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Abstract

In this thesis we study magnetization dynamics in different systems comprising
of single-layer, multi-layer ferromagnetic and synthetic-antiferromagnetic (SyAF)
thin films using techniques of ferromagnetic resonance (FMR) spectroscopy and
spin transfer torque (STT) based FMR. In the first part, magnetic relaxation pro-
cesses following the dynamical excitation of the spin systems are investigated using
half-Heusler NiMnSb, a ferromagnet with the zinc-blende (inversion broken) crys-
tal structure, as a prototype system. The experiments, performed at several different
microwave frequencies and static magnetic field directions, enabled to observe a
strong in-plane anisotropy of the linewidth. We attribute the linewidth anisotropy
contribution to intrinsic Gilbert damping, extrinsic inhomogeneous broadening
and two-magnon scattering process, supporting this by calculations of possible

linewidth broadening mechanisms.

In the second part magnon-magnon coupling is studied in SyAFs and synthetic-
ferrimagnets (SyFs). We demonstrate the control of coupling in SyAFs via intrin-
sic and extrinsic symmetry breaking (SB) in symmetrical and asymmetrical SyAF
structures. In symmetrical SyAF there is an apparent mode crossing resulting from
degeneracy of two non-interacting modes which is protected by a two-fold rota-
tional symmetry. By tilting the external field we break this symmetry and an anti-
crossing gap appears demonstrating the extrinsic SB. The coupling strength can be
controlled by interlayer exchange field strength modification through growth and is
demonstrated experimentally. We also study asymmetrical SyAF structures referred
to as SyFs. An inherent SB exists in the SyF system which opens a gap even for an

in-plane field condition. We generalize a theoretical model in the macro-spin limit
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to describe the microwave absorption spectroscopy for the SB induced coupling in
SyAFs and SyFs.

In the last part we use technique of STT-FMR to study dynamics in SyAF and
multi-stack structures of Ni/Pt. Due to opposite polarization in two FM layers we
observe change in parity of two spin wave modes in SyAF. Spin orbit torques are
quantified in multi-stack structures of Ni/Pt and we show linewidth modulation with

current in these multi-stack structures.
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Impact Statement

The work presented in this thesis contributes to the fundamental understanding of
spin dynamics in different magnetic multi-layer and low symmetry, broken inver-
sion system and hence advances the research in the field of spintronics. In the case
of NiMnSb (non-centrosymmetric ferromagnet), anisotropy in damping is realised
and the different factors contributing to this anisotropic damping are studied. The
control of damping is important for efficient magnetization reversal and a large
value of intrinsic damping could speed up the writing process in memory devices.
The results presented reveal the key mechanism to engineer the Gilbert damping

and thus open a new pathway to develop novel functionality in spintronic devices.

The ability to reach strong coupling with many different excitations make
magnons an ideal platform for examining solid-state coherent dynamics and ex-
ploitation of its unique functionality. The magnon-magnon coupling in synthetic
antiferromagnets (SyAFs) is among the few reported works of strong coupling
achievable at room temperature. The rotational symmetry breaking by application
of external field at an angle allows the tuning of coupling strength. The in-situ
tuning capabilities and engineerable properties makes them promising for future
spintronic and high speed information processing applications. In asymmetrical
structures with either dissimilarity in thickness or material of two ferromagnetic
(FM) layers can induce magnon-magnon coupling without applying out-of-plane
field, by breaking inherent two-fold symmetry. This has been shown experimen-
tally in this thesis and we expect our result to enable device based SyAF spintronics
with microwave control of Neel vector. The parity control of spin wave excitations

has been reported for first time in SyAF and it is demonstrated that by the use of lo-
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cal spin torque excitations, the mode excitation symmetry of spin wave modes can
be changed. The manipulation of spin-orbit torque (SOT) by electronic structure
modification by growth has been shown in Ni/Pt multi-layers which elucidates the
importance of growth on SOT efficiency and its effect on various magnetic param-

eters and thus can be useful for future spintronic and magnonic nano-devices.



