image, contain a higher Pt concentration and

may be due to Pt diffusion into the YIG. Taken from [151].
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The LF-AMR peak position in field (coercivity of the YIG surface) and peak

width (saturation field of the YIG surface), increase as the temperature is low-

ered (Figs. 4.16 a-b). Typically, the AMR of YIG/Pt measured at high fields is

reported to vanish above 100-150 K [103]. If measuring at 3 T, where quantum

localisation and other effects are strong, we observe this same decay with tem-

perature. However, the LF-AMR can be observed up to room temperature. C60

not only increases the LF-AMR value, but it also makes it less temperature de-

pendent, so that the LF-AMR ratio can be up to 700 % higher for Pt/C60 at 290

K (Fig. 4.16 c). This supports our suggestion from DFT simulations (in section

4.3.2) of a mechanism based on C60 induced re-hybridization enhancing the mag-

netic moment acquired by transport electrons via SOC. The LF-AMR depends

on the Pt thickness, t, as (t − x)−1 (Fig. 4.16 d). We identify the value of x,

approximately 1 nm, as the magnetised Pt region contributing to the AMR. This

relationship is not affected by the C60 layer, although the magnitude is uniformly

higher with molecules.
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Figure 4.16: (a) Perpendicular LF-AMR for GGG/YIG(170)/Pt(2)/C60(50). (b)

The perpendicular LF-AMR peak position and width are increased in steps as

the temperature is reduced. (c) Temperature dependence of the maximum LF-

AMR, calculated as the change in resistance from the peak in the perpendicular

orientation to the minima in the longitudinal. There is a faster temperature

drop in the MR values for Pt when compared with Pt/C60. This may be due

to the acquired magnetic moment in Pt/C60 leading to a more stable induced

magnetisation up to higher temperatures. (d) The LF-AMR for Pt and Pt/C60

fits to a (t− x)−1 function with respect to the Pt wire thickness.
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4.3.1 AMR at low fields: YIG on YAG

We have used SQUID measurements to study the temperature and thickness-

dependent magnetic properties of YIG on GGG and YAG substrates. All hys-

teresis loops for YIG on GGG in this report show the signal after subtracting

the large background signal generated by the paramagnetism from Gd3+ ions in

the GGG substrate. There was no paramagnetic background signal observed on

YAG, making this a preferred option for low temperature magnetometry mea-

surements, where background signals become harder to extract. This is the case

in particular for OOP measurements, where the YIG magnetic moment is mostly

linear with field and difficult to differentiate from the paramagnetic signal of the

substrate even at relatively high temperatures. On GGG, Ms is found to be 64

emu/cc, which is 32 % lower than the values previously measured by Mitra et al.

in RF sputtered YIG on GGG for an equivalently thick film (40 nm) [151]. The

reduction of Ms in our sample is likely to be due to the deposition of the Pt and

metal interdiffusion. Also, it has been reported that the magnetization Ms of the

YIG films is significantly reduced by a cap Pt layer [191].

On a YAG substrate, the Ms is found to be 41 emu/cc as shown in figure 4.17.

This is much smaller (44 %) for the YAG substrate than for samples grown on

GGG. This is comparable to be consistent with previous films grown by the same

method in our group [2]. A possible reason is that YIG is not lattice-matched

to YAG, and the films grown on this substrate have much poorer crystallinity,

smaller grain size and are rougher. The coercivity of the YIG/YAG is high which

is about 25 times higher than on GGG substrate.

As shown in figure 4.18, the peaks in the LF-AMR follow the surface magneti-

sation. The same effect can be found in YAG substrates, and even though the

coercivity is 1-2 orders of magnitude higher for YAG/YIG. Thus, the LF-AMR

YIG on YAG peaks appear at 90 % higher fields than GGG, supporting the corre-

lation between the AMR in Pt and the surface YIG magnetisation. The LF-AMR

with perpendicular field for YAG/YIG is shown in figure 4.19. It is not possi-

ble to do these measurements in the perpendicular direction for GGG/YIG films

at low temperatures due to the paramagnetic susceptibility of the much thicker
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Figure 4.17: Hysteresis loops in the plane for 40 nm thick YIG film deposited

on GGG (black curve) and YAG (red curve) at 300 K. Inset shows the magnetic

moment as a function of applied magnetic field before the subtraction of the

paramagnetic contribution from the GGG substrate.

substrate. The correspondence of the susceptibility and LF-AMR peaks in the

perpendicular orientation is maintained for all temperatures. Polynomial contri-

butions to the susceptibility have been removed. The large increase in coercivity

results in more spread peaks at higher fields.

4.3.2 The enhancement of SOC with a C60 capping layer

We have investigated the enhancement of SOC in Pt correlated with the increase

in spin Hall angle as determined from SHMR measurements. It is possible that

the larger SHMR observed in metallo-molecular wires could be due to a change
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Figure 4.18: (a) YAG/YIG(40nm)/Pt(3nm)/C60 magnetization of hysteresis loop

measured in an in plane direction at room temperature by SQUID. (b) Correlation

between the differential of the magnetization in-plane and longitudinal LF-AMR

for the same sample.

in the spin mixing conductance (G↑↓) induced by C60 [5; 192]. However, G↑↓ is

related to the spin transparency of the YIG/Pt interface, where the effect of the

molecular interface should be negligible [18]. If the C60 was inducing changes to

the spin mixing conductance, we would expect the effect of C60 in the SHMR

to be inversely proportional to the Pt thickness, which is not the case. When

discussing an interfacial effect, in this instance we referred to the Pt-C60 interface

and the fact that, as it would be expected that bigger changes are observed in

the SHMR and AMR of thinner Pt wires (< 2.5 nm), whereas for thick wires (>

15 nm) the effect of the C60 overlayer is small or negligible.

As shown in figure 4.20, the SHMR vs T data cannot be fitted as a change

in the spin-mixing conductance whilst keeping the spin Hall angle constant be-

tween Pt and Pt/C60. These spin mixing conductance values are between 1 ×
1013 Ω−1m−2 and 1 × 1015 Ω−1m−2. However, doing the opposite, allowing a
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Figure 4.19: LF-AMR for a YAG/YIG(40nm)/Pt(3nm)/C60 sample measured

at 10 K with an out of plane, perpendicular field. The figure shows the correlation

between the magnetization and LF-AMR.

change in the spin Hall angle between Pt and Pt/C60 whilst keeping the same

spin-mixing conductance, works well for all datasets.
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Figure 4.20: Curves where we fix the ΘSH and allow the spin mixing conductance

to change by up to two orders of magnitude cannot fit simultaneously the results

for both Pt and Pt/C60. The value used in this fit is 4× 1014Ω−1m−2 [6]. We can

therefore conclude that the ΘSH has changed.

Furthermore, no increase in ferromagnetic resonant damping proportional to

G↑↓ of YIG/Pt with C60 interfaces was observed (See Fig. 4.21) [18; 193]. We

have done the design and the samples fabricate but the measurements have been

done in University of Cambridge with by Chiara group. FMR results show that

the damping in the ferromagnetic resonance of YIG with Pt is not affected by

the presence of the C60. This is not consistent with a change in spin-mixing

conductance, as the damping should increase in that case. This further confirms

that changes to the effective SOC are the most likely explanation to the enhanced

SHMR.
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Figure 4.21: FMR damping in YIG(40 nm)/Pt(2.5 nm)/Al(5 nm)/C60(50 nm)

and YIG(40 nm)/Pt(2.5 nm)/C60(50 nm) samples. An Al layer is added to de-

couple the Pt and fullerenes in the control sample, rather than removing the C60.