Contents

1 Introduction 13
2 Basic Background 18
2.1 Ferromagnetism . . . . . . . . . .. ... 18
2.2 Magnetic Interaction Energy . . . . . ... ... L. 20
2.2.1 Exchange Interaction . . . . . . .. ... ... .. ..... 21

222 ZeemanEnergy . . . ... ... ... L. 23

2.2.3 Demagnetization Energy . . . . . ... ... ... ... .. 24

2.2.4 Magnetocrystalline Anisotropy Energy . . . . . ... ... 25

2.3 Spin-dependent transport . . . . . . ... ... 27
2.3.1 Anisotropic Magnetoresistance (AMR) . . . ... ... .. 27

2.3.2 Giant Magnetoresistance . . . . . . . .. ... ... ... 29

2.3.3  Spin Hall Effect and Spin Hall magnetoresistance . . . . . . 30

2.4 Magnetization Dynamics . . . . . .. ... Lo 33
2.4.1 Landau-Lifshitz and Gilbert Equation . . . . . . ... ... 33

2.4.2 Ferromagnetic Resonance . . . ... ... ......... 35

2.4.3 Resonance condition . . . . . ... ... ... ... ... 36

2.5 Relaxation Mechanisms . . . . . . ... ... ... ... ..., 39
2.5.1 Gilbert mechanism . . . ... ... ... ... ..., 40

2.5.2 Two-magnon scattering mechanism . . . . ... ... ... 42

2.5.3  Ferromagnetic Resonance Linewidth Contributions . . . . . 43

2.6 Spin wave resonance . . . . . . ... e e e e e e e e 46

2.6.1  Magnetostatic spin waves . . . . . ... ... ... 47



Contents 9

2.7 Perpendicular standing spin waves . . . . . ... ... .. ..... 49
2.8 Current-induced torques in ferromagnets . . . . . . . ... .. ... 50

2.8.1 Spin-transfer torque (STT) and spin pumping . . . . . . .. 51
Experimental Setup and techniques 55

3.1 Coplanar waveguide based FMR: Creation of Static and Dynamic

fields. . . . . . . 55
3.1.1 Experimental Realization . . .. ... .. ......... 56
3.1.2 StaticField . ... ... ... ... .. . 56
3.1.3 Creation of the DrivingField . . . . . .. ... .. ... ... 57
3.1.4 Modulating field . . .. ... ... ... 58
3.2 Current Induced Ferromagnetic Resonance (CI-FMR) . . . . . . .. 60
3.3 Linewidth Modulation by DC currentbias . . . . .. .. ... ... 63

Relaxation of magnetization dynamics in non-centrosymmetric ferro-

magnet NiMnSb 65
4.1 Introduction . . . . . . . . .. ... 65
42 NiMnSbSample. . . . . ... ... ... ... .. . 69
4.3 Sample Growth and Film Characterization . . . . . . ... ... .. 71
4.4 Resonance measurements . . . . . . . . . ...l 75
4.5 Angular dependence of resonance field and linewidth . . . . . . .. 77

4.5.1 Magnetic field anisotropy . . . . . . ... 77

4.5.2 FMR linewidth anisotropy . . . . . . ... ... ... ... 80
4.6 Two-Magnon Scattering . . . . . . . .. ... 83

4.6.1 Out-of-plane linewidth frequency dependence . . . . . . . . 84

4.6.2 Out-of-plane linewidth angular dependence . . . . . . . .. 85
4.7 In-plane frequency dependence of linewidth . . . . . .. ... ... 91
4.8 Anisotropy of Gilbert damping and inhomogeneous broadening . . . 98
4.9 Exchange spin wave resonance in NiMnSb . . . . . ... ... ... 103

4.10 Conclusion . . . . . . . . e 106



Contents 10

S Tunable magnon-magnon coupling in synthetic antiferromagnets 108
5.1 Introduction . . . . . .. . .. .. ... 108
5.2 Synthetic-Antiferrromagnet sample . . . . . ... ... ... ... 110

5.2.1 Magnonmodes . . . . .. ... Lo 110

5.2.2 Sample growth and characterization by vibrating sample
magnetometer . . . . . . ... ... o 112
5.3 Spin Dynamics Characterisation . . . .. ... .. ... ...... 115
5.4 Magnon-magnon mode coupling . . . ... ... .......... 117
54.1 Coupling Strength . . . . .. ... ... . L. 119
5.5 Quantitative Description of magnon magnon coupling . . . . . . . . 120
5.6 Magnetization relaxation of magnonmodes . . . . . ... ... .. 121
5.7 TImpact of the Mutual Spin Pumping Damping on the Coupling . . . 126
5.8 Hybridisation and mode coupling in Synthetic Ferrimagnets . . . . 128
5.9 Sample growth and magnetometry characterisation . . .. .. ... 130
5.10 Spin Dynamics Characterisation . . . . . ... ... ... ..... 133
5.11 Asymmetric NiFe/Ru/NiFe samples . . . . . . .. ... ... ... 134
5.12 Asymmetrical CoFeB/Ru/NiFe samples . . . . .. ... ... ... 140
5.13 Coupling Strength variationwith @ . . . . . . ... ... ... ... 144

6 Ferromagnetic resonance driven by current-induced torque in mag-

netic multi-layer thin films 148

6.1

Current induced Spin wave excitation in Synthetic Antiferromagnets 149
6.1.1 Sample growth and patterning . . . . . .. ... ... ... 151
6.1.2  Vibrating sample magnetometer characterisation and inter-

layer exchange interaction . . . . .. .. ... ... .... 152
6.1.3 Microwave calibration . . . . . . ... ... ... ... 153

6.1.4 Torque symmetry of optical and acoustic mode excitations

(Topand Tae) . . . . o o oo 154
6.1.5 Spin Transfer Torque driven resonance in SyAF . . . . . . . 155
6.1.6  Analysis of Rectified Voltages . . . . ... ... ... ... 158

6.1.7 STT-FMR results for sample with Ru thickness 0.5nm . . . 164



Contents 11

6.1.8 Frequency dependence of the torque symmetry . . . . . .. 166

6.2 Spin Orbit Torques and Spin-Transport in Ni/Pt multi-layer films . . 168

6.3 Sample Growth, Patterning and characterisation . . . . . . .. . .. 169

6.4 Magnetoresistance measurements . . . . . ... ... ... ... 172

6.5 Microwave Calibration . . . . . . ... ... ... ......... 173

6.6 Characterisation by ferromagnetic resonance . . . . . . . . .. ... 174

6.7 Spintorquefields . . . . . ... ... o oo 179

6.8 Current induced linewidth modulation . . . . ... ... ... ... 184

7 Summary and Outlook 187
List of Publications from this Thesis 192
List of Presentations 193
Appendices 194
A Ferromagnetic Resonance in NiMnSb 194
A.1 In-plane configuration. . . . . . . .. ... ... ... ....... 195
A.1.1 Anisotropy in NiMnSbecrystal . . . . ... ... ... ... 195

A.1.2  Resonance condition for in-plane configuration . . . . . . . 196

A.2 Resonance condition for Out-of-Plane Configuration . . . . .. .. 198

B Point group symmetries of NiMnSb 201
B.1 Magnetic anisotropy tensors . . . . . . . . ... ... .. 201
B.2 Gilbertdampingtensors. . . . . . . ... ... 206

C Spin wave Mode Analysis in Synthetic Antiferromagnets 209

C.1 Parity and symmetry analysis of spin-wave modes in synthetic an-

tiferromagnets . . . . . ... Lo 209
C.2 Rectification voltages arising from acoustic and optical modes . . . 211
D Solutions of the coupled LLG equation 219