This is to have the same layer (C60(50)) in contact with the microwave waveg-

uide, avoiding impedance coupling changes. Both metallo-molecular bilayers were

grown on the same GGG/YIG(40) sample, previously diced. The relatively high

damping is due to the small thickness of the YIG layer, used to maximise the

effect of the Pt layer. The damping, proportional to the spin mixing conductance,

is not increased by the presence of the molecular interface. FMR measurements

courtesy of Dr. Chiara Ciccarelli and James Pratchett at Cambridge University.

Changes to the spin-mixing conductance would not result in an enhanced

AMR of the Pt wire, whereas an enhancement in the effective SOC would result in

the observed increased low field AMR. The AMR is dependent on the anisotropy

and therefore on the SOC, not the spin mixing conductance or other mechanisms.

In many studies, the AMR has been indicated a SOC at an interface [194]. In our

AMR results a large contribution of strong SOC is enhanced by up to 700% with

the molecular interface, so by itself the LF-AMR could be enough to support our

hypothesis of enhanced SOC. Thus, as a whole (SHMR, AMR, FMR and DFT),

our results are more consistent with a change in the effective SOC and magnetic

moment acquired by the transport electrons mediated by the introduction of C60.
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Non-collinear band structure calculations enable analysis of the atom Pro-

jected (energy-dependent) Magnetization Density (PMD) for different Pt and

Pt/C60 film thicknesses. The PMD is therefore correlated with the magnitude

of spin-dependent scattering effects and what we term the effective SOC. In all

cases, the simulations carried out by Dr. Teobaldi and colleagues find the PMD

for the in-plane (x,y) magnetic moment components (mx,y) to be larger than for

the out of plane one (mz). It is also possible to observe an enhancement of the

PMD oscillation magnitudes due to the adsorption of C60. The effect becomes

smaller as the Pt thickness increases from 1.1 nm to 2.5 nm and 3.9 nm, cor-

related with the SHMR values in Pt/C60 (Fig. 4.22). The differences in PMD

between the C60/Pt and Pt systems document the role of the Pt/C60 interfacial

re-hybridization, and ensuing changes in the electronic structure, for enhancing

SOC-related anisotropies and spin transport in Pt-based systems. The DFT sim-

ulations show that C60 brings a significant increase in the effective SOC and

ensuing in-plane magnetization acquired by the electrons flowing in the current,

consistent with our experimental results.

Figure 4.22: DFT simulations of the in-plane magnetic moments and experi-

mental SHMR, normalized to the largest calculated (|mxy|) or measured value

(SHMR) as a function of the Pt thickness.
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4.4 Annealing effects on platinum

4.4.1 Annealing effects on Pt by TEM

YIG(40 nm)/Pt(2nm)/C60(50nm)/Al(2nm) samples annealed at 250 ◦C were im-

aged using TEM. This method is utilised to characterise the interfaces further

and offer information on inter-diffusion, uniformity and crystallinity after anneal-

ing. A cross-sectional TEM image of the annealed Pt wire is shown in figure 4.23.

Here, there is a lot of Pt (3-5 nm) diffusion layer into the YIG.

Figure 4.23: (a,b) Cross-sectional transmission electron microscope image of the

annealed Pt wire on a YIG substrate. (b) There is a clear diffusion layer of Pt

into the YIG.
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4.4.2 Annealing effects on Pt resistivity

The resistivity as a function of annealing temperature for Pt and Pt/C60 on a

YIG/GGG substrate is shown in 4.24 (a). Some of Pt goes into the YIG which

increase the resistivity in both Pt and Pt/C60 but in Pt/C60 the interface is

improved so more conductance at Pt/C60 interface. The typical form of the

annealed platinum resistivity describes ρ vs T for metals, which is consistent

with earlier experimental results. As discussed in the beginning of the chapter

the resistivity for Pt with C60 is lower than for bare Pt wires due to charge transfer

and orbital re-hybridisation, contributing to the conductivity. After annealing,

the effect of C60 on the resistivity of Pt wires is further enhanced. As a result,

annealing reduces dimensional effects in Pt/C60, such as weak localization, which

has a smaller effect in Pt/C60 wire than in Pt wire. Also after annealing, the

resistivity of Pt/C60 decreases by about 30 % compare to unannealed Pt/C60.

Figure 4.24 (b) shows the RRR for annealing Pt and Pt/C60 at different Pt

thickness. The grain size will increase as the crystallinity improves (see TEM

4.23), and that will reduce scattering at grain boundaries, a term in the resistivity

that does not depend on temperature. Furthermore, C60 will also form a better

crystal structure after annealing, which will improve the hybridisation (more

carbon atoms close to Pt) and improve the conductivity of the hybrid interface.

The resistivity of annealed Pt wires as a function of metal thickness is shown in

figure 4.24 (c). The annealing shows the same pattern for the Pt resistivity as

function of sample thickness which is decreasing.
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Figure 4.24: (a) The resistivity of Pt is increased after annealing, while with

C60, the resistivity is deceased. (b) In comparison to annealing, the additional

conducting hybrid interface reduces boundary scattering and raises RRR. (c) As

the sample thickness decreases, the annealing Pt resistivity follows the expected

pattern for an NM.

4.4.3 Annealing effects on Pt SHMR

Figure 4.25 shows the SHMR (β angle) measured at 0.5 T before and after anneal-

ing at different temperatures. Annealing made the Pt wire have higher SHMR

than Pt/C60. The temperature at which the spin diffusion length of Pt equals the

thickness of Pt, frequently thought to be the SHMR peak temperature, is 75-100

K. However, for annealed Pt the SHMR maximum occurs at a lower temperature
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than unannealed Pt. As a result of the annealing, the spin diffusion length de-

pendence on temperature was changed. When we have better crystallinity, the

spin diffusion length is found to be longer and the peak moves to lower tem-

perature [92]. This is ascribed to a smaller temperature dependence of the spin

diffusion length , which could be due to a different resistivity of Pt. Furthermore,

as demonstrated in figure 4.25, the higher annealing temperature, the more the

SHMR of plain Pt increases at low temperatures.

Figure 4.25: (a) and (b) are SHMR for annealed Pt 1.6 nm and Pt 2.8 nm

respectively. The SHMR is reduced in Pt/C60 respect to annealing at 200-300
◦C. The annealed Pt SHMR peaks at lower temperature (around 25 K) while

unannealed Pt SHMR maximum occurs around 75 K.