D.1 The eigenvalue problem and analytical expressions . . . . .. . .. 219



Contents 12

E Dynamics in Synthetic Ferrimagnets 224
E.1 Groundstate . . .. ... .. .. .. ... ... ... 224
E.2 Resonance frequencies . . . . . . .. ... ... ... ... ... 226

F Angle dependence of CI-FMR Lineshape 233

G Analysis of the DC voltage in Ferromagnet/heavy-metal bilayer system 237
H FMR setups 241

Bibliography 242



List of Figures

2.1

2.2

2.3

(a) Schematic representation of G-type of two-dimensional an-
tiferromagnet with two sub-lattices referred to as A (blue ar-
rows,pointing up) and B (red arrows, pointing down), (b) electronic
band structure, and (c) spatial distribution of the corresponding den-
sity of states. (d) Magnetization manipulation by application of
magnetic field in an antiferromagnet. The magnetic field rotates
the two moments until saturation is achieved at the spin-flip field.
Cases for field applied parallel and perpendicular to the easy axis

are shown. Fig. adapted from [36]. . . . . . ... ... ... ....

(a) Schematic representation of DMI generated by indirect ex-
change for (a) a triangle made of two atomic spins and an atom
with strong spin-orbit coupling (SOC). (b) at the interface of a fer-
romagnetic metal (grey) and a metal with large SOC (blue). The
DMI vector, D3, is perpendicular to the plane of the triangle. Fig.
adapted from [48]. . . . . . . .. ..

Resistivity plotted as a function of magnetic field for a ferromag-
netic conductor. With increase of Hey, the difference in resistivity
between the cases of p| and p increases due to magnetic domain

shifts within the ferromagnets. Fig. adapted from [57]. . . .. . ..



2.4

2.5

2.6

2.7

List of Figures

Schematics of electronic structure in a trilayer system composed of
two ferromagnetic layers separated by a non magnetic spacer in be-
tween for (a) when the two layers have opposite magnetization and
(b) when two layers have parallel magnetization. The correspond-
ing two current model is shown on right for (c¢) anti-parallel and (d)
parallel cases. The electrons experience a high resistance channel
for anti-parallel case and low resistance for the parallel case. This
shows clearly that the total resistance of two cases is different i.e

there is a magnetoresistance effect. Fig. adapted from [57]. . . . . .

A schematic illustration of (a) direct spin-Hall effect and (b) inverse
spin-Hall effect. Here, J., Js, r and Ejsyg refer to the charge current,
the spatial direction of a spin current, the spin-polarization vector
of the spin current and electromotive force due to inverse spin Hall

effect respectively. Fig. adapted from [63]. . . . . . . ... ... ..

A schematic illustration of SMR in a non-magnet/ferromagnetic in-
sulator (NM-FMI) interface. A charge current Jg gives rise to spin
current JSHE due to SHE which is counteracted by a diffusive cur-
rent JUT. When the magnetization M||s no spin current can enter
the FMI as shown in (a) but for M | s a part of spin current, JSSTT,
can enter the ferromagnetic layer causing a reduction of J3 and

leading to a spin current remaining in the non magnetic layer which

then increases the longitudinal resistivity. Fig. adapted from [65].

Schematic of magnetization dynamics. (a) The magnetization vec-
tor, M (brown) associated with total angular momentum, L, pre-
cesses counter-clockwise around the effective field He¢r (green) fol-
lowing the LL equation (i.e. no damping in the system, blue trace)
described by Eq. 2.24. (b), On introducing damping, the magneti-
zation follows a helical trajectory back to its equilibrium position,

described in the LLG equation (Eq. 2.25) towards the direction of

14

32



List of Figures 15

2.8 The coordinate system for a thin film which lies in the xy-plane and
%
the magnetization M of the film points in the direction of vector M.

The applied DC magnetic field points in the direction of vector ﬁ .37

2.9 Schematic representation of different possible paths of the relax-

ation of precessional motion of magnetization. Fig. adapted from

2.10 Schematic illustration of two damping mechanisms in ferromagnets

(a) LLG and (b) Bloch-Bloembergen damping. Fig. adapted from

2.11 Schematic showing the spin flip scattering process. Here, @(%) de-
notes the magnon (electron) wave vector, ¢ and c represent the

SPIN-StAtes. . . . . . . e e e e e 42

2.12 Schematic illustration of the spin-wave dispersion curve for differ-

ent orientations of the applied magnetic field. . . . . ... ... .. 43

2.13 Schematic representation of the frequency dependence of the FMR
linewidth for a thin film with in-plane magnetization showing differ-
ent contributions. AHj represents frequency independent linewidth.

Fig. adapted from [10]. . . . . . . . . ... ... .. ... ... .. 46

2.14 Ferromagnetic spin chain in ground state and excited state. The
spin-flip is smeared over the whole system creating a spin wave

with wavelength A. Fig. adapted from [93]. . . ... ... ... .. 47

2.15 Dispersion relation for backward volume spin wave (BVSW), sur-
face spin wave (SSW) and forward volume spin wave (FVSW) cal-
culated for 100 mT external magnetic field in a CoFeB waveguide
with thickness 30 nm. Two laterally confined modes are shown for
BVSW and SSW. Different mode profiles for the modes are shown

in the top panel. Fig. adapted from [99]. . . . . .. .. .. ... .. 48



List of Figures 16

2.16 Micromagnetic simulations showing dispersion relation for (a) sur-

face spin wave (SSW) (b) backward volume spin wave (BVSW)

and (c) forward volume spin wave (FVSW) calculated for 40 mT

external magnetic field in a NiMnSb waveguide with thickness 50

NI . oo e e e e e e e e e e e e e e e e e 49
2.17 Resonance field vs frequency dependence for uniform FMR mode

and PSSW mode in NiMnSb sample with thickness 38 nm. Fig

adapted from [102]. Right panel shows the micromagnetic simula-

tion for sample with thickness 40 nm and exchange stiffness con-

stant of 8 pJ/m. Both the modes can be clearly seen. . . . . . . . .. 50
2.18 Flow of spin current in a trilayer structure consisting of Ferromag-

net (F1)/non-magnet (N)/ferromagnet (F2) for (a) positive and (b)

negative current. (c) Schematic representation of damping torque

and spin transfer torque. Fig. adapted from [106]. . . . . . .. . .. 51
2.19 Spin pumping in a bilayer structure consisting of ferromagnet and

a non-magnetic metal. The magnetization pumps a spin current, I,

into the non-magnetic metal. Fig. adapted from [106].. . . . . . . . 53

3.1 A schematic illustration of experimental setup for FMR experiments. 56
3.2 (a) Geometry of the coplanar transmission waveguide, where the

central signal line of width, s, is separated by air gaps of width, w,

from the ground planes. The relation between s, w and h (thickness

of dielectric substrate) determines the impedance of the waveguide.

The signal line is used to carry a high frequency signal. The current

flow creates an Oersted field which is used to excite magnetization

dynamics. (b) shows the rf field distribution around the conductors

of the coplanar transmission line: dashed lines show the magnetic

field force lines, and the solid lines show the electric field force lines. 58
3.3 A schematic illustration of sample mounted on CPW. The sample is

placed face down (ferromagnetic layer in contact with signal line).