The SHMR of plain Pt increases after annealing, but since the SHMR is

dependent on resistivity, it is possible that this is due to the higher resistance

and thinner Pt wire when Pt partly moves away from the wire. For Pt/C60, there

is also loose Pt, but the improved conductivity of the interfacial C60 layer reduces

the resistivity. This layer does not contribute to the SHMR directly because its

SOC is very low (it just enhances the SOC in the Pt), which would explain why

the SHMR is lower for Pt/C60 after annealing: the hybrid layer contributes to

the conductivity far more.
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4.4.4 Emergence of a uniaxial OOP anisotropy after an-

nealing

When measuring the SHMR out of plane at low temperatures in annealed Pt

wires, we note that the MR signal is not symmetric with the applied magnetic

field. The data that appears in figure 4.26 (a, b) shows when sample (Pt 2.8

nm) rotates from perpendicular to transverse (β angle). In (a) Low MR at zero

degrees in a positive field (+ 0.5 T) shows the same asymmetric field dependence

as measurements with the sample at 180 degrees in negative field (- 0.5 T). In

(b) the same sample (Pt 2.8 nm) has been measured at a higher field (3 T) where

the asymmetry is greatly reduced or disappears, which we assume is because the

high field is able to overcome the out of plane uniaxial anisotropy. Figure 4.26

(c, d) represents thinner Pt 1.6 nm, which has an opposite anisotropy to Pt 2.8

nm. At zero degree, the sample is out of plane. At positive field, the resistance

of Pt 2.8 nm is higher at zero degree and the resistance is lower at 180 degree. In

this case, there is out of plane an uniaxial anisotropy effect in YIG or YIG/Pt.

The effect is not dependent on the sign of the current as shown in figure 4.26 (e).

Reversing the current does not show opposite voltage. Thus, a Hall voltage effect

is excluded. Also, in figure 4.26 (f) the low AMR at 5 K shows a significant shift

in the positive magnetic field region.

According to previous findings [44; 151], gadolinium diffusing from the GGG

substrate into the YIG during the crystallization annealing process generates a

dead layer. The magnetic properties of YIG are affected by the dead layer, in

particular at low temperatures. This Gd diffused layer (gadolinium iron gallium

layer or GdIG) is magnetically dead above ∼100 K and antiferromagnetically

coupled to the YIG film below that temperature [151]. Therefore, if the GdIG

layer generates an OOP exchange bias at the origin of the uniaxial anisotropy, we

would expect that field cooling from above 100 K should invert the anisotropy,

and there should not be any anisotropy above ∼100 K. However, even from

room temperature, field cooling does not invert the anisotropy. As a result, the

Néel temperature for this antiferromagnetic layer is expected to be higher than

room temperature. Another reason why Gd diffused layer is unlikly is that the
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anisotropy is out of plane, whereas Gd diffused layer is most likely in plane [151].

Furthermore, annealing at 200-300 ◦C is unlikely to cause any change to the Gd

diffusion, given that the YIG film had already been annealed at 850 ◦C and these

high temperatures are required both to form a good crystalline YIG film and to

observe Gd diffusion from the substrate.

Another possibility is Pt diffusion during annealing in the YIG layer, forming

a different AFM coupling. As previously demonstrated in the TEM image shown

in figure 4.23, Pt diffuses into the YIG, in particular after annealing (the previous

TEMs before annealing also seem to show some Pt inclusions in YIG -as per our

paper). There is no reason for the out of plane AMR in YIG/Pt to saturate at

low fields unless the interface is behaving differently from bulk YIG. We already

showed in the hysteresis loop in figure 4.13 that the magnetic anisotropy for

the surface of Pt/YIG might be out of plane, so that could be the original for

the uniaxial anisotropy. We suggest that this Pt-YIG mixed top layer might be

responsible as well for the out of plane uniaxial anisotropy. We do not observe

a uniaxial anisotropy at room temperature, so this is a weakly magnetic layer

at room temperature, but it is more strongly coupled at low temperatures. The

only way to really check would be with magnetometry, but OOP measurements

of GGG/YIG are not possible.
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4.4 Annealing effects on platinum

Figure 4.26: (a) In both the positive (+0.5 T) and negative (-0.5 T) magnetic

fields, the Pt 2.8 MR signal is not symmetric with the applied magnetic field in

β angle. (b) The same sample (Pt 2.8 nm) has been measured at a higher field

(3 T). (c, d) Pt 1.6 nm shows opposite anisotropy to Pt 2.8 nm at low field (0.5

T) and high field (3 T). (e) The measurement at different signs of the current 1

mA and - 1 mA. (f) shows the change in low MR is not symmetric with field.

87



4.4 Annealing effects on platinum

The resistance differential (resistance at zero - resistance at 180 degrees) in

relation to temperature is shown in figure 4.27. The impact of raising the MR at

zero degrees is more temperature dependent for thinner Pt as it appears in Pt 1.6

nm but there is no effect in Pt 1.2 nm. The fact that we have no anisotropy in the

samples that are thinner, thicker and between those two samples and one sample

shows positive anisotropy and the second shows negative anisotropy that looks

almost like an oscillation. That is some sort of Ruderman Kittel Kasuya Yosida

(RKKY) interaction [195]. The RKKY means that two ferromagnetic lines are

parallel when they are very close, but become antiparallel when separated. The

a line does depend how close they are and also how far there are.

Figure 4.27: The resistance differential between a field at zero or 180 degrees, a

qualitative estimation of the out of plane anisotropy, as a function of temperature.

The difference shows the opposite sign for 1.6 and 2.8 nm and it is zero for samples

with thicknesses of 1.2, 2.2 and 3 nm. For Pt 2.8 nm the resistance difference is

nil at about 125 K but for Pt 1.6 nm is not until 200 K.
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4.5 Conclusion

In this chapter, the results show that molecular overlayers can enhance the ef-

fective spin orbit coupling of heavy metals, as observed in SHMR and AMR

measurements of Pt wires on YIG. Additionally, the molecular layers aid in dis-

tinguishing the origin of spin scattering mechanisms, such as the coupling with

YIG surface magnetisation and a LF-AMR measurable at high temperatures. The

enhancement of the effective SOC with molecular interfaces has a wide range of

applications, e.g. to reduce the current densities in spin transfer torque memories.

The annealing process plays a crucial part in the research on the magnetic prop-

erties of YIG/Pt as we discuss its effects on the transport properties of Pt and

Pt/C60. The fact that the anisotropy is more evident or appears at higher fields

in annealed samples means there is a Pt-YIG magnetically active layer that could

be responsible for the out of plane uniaxial anisotropy observed in transport mea-

surements. Further work, e.g. magnetometry in optimised YAG/YIG/Pt layers,

would be needed to confirm this hypothesis.
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CHAPTER 5

Spin Hall magnetoresistance in YIG/Ta

and YIG/Ta/C60
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5.1 Introduction

Tantalum can be produced in one of two crystal structures: the stable BCC

α-phase or the metastable tetragonal β-phase [196]. The two phases are very

different and hence suitable for various applications. The different phases of

tantalum demonstrate considerable variations in electrical resistivity. The α-

phase has a resistivity of 10-60 µΩcm [197; 198], while the β-phase has a higher

resistivity (100-200 µΩcm) [199; 200]. The complete amorphous tantalum film

has a resistivity of more than 200 µΩcm [201]. The recent discovery of a large spin

Hall effect in β-Ta has reignited interest in this phase, which could be essential for

the development of next-generation magnetoresistive memory systems [74]. The

resistance of YIG/Ta systems varies from that of YIG/Pt systems depending on

magnetic field direction, which can be described using the framework of spin Hall

magnetoresistance [78].