The right panel shows the side view. . . . . .. .. ... ... ... 58



3.4
3.5

3.6

3.7

4.1

4.2

4.3

4.4

List of Figures

A schematic illustration of the absorption FMR signal . . . . . . . .
A schematic diagram for CI-FMR measurement. The circuit inside
the red dashed line is the bias-tee. . . . . ... ... ... ... ..
[lustration of frequency mixing effect. The magnetization preces-
sion causes a time-dependent change in device resistance which
combines with the oscillating ac current inside the device, I cos(®t),
giving rise to an ac voltage component varying at double frequency
and a DC voltage component known as photovoltage. . . . . . . . .
A schematic diagram for DC bias controlled CI-FMR measurement.

The circuit inside the red dashed line is the bias-tee. . . . . . . . . .

Schematic of the crystalline cell structures with atom occupancy
(top panel) and electronic band structure (bottom panel) near the
Fermi level for L2i-type full-Heusler (left) and Cly-type (right)
half-Heusler alloys. Fig. adapted from [175]. . . . ... ... ...
(a) Crystal unit cell of GaAs, where the inversion partners are occu-
pied by different atomic species, hence making the unit cell globally
non-centrosymmetric, and results in non-zero net spin polarization.
(b) Crystal unit cell of NiMnSb, symmetry is analogous to that of
GaAs i.e zinc-blende structure [176]. . . . . . . . . . ... ... ..
RHEED image of the NiMnSb film for (a) 15 nm (b) 20 nm (c) 50
nm and (d) 100 nm film thickness measured with incident electron
beam along [110] and [110] directions. The real inplane periodicity
is given by the outer streaks. The streaks between the middle streak
and the outer streak are caused by 4 x 1 reconstruction for incident
beam along [110] direction. The RHEED streak reconstruction van-
ishes for incident beam along [110] direction. . . . . . . ... ...
Out-of-plane and XRD profiles obtained from 20 nm, 50 nm and
100 nm thick NiMnSb crystalline films deposited on GaAs (001)
substrate. The profiles along various scattering vectors g of GaAs

are ShOWN. . . . . . . . . . e

61

70

72



4.5

4.6

4.7

4.8

List of Figures

Hysteresis loops for in-plane applied field along GaAs [110], [110],
[100] and [010] for (a) 15 nm (b) 20 nm (c) 50 nm and (d) 100 nm.

The hard axis is [110] for all the samples as shown in the figure.

Typical absorption spectra induced by ferromagnetic resonance in
NiMnSb. a) Schematic of the ferromagnetic resonance excitation
in sample. Microwaves pass through the transmission line which at
an appropriate magnetic field can resonantly excite the sample. The
decrease in RF energy due to absorption on resonance is converted
to a DC Voltage by a diode. b) Crystal orientation of NiMnSb and
definition of the angles of magnetization, ¢y, and external magnetic
field, ¢y, with respect to [100] direction. c) Typical absorption
spectra for several selected frequencies measured at ¢y=-45" and
room temperature. Each spectrum can be fitted by combination of
symmetric and antisymmetric lorentzian function, from which the

FMR resonance field, H,.s and the linewidth, A H are obtained. . . .

(a-d) Microwave absorption from an in-plane rotational scan of ex-
ternal magnetic field as a function of applied magnetic field and
angle measured at 5 GHz for different sample thickness (a) 15 nm
(b) 20 nm (c) 50 nm and (d) 100 nm. (e-h) In-plane angular depen-
dence of FMR resonance field Hs obtained from fitting FMR scans
for different set of samples measured at 5 GHz. (i-j) Corresponding
linewidth, AH as a function of in-plane rotational angle for different

sample thicknesses. The solid lines represent the fitting. . . . . . . .

The inverse thickness (4~ 1) dependence of (a) Effective saturation
magnetization 47TM.g (b) Uniaxial in-plane magnetic anisotropy
field, upHy and (c) Biaxial in-plane magnetic anisotropy field,
UoHp. Note - The error bars are smaller than the marker on the

plots. . . ..

18

74

76



4.9

4.10

4.11

4.12

4.13

List of Figures

(a-d) Equilibrium magnetization angle, ¢\, as a function of mea-
sured magnetic field angle, ¢y, for different samples calculated
from Eq. 2.31. The external magnetic field is varied as a function of
¢y and the resonant frequency is kept fixed at 5 GHz. The dashed
line represents Pp=¢y. (e-h) 1/® and (i-1) dH;es/dPy calculated

from ¢\ and other FMR fit parameters for different samples. . . . .

Standard full film FMR measurements for out-of-plane rotation.
Typical FMR spectra at 6y = 0" and 90" for NiMnSb (15 nm). The
inset shows the out-of-plane angles of magnetic-field, 8y, and mag-

netization 6. Here, [001] denotes the out-of-plane (z-direction)

and [100], [010] denote x and y-directions respectively. . . . . . . .

Resonance field, Hes as a function of frequency for out-of-plane

magnetic field direction. The solid lines are the fit curves obtained

using Eq. 2.32. . . .. oL

Linewidth as a function of frequency for field applied perpendicular
to the film plane for which two-magnon is inactive. The solid lines
are the linear fitting curves. The value of Gilbert damping param-

eter, o, is obtained from the slope and the intercept corresponds to

the inhomogeneous broadening contribution AHy . . . . . . .. ..

(a-d) The resonance field H;s and inset (a) the equilbrium angle
Om as a function of out-of-plane angle Oy starting from different
in-plane angles for the sample with thickness 15 nm. The exper-
imental data is measured at 5 GHz. All the curves shown are re-
sult of numerical fits. (e-h) Linewidth AH as a function of out-
of-plane angle starting from different in-plane angles as in (a-d).
(i-1) Two-magnon linewidth components extracted by differentiat-

ing measured AH from other components as given in Eq. 4.6. The

curve is calculated by using the last term in Eq. 4.6. . . . . . . ..

19

82



4.14

4.15

4.16

List of Figures

(a-d) The resonance field H;s and inset (a) the equilbrium angle
Ovm as a function of out-of-plane angle 6y starting from different
in-plane angles for the sample with thickness 20 nm. The exper-
imental data is measured at 5 GHz. All the curves shown are re-
sult of numerical fits. (e-h) Linewidth AH as a function of out-
of-plane angle starting from different in-plane angles as in (a-d).
(i-1) Two-magnon linewidth components extracted by differentiat-

ing measured AH from other components as given in Eq. 4.6. The

curve is calculated by using the last term in Eq. 4.6. . . . ... ..

(a-d) The resonance field Hs and inset (a) the equilbrium angle
Om as a function of out-of-plane angle 6y starting from different
in-plane angles for the sample with thickness 50 nm. The exper-
imental data is measured at 5 GHz. All the curves shown are re-
sult of numerical fits. (e-h) Linewidth AH as a function of out-
of-plane angle starting from different in-plane angles as in (a-d).
(i-1) Two-magnon linewidth components extracted by differentiat-

ing measured AH from other components as given in Eq. 4.6. The

curve is calculated by using the last term in Eq. 4.6. . . . ... ..

(a-d) The resonance field H;s and inset (a) the equilbrium angle
Om as a function of out-of-plane angle Oy starting from different
in-plane angles for the sample with thickness 100 nm. The ex-
perimental data is measured at 5 GHz. All the curves shown are
result of numerical fits. (e-h) Linewidth AH as a function of out-
of-plane angle starting from different in-plane angles as in (a-d).
(i-1) Two-magnon linewidth components extracted by differentiat-

ing measured AH from other components as given in Eq. 4.6. The

curve is calculated by using the last term in Eq. 4.6. . . . . . . ..