This chapter introduces the transport measurements investigation of Ta and

Ta/C60 over a range of Ta thicknesses and temperatures. A metallic layer forms

at the interface between Ta and C60, allowing charge transfer from the metal

to the molecules. The SHMR measurements in this chapter were performed at a

field of 0.5 T (pure SHMR), where other field-dependent effects are comparatively

small once the YIG has been saturated. At low fields of 1-30 mT, there is again

an anisotropic magnetoresistance, as it was the case in YIG/Pt, and once more

it is enhanced for all temperatures and sample thicknesses by C60.

5.2 Spin Hall magnetoresistance in tantalum

5.2.1 Resistivity dependence on temperature

Tantalum wires were deposited by sputtering using the masking technique as de-

scribe in chapter 3. The method follows what we did in Pt deposition where we

grow 100 µm wide wires with 3.6 mm long. The Ta resistivity results particularly

are in contrast with the platinum resistivity. The resistivity displays the behavior

expected in a polycrystalline. Figure 5.1 shows the resistivity as a function of
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5.2 Spin Hall magnetoresistance in tantalum

temperature for YIG/Ta wires. Instead of the resistivity decrease as the temper-

ature is lowered, it is rising. The Ta wires have a resistivity of (1-2 µΩm) and a

negative temperature coefficient of (-500×10−6K−1), consistent with a sputtered

β − Ta phase [202]. Opposite to Pt, C60 increases the resistivity of Ta as shown

in figure 5.1.

There are repercussions to consider with a polycrystalline. At polycrystalline,

significant deviations to the weak scattering picture are commonly observed,

eventually leading to a change of sign of the temperature coefficient of resis-

tivity. The lack of any long-range order lowers the charge carrier mobility while

also raising the residual resistivity [203]. Anderson localization, a process for

impurity-induced bound electronic state creation at polycrystalline, is one promi-

nent explanation for this phenomenon [204]. Anderson theorised that the reduced

mobility of electrons in poor conductors may allow the lattice deformations to

self-trap electrons. This explanation is due to the existence of a strong-coupling

between the interplay of polycrystalline and lattice deformations in metals at high

temperatures [205].

Figure 5.1: (a). Resistivity temperature dependence for a plain 4 nm thick Ta

wire is shown in black color and red color for Ta with C60. The resistivity has the

opposite temperature coefficient to Pt and conventional crystalline metals. The

resistivity ratio of Ta wires without and with C60 is presented in (b).
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5.2 Spin Hall magnetoresistance in tantalum

From figure 5.2 (a), it can be seen that the resistivity does not follow the

same pattern as conventional metals. The resistivity does not decrease with

increasing thickness either. Below 5 nm, especially with C60, the resistivity with

respect to Ta thickness makes a sharp drop as the material begins to exhibit NM

temperature characteristics. The boundary scattering contributes to increase the

RRR factor for Ta vs. Ta/C60, but the RRR ratio for Ta/C60 is roughly linear

with Ta thickness. A lower RRR ratio is found for Ta/C60, which we attribute to

exist less phonon contribution as shown in 5.2 (b).
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(a)

(b)

Figure 5.2: (a) The general shape of the Ta resistivity does not follow what is

expected for a NM as a function of sample thickness. The RRR of Ta and Ta/C60

wires on YIG/GGG are presented in (b). A lower RRR ratio is found for Ta/C60.

5.2.2 Field dependence

We measured the resistivity of YIG/Ta wires in out of plane (perpendicular, or

β angle = 0) magnetic fields of up to 3 T. The results are shown in figure 5.3.

There is independent of the magnitude of the applied field above the saturation
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5.2 Spin Hall magnetoresistance in tantalum

field of the YIG as the same Pt magnetoresistance field dependence. In YIG/Ta,

a C60 overlayer increases the resistance rather than reducing it as in Pt, both

the SHMR up to 0.15 T and the polynomial MR linear, in the case of Ta at

higher fields are enhanced. The Ta-C60 hybridisation may be due to their acting

as scattering centres and adding to the polycrystalline or because the electron

transfer is changing the DOS of Ta in such a way that the carrier density near

the Fermi energy is significantly reduced.

(a)

Figure 5.3: MR in a 4 nm thick Ta wire with a perpendicular magnetic field at

75 K. For YIG/Ta samples, the C60 layer increases both the SHMR due to spin

accummulation (saturated with the OOP YIG magnetisation at ∼0.2 T), and

also increases the high field linear contribution. This is opposite to the case of

Pt, and may be related to the enhanced resistivity observed in Ta/C60 samples.
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5.2.3 Tantalum Fitting of Transport Measurements

As in platinum, the SHMR of Ta wires on YIG/GGG is obtained by fitting the

change in resistance with the angle β in a magnetic field of 0.5 T. Figure 5.4

shows an example of this fit for a Ta wire and its Ta/C60 partner. The SHMR vs

temperature data is fitted to calculate the change in spin Hall angle between Ta

and Ta/C60 whilst keeping the same spin-mixing conductance.

The same parameters and equations as for platinum are used to fit the Ta

data. Figure 5.5 shows an example of this fit applied to a Ta wires of different

thickness and their Ta/C60 partners. The data fits a simple linear trend until

approximately 25 K, when the effect increases for thicker Ta wires. The thickest

Ta wires show a sharp rise in the SHMR at low temperatures instead of flattening

out as it happens with Ta/C60 wires. Theses wires could not be fully fitted with

the standard model in equation 2.9 due to the upturns in SHMR at the low

temperature. The cause of this upturn in the SHMR for plain Ta wires is probably

due to a positive contribution from a different MR that becomes stronger at low

T. However, for Ta/C60 the fit shows a good match to the data across the full

temperature range.
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5.2 Spin Hall magnetoresistance in tantalum

Figure 5.4: Examples of SHMR fits to cos(β)2. Resistivity and magnetoresistance

measured at 50 K for Ta wires 4 nm thick without (a) and with (b) a 50 nm C60

overlayer, grown on a GGG/YIG(170 nm) substrate. The applied field for these

measurements is 0.5 T.

5.2.4 Thickness dependence of the SHMR in tantalum

The full temperature SHMR dependence was measured for different Ta thickness

as shown in figure 5.6 (a). The measurements are done at 0.5 T in the transverse

to perpendicular configuration (β angle). The SHMR in general trend increases

as the temperature is lowered to around 50 K. This temperature is when the
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(a) (b)

Figure 5.5: The SHMR data fitting for different Ta thicknesses as a function of

temperature. (a) The thickest Ta wires could not be fitted due to the upturns

in SHMR at the low temperature region. (b) The upturn in the SHMR at low

temperatures for Ta/C60 is absent.

spin diffusion length of Ta equals the Ta thickness. There is a deviation at

low temperatures approaching 10 K which is not consistent. The maximum in

the Ta SHMR occurs at a lower temperature than for platinum. Figure 5.6

(b) shows the SHMR ratios between YIG/Ta and YIG/Ta/C60 for different wire

thicknesses. As it happened in Pt wires, the SHMR is larger with a C60 overlayer

for all temperatures and thicknesses, but the ratio is almost constant for all

temperatures, whereas in Pt the temperature dependence is very different for

thick (> 2.5 nm) and thin (< 2.5 nm) wires. Here, the conducting layer at the

interface is more likely not dependent on the Ta thickness. Contrary to what

happens in Pt, for the thinnest measured films of 1.5 nm, the conducting layer

at the interface adds an effective thickness to the Pt.
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(a) (b)

Figure 5.6: (a) SHMR for Ta and equivalent Ta/C60 wires of different thicknesses

on GGG/YIG(170 nm) films. The SHMR is higher in Ta/C60 for all temperatures

and thicknesses. (b) Ratio of the SHMR for different temperatures and Ta wire

thicknesses.
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5.2 Spin Hall magnetoresistance in tantalum

The SHMR in tantalum is presented as in platinum with the same angular

dependence. The data in figure 5.7 shows a similar SHMR and ΘSH effects to

the platinum, with the SHMR reaching a maximum for 3 nm thick Ta wires. The

maximum at 3 nm thickness is higher than what we found in platinum which

points out that the spin diffusion length is larger. Fitting the data extracts a

higher spin Hall angle for Ta wires with C60. The results are similar to Pt, albeit

with smaller effects (both the SHMR and the change induced by C60), which

shows reproducibility and an effect consistent with changes to the effective SOC.

Figure 5.7: (a). SHMR measured at room temperature for Ta and Ta/C60 wires

of varying Ta thickness. The SHMR follows a similar thickness dependence as

platinum but with a maximum that occurs at a larger thickness. The molecular

interface enhances the SHMR for all samples which results higher ΘSH for Ta wire

with the molecular overlayer in (b). The applied field for these measurements is

0.5 T.

The SHMR shows a modest increase with C60 at lower thickness, as seen

in figure 5.7. This enhancement is about 60 % in thinner samples and it is

about 140 % in thick samples. It is necessary to conduct MR up to 3 T at

different thicknesses to explain the smaller C60 enhancement at lower thickness,

as illustrated in figure 5.8. The measurements at higher applied magnetic fields
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could be confirmed by other contributions to the MR. This could be an indicator

of weak localisation, which is expected to be smaller in thick samples [181].

Figure 5.8: MR in Ta and Ta/C60 measured at 5 K in fields up to 3 T in

perpendicular to transverse (β) configuration. Note that values will include the

SHMR and other contributions, in particular above 0.5 T. (a,b) The MR increases

with increasing magnetic fields, but the C60 wire does not have a higher value.

The higher C60 enhancement at thicker thickness is shown in (c and d).

To continue our investigation into the origin of the smaller SHMR enhance-

ment for the thinner samples, the Ta (2.5 nm) wires were also measured at differ-

ent fields and temperatures. At a temperature above 50 K, the C60 contribution

is obvious. The temperature effect points as well to weak localisation in thin
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Ta thickness [172]. Thus, the weak localization effect is much stronger at low

temperatures as shown in figure 5.9.

Figure 5.9: (a) MR in Ta 2.5 nm and Ta/C60 measured at 5 K in fields up to

3 T in perpendicular to transverse (β) configuration. Measurement temperature

included in the graph. (b-d) At 100 K, 200 K, and 290 K, the MR is enhanced by

C60, but not at 5 K, where we expect the strongest quantum dimensional effects,

i.e. weak localisaiton.
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5.2.5 Low Field AMR in Ta

For Ta grown on YIG, an additional change in resistance is observed at low

magnetic fields when the direction of an applied magnetic field is changed with

respect to the electrical current. Similar to Pt, a molecular enhancement of the

low field AMR is observed for Ta wires. Magnetoresistance in the perpendicular

configuration for Ta and Ta/C60 is shown in figure 5.10, with the low field AMR

as an inset on right.

(a)

Figure 5.10: When sweeping the magnetic field, the low field AMR is obtained.

Ta wires show a molecular increase in the low field AMR, similar to Pt wires.

Figure 5.11 shows the LF-AMR, which is characterised by the existence of

peaks of opposite sign for magnetic fields perpendicular or longitudinal to the

current, respectively. The low field position of the out-of-plane LF-AMR peak

could point again to a YIG surface layer with an out-of-plane easy axis or, at

least, not a strong in-plane anisotropy. The LF-AMR has the same shape and

peak position with or without a molecular overlayer, but the magnitude is larger

when C60 is present.
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Figure 5.11: (a) Perpendicular LF-AMR for GGG/YIG(170)/Ta(4)/C60(50),

thicknesses in brackets in nm. (b) The perpendicular LF-AMR peak position

and width are increased in steps as the temperature is reduced. (c) Different

temperatures of LF-AMR comparison between YIG/Ta and YIG/Ta/C60. (d)

LF-AMR measured at an out of plane, perpendicular field for Ta and Ta/C60

wires of varying Ta thickness. The molecular interface enhances the AMR for all

samples.
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5.3 Conclusion

In this chapter, the results show that molecular overlayers can enhance the effec-

tive spin orbit coupling scattering of Ta wires on YIG, as observed in SHMR and

AMR measurements. We found that the Ta wires had a resistivity of (1-2 µΩm)

and a negative temperature coefficient of (-500×10−6K−1), which is consistent

with a sputtered β−Ta phase [202]. Ta resistivity exhibits a polycrystalline, with

significant departures from the weak scattering image, finally leading to a shift

in the sign of the temperature coefficient of resistivity. One common explanation

for this phenomena is Anderson localization, a mechanism for impurity-induced

bound electronic state formation at polycrystalline. The metal-C60 hybridisation

points act as scattering centres and add to the polycrystalline (more scattering

centres at the hybridised interface where C60 couples with Ta). It is possible that

the electron transfer is changing the DOS of Ta in such a way that the carrier

density near the Fermi energy are significantly reduced. That why the linear MR

in Ta was stronger for Ta/C60 than plain Ta. Furthermore, the molecular layers

help in determining the origin of spin scattering processes such as YIG surface

magnetisation coupling and an LF-AMR observable at high temperatures.
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CHAPTER 6

Spin Hall magnetoresistance in YIG/PtMn

and YIG/PtMn/C60
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6.1 Introduction

PtMn is an antiferromagnet (AFM) material that is used as a pinning material

in exchange bias systems for practical applications because of its strong pinning

field and high blocking temperature [206; 207; 208]. As-deposited PtMn/FM

bilayers, on the other hand, displays no exchange bias because thin film PtMn is

paramagnetic rather than antiferromagnetic [209]. Also, in this project, PtMn is

more likely to be a range of stoichiometries and paramagnetic species.

Here, we have studied the spin Hall magnetoresistance for YIG/PtMn with

and without C60. PtMn has been shown to have a strong spin Hall effect [210].

We aim to: investigate the mechanisms that generate spin orbit scattering at the

hybrid conducting interface and maximise the effect. We hope in the future to

use the Mn L2,3 edge to do Near edge X-ray absorption fine structure (NEXAFS)

and XMCD measurements of changes induced by C60. However, due to covid and

limited access to facilities, we have not had a chance to do the experiments. Also

in this chapter, we investigate the SHMR and AMR before and after annealing.

Cross-sectional high resolution TEM measurements in figure 6.6 were performed

by Dr. Damien McGrouther and Dr. Tim Moorsom in University of Glasgow.

However, we have done all of the design, sample fabrication and analysis of the

images.

6.2 Spin Hall magnetoresistance in PtMn

6.2.1 Resistivity dependence on temperature

Sputtering was used to deposit PtMn wires using the masking technique described

in Chapter 3. The method is the same as in the previous two chapters, with

wire widths of 100 µm and lengths of 3.6 mm. The effects of PtMn resistivity

are distinct from those of platinum resistivity. The resistivity behaviour of a

polycrystalline metal can be anticipated. The resistivity of PtMn as a function of

temperature is shown in figure 6.1. As the temperature is reduced, the resistivity

rises instead of decreasing. The resistivity of the PtMn wires is (0.4 - 0.5 µΩm), of
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the same order as the resistivity reported in other studies [211]. As shown in figure

6.1, the resistivity of PtMn/C60 is higher than for PtMn. This is the opposite to

what happened with plain Pt vs Pt/C60 but the same as what happened with Ta

wires, which showed as well a negative thermal coefficient for the resistivity.

Figure 6.1: (a). The relation between the resistivity and the temperature for a

plain PtMn wire is shown in black color and red color for PtMn with C60. The

resistivity ratio of PtMn vs. PtMn/C60 is presented in (b).

The resistivity does not follow the same pattern as that of a regular metal,

as shown in figure 6.2 (a). As the thickness is increased, the resistivity does not

decrease. The RRR factor for PtMn/C60 vs. PtMn (Fig. 6.2 (b)) is higher due

to boundary scattering, but the RRR ratio for PtMn is more linear as the PtMn

thickness increases. PtMn has a lower RRR ratio, which we attribute to the

presence of less phonon contribution, as seen in figure 6.2 (b).
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(a) (b)

Figure 6.2: (a) The PtMn resistivity as function of sample thickness. The RRR

of PtMn wire with PtMn/C60 are presented in (b). A higher RRR ratio is found

for PtMn/C60, which we attribute to less boundary scattering.

6.2.2 Out of plane magnetoresistance

We carried out measurements of the MR with fields along the YIG’s hard axis, and

in plane (easy axis) as shown in figure 6.3 (a). The same Pt magnetoresistance

field dependency exists regardless of the magnitude of the applied field above the

YIG saturation field, i.e. between ∼0.25 and 3 T. Both the SHMR is not fully

saturated until 0.25 T, and the MR at higher fields are enhanced in PtMn/C60,

where the C60 raises resistance rather than decreases it as in Pt. In particular,

with PtMn/C60 as shown in figure 6.3 (a), the curve is obviously not parabolic,

but rather proportional to B0.5. This additional MR in PtMn/C60 agrees with the

emergence of weak antilocalization [91]. Figure 6.3 (b) shows the perpendicular

MR for PtMn/C60 as a sample thickness. The thinner region of a sample is

where finite size effects are observed most acutely [212]. The magnitude of MR

for PtMn (1 nm) with an applied field of 3 T is 9×10−4, which is much stronger

than for thicker samples. The comparison of MR at room temperature and at 5

K is shown in figure 6.3 (c). Based on this, we can validate the existence of weak

antilocalization in PtMn/C60 where higher MR is seen in thinner thicknesses and
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at low temperature. Figure 6.3 (d) shows the magnetoresistance determined in

the β plane at room temperature with a magnetic field of up to 3 T.

Figure 6.3: MR in PtMn and PtMn/C60 wires with a perpendicular (a) and in-

plane (b) magnetic field. Here for YIG/PtMn sample, the C60 layer increases the

MR due to spin accumulation, and also increases the polynomial contributions

opposite to platinum. (c) A negative contribution from a different MR that

becomes stronger at low temperature. (d) The SHMR increases with applied

magnetic field strength in a pattern similar to the platinum, where PtMn/C60

has higher SHMR.
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6.2.3 SHMR PtMn thickness dependence

As shown in figure 6.4 (a), the full temperature dependence of the SHMR was

measured for various PtMn thicknesses. The measurements were carried out at

a magnetic field strength of 0.5 T in a transverse to perpendicular configuration

(β plane). When the temperature is lowered to about 50 K, the SHMR pattern

vanishes. The small rise in SHMR below 50 K differs from the SHMR in Pt.

The primary difference is that at low temperatures, the PtMn SHMR drops to

zero. The MR then increases because of the emergence of other MR effects at

low temperatures. There is also a possibility of a dead layer at the interface

that becomes magnetic at low temperatures. Thus, it could impede the transfer

of angular momentum that the SHMR depends on. Also, the maximum in the

PtMn SHMR occurs at a higher temperature than that in Pt. The SHMR peak

for PtMn is around 250 K, while the peak for Pt is around 100 K. The peak

of the SHMR is identified as corresponding to the temperature when the spin

diffusion length equals to the thickness, as previously discussed in the Pt section

4.2.4 .For PtMn thicker than 2.5 nm, the SHMR is decreased due to spin flip

scattering. The interfacial C60/PtMn enhances the SHMR effect for all different

PtMn thicknesses. The maximum effect of the molecular layer takes place for the

thinnest layers (1 nm), as shown in figure 6.4 (b).
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Figure 6.4: (a) SHMR in PtMn alloy wires with and without a C60 interface. The

SHMR is higher in PtMn/C60 for all temperatures and thicknesses. (b) SHMR

Ratios between PtMn/C60 and PtMn wires.

6.2.4 Low Field AMR in PtMn

Like YIG/Pt and YIG/Ta, YIG/PtMn also exhibits a low field AMR, where an

additional shift in resistance is observed as the direction of the applied magnetic

field is changed in relation to the electrical current. As shown in figure 6.5 (a),
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LF-AMR is characterized by the presence of peaks, positive or negative depending

on the field direction. When comparing longitudinal and perpendicular MR, it

is worth noting that they exhibit the same coercivity (field dependence) for both

orientations, which is different from plain Pt. This is really what makes PtMn

very different from other MR, since it implies spontaneous magnetic ordering

playing a role.

(a) (b)

Figure 6.5: (a). Room temperature LF-AMR comparison between longitu-

dinal and perpendicular. (b) LF-AMR comparison between YIG/PtMn and

YIG/PtMn/C60. The curves are qualitatively the same, but the magnitude of

the effect is enhanced by the molecules.

Figure 6.5 (b) shows the LF-AMR in the perpendicular configuration for PtMn

and PtMn/C60. With or without a molecular overlayer, the LF-AMR has the

same shape and peak position, but the magnitude is greater when C60 is present.

This indicates that LF-AMR has the same coercivity with or without a molecular

overlayer, implying that the domain walls have the same micromagnetic configu-

rations. The molecular enhancement of the LF-AMR is similar to that of Pt and

Ta.
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6.2.5 Annealing effects on PtMn by TEM

YIG(40 nm)/PtMn(2nm)/C60(50nm)/Al(2nm) samples annealed at 250 ◦C were

imaged using TEM. This method is utilised to characterise the interfaces further

and offer information on inter-diffusion, uniformity and crystallinity before and

after annealing. A cross-sectional TEM image of the PtMn wire before and after

being annealed is shown in figure 6.6. What can be seen different before and after

annealing is that the crystallinity of PtMn looks better after annealing. The top

of the PtMn layer appears to be a little rough, as if it had aggregated during

annealing. Though there are two distinct crystalline zones visible at the bottom,

it appears to have good crystallinity. The PtMn alloying is rather good, and there

is clearly no full phase separation, although the elemental mapping appears to

show a thicker Mn layer that extends above and below the Pt to the film surfaces.

Figure 6.6: Cross-sectional high resolution of TEM images of the PtMn wire

on a YIG substrate. The images show the sample (a) before and (b) after an-

nealing using. The image in (b) after annealing shows good crystallinity and ion

distribution, with uniform distribution of Mn.
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6.2.6 Annealing effects on PtMn resistivity

The resistivity of PtMn as a function of annealing temperature is shown in figure

6.7 (a). After annealing, the resistivity is still characteristic of a polycrystalline

metal. As the temperature is reduced, the resistivity increases. Furthermore,

after annealing at 300 ◦C, the resistivity is increased by 10%. In contrast, the

resistivity of PtMn/C60 decreases as the annealing temperature rises as shown

in figure 6.7 (b). After annealing at 300 ◦C, the PtMn/C60 resistivity drops by

almost a factor two and, significantly, shows now the characteristic temperature

dependence of a conventional, ordered metal. Annealing improves the additional

conducting hybrid interface and it is likely that the hybridised layer will increase

during annealing temperature rises acting as a parallel conduction channel to the

polycrystalline PtMn. However, this metallised C60 layer has a relatively small

(compared to Pt) SOC, and therefore we expect it will not contribute to the

SHMR.

(a) (b)

Figure 6.7: (a) The resistivity of PtMn increases after annealing. (b) With C60,

the PtMn resistivity shows metallic behaviour for annealing temperatures of 250
◦C or above. We hypothesize this may be due to the additional conducting hybrid

interface improvements.
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6.2.7 Annealing effects on PtMn SHMR

The SHMR of PtMn wires annealed at 200 ◦C is shown in figure 6.8 (a). The

SHMR effect is reduced by about 20% in annealed PtMn samples. It is possible

that the decrease in annealed PtMn SHMR is due to PtMn wire degradation.

Figure 6.8 (b) shows the SHMR of annealed PtMn wire at 200-300 ◦C at all

temperatures and thicknesses. In comparison, as annealing temperatures rise,

the SHMR for PtMn/C60 increases. The molecular layer has the greatest effect

(factor 2 to 4 change) on thin films (1 nm) at room temperature, as shown in

figure 6.8 (b). The explanation for the increased SHMR in PtMn/C60 is that this

might be due to more non-spin dependent scattering, which in turn increases the

rate of spin flip scattering events. It means the scattering with grain boundary

and defects.

Figure 6.8: (a) SHMR comparison between PtMn alloy wires as sample grown

and annealed at 200 ◦C with and without a C60 interface. (b) The effect of the

molecular interface is further enhanced via annealing at 200-300 ◦C.
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6.2 Spin Hall magnetoresistance in PtMn

The spin Hall angle is extracted by fitting the SHMR data in figure 6.9 (a)

which is higher with the molecular overlayer. The thinnest film (1.5 nm) has a

high spin Hall angle, while the spin Hall angle for wires > 2 nm is lower as shown

in 6.9 (b). This could support the idea of using PtMn as a spin current detector

in antiferromagnets through the spin Hall effect [211].

Figure 6.9: (a). SHMR measured at room temperature for annealed PtMn and

PtMn/C60 wires of varying PtMn thickness. The molecular interface enhances

the SHMR for all samples which results higher ΘSH for PtMn wire with the

molecular overlayer in (b).
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6.2.8 Annealing effects on PtMn AMR

The longitudinal AMR for the same sample structure of YIG/PtMn (2 nm)/C60

was measured at a range of temperatures before and after annealing. Figure 6.10

shows the AMR was measured at different temperatures of 150 K. The field has a

significant impact on the longitudinal AMR. There is also clearly a difference be-

tween positive and negative fields. In the positive magnetic field region between

0 mT and 4 mT, domain pinning may occur, resulting in incompletely aligned

PtMn spins. This impact is diminished after annealing, while the magnitude

of the longitudinal AMR is increased. The fact that the MR narrows after an-

nealing points to a faster/smoother magnetisation reversal, i.e. less domain wall

formation and pinning. This might be because of better crystallinity.

Figure 6.10: The longitudinal AMR for the same sample structure of YIG/PtMn

(2 nm)/C60 measured before and after annealing at 150 K is shown. There is

formation of domain pinning which leads to incompletely aligned PtMn spins in

the positive magnetic field region between 0 mT and 4 mT.
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The temperature dependence of the LF-AMR for as-grown and annealed sam-

ples is shown in figure 6.11. For two different PtMn thicknesses, the full tem-

perature LF-AMR dependency was measured. Before annealing, the LF-AMR

increases in both as the temperature rises to about 250 K. After annealing, the

results show a significant improvement in the LF-AMR of up to 400 % at 100

K for PtMn (2 nm), see figure 6.11 (a). However, at high temperature this im-

provement drops to be even smaller than sample as grown. A thinner PtMn wire

(1 nm) after annealing shows a large increase in the LF-AMR of up to one order

of magnitude at 75 K, as shown in figure 6.11 (b). This MR enhancement with

annealing in the thin sample (1 nm) is still present at room temperature, with

a 35 % change. Therefore, we find that annealing has an effect on the thickness

dependent LF-AMR. It is likely that annealing improves the PtMn/C60 interface

as the sample gets thinner. This is because the magnetised Pt region contributes

more to the LF-AMR when the sample becomes thinner.

Figure 6.11: (a) and (b) display the annealing effects on PtMn(1nm)/C60 and

PtMn(2nm)/C60 Low AMR respect to temperatures. The LF-AMR of PtMn

(2nm) after annealing improved by up to 400 % at 100 K. As a result, the data

suggest that annealing influences thickness dependence.
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6.2.9 Conclusion

In this chapter, the results show that molecular overlayers can enhance the SHMR

in the PtMn, a transition metal alloy with AFM order in bulk. The molecular

layer has the greatest effect (factor 2 to 4 change) after annealing of 1 nm thick

films and measuring at room temperature. This sample shows after annealing a

large increase in the LF-AMR of up to one order of magnitude at 75 K. The resis-

tivity for PtMn with C60 is lower than for bare PtMn wires possibly due to charge

transfer and orbital re-hybridisation, contributing to the conductivity. Annealing

improves the conducting hybrid interface and it reduces the contribution of poly-

crystalline scattering, so that PtMn/C60 wires may show a positive coefficient for

the resistivity with temperature after annealing. TEM measurements are utilised

to characterise the interfaces further and offer information on inter-diffusion and

crystallinity after annealing. As we describe the influence of annealing on sam-

ple interface characteristics, the annealing process plays a significant role in our

investigations.
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Conclusion and future work
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7.1 Conclusion

The efficient production of pure spin currents is attracting a lot of interest because

of its potential for spintronic devices. The spin Hall angle of a material is used to

estimate the conversion efficiency between charge currents and pure spin currents

[20; 21; 22]. Because it is associated with the torque exerted on ferromagnets, the

spin Hall angle is significant in systems such as spin-transfer torque memories [23].

A larger SHMR and therefore larger spin Hall angle, can result in lower operation

power and/or smaller switching currents for such devices. By tuning the SOC in

conventional magnetic insulator/metal structures with a molecular layer, we can

also differentiate spin transport effects based on their physical origins.

The impact of molecular overlayers on the spin Hall magnetoresistance and

anisotropic magnetoresistance of heavy metals (Pt, Ta, and PtMn) has been

investigated. The SHMR and AMR have been studied based on the angular de-

pendence of the MR, considering the angles between spin vector, spin current and

electrical current. A conducting layer with high SOC is formed at the interface

between a heavy metal and molecules. The spin torque can be enhanced using

this layer, in particular for very thin films.

As discussed in chapter 4, YIG/Pt has been widely studied. The spin Hall

magnetoresistance for Pt/C60 at room temperature are up to a factor 6 higher

than for the pristine metals, with the spin Hall angle increased by 20-60 %. At

low fields of 1-30 mT, there is an anisotropic magnetoresistance, increased up to

700 % at room temperature by C60. The DFT results are more closely related

to the SHMR and spin-dependent scattering than the AMR, which is perhaps

more linked with the induced magnetism. The Given the dielectric properties

of molecules, this opens the possibility of gating the effective SOC of metals,

with applications for spin transfer torque memories and pure spin current dy-

namic circuits. The annealing process plays a crucial part in our research as we

discuss the effects of annealing on the transport properties of Pt and Pt/C60.

The fact that a uniaxial anisotropy is more evident or appears at higher fields in

annealed samples provides some evidence for Pt-YIG magnetically active layer.
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Some controversies remain, such as the origin of the AMR and the potential

magnetic proximity effect, where our measurements have helped to clear out the

connection between AMR (previously thought to disappear above ∼150 K) and

the magnetic structure of the YIG film surface.

In chapter 5, the resistance of YIG/Ta systems varies to that of YIG/Pt sys-

tems depending on magnetic field direction. We found that the Ta wires had a re-

sistivity of (1-2 µΩm) and a negative temperature coefficient of (-500×10−6K−1),

which is consistent with a sputtered β − Ta phase [202]. The Ta-C60 hybridisa-

tion points acting as scattering centres and adding to the polycrystalline. This

layer contributes to the transport, but in exchange the rest of the Ta has a lower

conductivity due to changes in the electronic structure. That why the linear MR

in Ta was stronger for Ta/C60 than plain Ta.

Finally, the findings of SHMR and AMR measurements of PtMn wires on YIG

before and after annealing demonstrate that molecular overlayers can improve

the spin orbit coupling of PtMn. The molecular layer has the greatest effect

(factor 2 to 4 change) after annealing on thin films (1 nm) at room temperature.

The explanation for the SHMR in PtMn/C60 is that this might be because of

increasing non-spin dependent scattering, which in turn increases the spin flip

scattering event. Also, the thinner PtMn after annealing shows a large increase

in the LF-AMR of up to one order of magnitude at 75 K. The annealing improves

the PtMn/C60 interface in thinner sample. This is more likely that the magnetised

Pt region contributes more to the LF-AMR when the sample becomes thinner.

The resistivity for PtMn with C60 is lower than for bare PtMn wires due to charge

transfer and orbital re-hybridisation, contributing to the conductivity. The TEM

measurement is utilised to characterise the interfaces further and offer information

on inter-diffusion after annealing.
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7.2 Future Work

Uncovering how spin scattering works in molecular interfaces with high spin orbit

coupling materials is still open to some interpretation and this will be topic

of future work. By using synchrotron radiation techniques, the emergence of

magnetic ordering [7; 213] and spin capacitance at molecular interfaces have been

observed [214]. Therefore, we could use this technique to probe the spin physics in

metallo-molecular interfaces on ferrimagnetic substrates via NEXAFS and XMCD

(Figure 7.1). These measurements will improve our understanding of fundamental

phenomena, such as spin orbit physics in hybrid interfaces, and it will open new

paths in the use of molecules to tune spin transport.

The prospective measurements could include:

• Explore SOC enhancement on the PtMn layer induced by the presence of the

molecular overlayers (C60, MnPc) by comparing the branching ratio of Mn

L3, L2 spectra in identical PtMn wires with and without the overlayers.

• Search of emergent spin and/or orbital moments in XMCD measurements at

the Mn edge under magnetic fields of PtMn wires 1 mm wide and 1.5 -

5 nm thick with and without molecular overlayers. Scanning wires grown

on the same YIG substrate will allow us to compare nominally identical

structures, except for their top interface. Measuring the Mn edge at the

PtMn/Mn-Pc interface will inform of the spilling of local spin polarisation

to the molecular layer.

• XMLD measurements at the carbon K-edge will allow us to determine if the

molecular orientation can play a role in the enhanced SOC.

As discussed in chapter 4, the out of plane uniaxial anisotropy observed in

annealed samples needs further study. This Pt-YIG layer should be non magnetic

above a certain temperature. The Néel temperature for this Pt-YIG layer has

not been reported yet. At the moment, we do not knew how and when this

antiferromagnetic layer forms. We have measued it on the cryostat, applying
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3 T and cooling from room temperature to 5 K, but we could not invert the

anisotropy. In future work, we will use SQUID with higher temperature (400

K) and magnetic field (7 T) and carry out OOP magnetometry measurements in

YAG/YIG/Pt samples.

Figure 7.1: Planned XMCD mapping of samples YIG/PtMn/[C60, MnPc] vs.

YIG/PtMn. Previous work shows that magnetic proximity in Pt-magnetic insu-

lating interfaces is very weak or absent [214; 215]. In contrast with that work, we

will study the spin orbit coupling of the metal with/without molecular overlayers

and the spin accumulation generated during an applied current.
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[49] W. Krätschmer, “Fullerenes and fullerites: new forms of carbon,” Nanos-

tructured Materials, vol. 6, no. 1-4, pp. 65–72, 1995. 9

[50] H. Kroto, J. Heath, S. Obrien, R. Curl, and R. Smalley, “Long carbon

chain molecules in circumstellar shells,” The Astrophysical Journal, vol. 314,

pp. 352–355, 1987. 9

[51] J. Robertson, “Diamond-like amorphous carbon,” Materials Science and

Engineering: R: Reports, vol. 37, no. 4-6, pp. 129–281, 2002. xi, 9, 11

131



REFERENCES

[52] D. Sun, K. J. Van Schooten, M. Kavand, H. Malissa, C. Zhang, M. Groes-

beck, C. Boehme, and Z. V. Vardeny, “Inverse spin hall effect from pulsed

spin current in organic semiconductors with tunable spin–orbit coupling,”

Nature materials, vol. 15, no. 8, p. 863, 2016. 9, 10

[53] S. Liang, R. Geng, B. Yang, W. Zhao, R. C. Subedi, X. Li, X. Han, and

T. D. Nguyen, “Curvature-enhanced spin-orbit coupling and spinterface

effect in fullerene-based spin valves,” Scientific reports, vol. 6, p. 19461,

2016. 9

[54] S. Leach, M. Vervloet, A. Després, E. Bréheret, J. P. Hare, T. J. Dennis,
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