20



4.17

4.18

4.19

4.20

4.21

List of Figures

Resonance field as a function of frequency for 15 nm sample for
different in-plane magnetic field angles between [110] and [110]

directions. The solid lines are fit obtained using resonance condition

giveninEq.4.4. . ... L

(a-j) Dependence of the linewidth, AH, on microwave frequency, f,
with H along different magnetic field angles between [110] (¢yg =
—45")and [110] (o = 45°) orientations. For different directions the
frequency linewidth data shows different slope. The solid red lines
are the fitting curves using Eq. 4.5. These results show that damp-
ing anisotropy emerges for 15 nm and the damping value gradually

increases from[100] to [110]. The dashed lines are calculated using

o =0.013 and o = 0.004 for [110] and [100] respectively. . . . . . .

Resonance field as a function of frequency for 20 nm sample for
different in-plane magnetic field angles between [110] and [110]

directions. The solid lines are fit obtained using resonance condition

giveninEq.4.4. . . ...

(a-j) Dependence of the linewidth, AH, on microwave frequency, f,
with H along different magnetic field angles between [110] (¢y =
—45")and [110] (o = 45°) orientations. For different directions the
frequency linewidth data shows different slope. The solid red lines
are the fitting curves using Eq. 4.5. These results show that damp-
ing anisotropy emerges for 20 nm and the damping value gradually

increases from[110] to [110]. The dashed lines are calculated using

o =0.017 and o = 0.007 for [110] and [110] respectively. . . . . . .

Resonance field as a function of frequency for 50 nm sample for
different in-plane magnetic field angles between [110] and [110]

directions. The solid lines are fit obtained using resonance condition

giveninEq.4.4. . . . ...
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(a-j) Dependence of the linewidth, AH, on microwave frequency, f,
with H along different magnetic field angles between [110] (¢yg =
—45") and [110] (g = 45°) orientations. The solid red lines are the
fitting curves using Eq. 4.5. The data for all angles could be fitted

with same o showing isotropic damping for 50 nm. The solid lines

lines are calculated using o = 0.002 for all directions. . . . . . . . .

Resonance field as a function of frequency for 100 nm sample for
different in-plane magnetic field angles between [110] and [110]

directions. The solid lines are fit obtained using resonance condition

giveninEq.4.4. . ...

(a-j) Dependence of the linewidth, AH, on microwave frequency, f,
with H along different magnetic field angles between [110] (¢y =
—45°) and [110] (¢ = 45") orientations. The solid red lines are the
fitting curves using Eq. 4.5. The data for all angles could be fitted

with same o showing isotropic damping for 100 nm. The solid lines

lines are calculated using & = 0.005 for all directions. . . . . . . ..

Magnetic-field angle dependence of inhomogeneous broaden-
ing parameter, AHjom, for different samples. AHjyhom Shows

anisotropic behaviour for all samples with a dominant four-fold

SYMMELTY. . o v v v v e et e e e e e e e e

Magnetic-field angle dependence of intrinsic damping parameter,
o, for different samples. o shows anisotropic behaviour for 15 nm

and 20 nm with a dominant four-fold symmetry for 15 nm and two-

fold symmetry for 20 nm and is isotropic for thicker samples. . . . .

(a) Schematic representation of FMR and PSSW modes in magnetic
film. Here d refers to the thickness of the film. (b) Resonance
curves for f = 10.8 GHz for 50 nm and 100 nm thickness. The
PSSW mode is seen on the left and FMR mode is seen on the right.

Exchange stiffness constant increases with film thickness leading to

shift of PSSW mode to right in thicker films. . . . ... ... ...
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2D colorplot of FMR absoprtion measured from scan of resonace
frequency f as a function of applied magnetic field for (a) 50 nm
and (b) 100 nm film thickness. (c-d) Resonance frequency f as a
function of resonance field for the uniform (FMR) mode and PSSW
mode for magnetic field applied at ¢y = -45° for 50 nm and 100
nm. The solid lines are the fitting curves. (e-f) Linewidth as a
function of frequency for FMR and PSSW mode extracted by fitting

the resonance spectra for (¢) 50 nm and (f) 100 nm. . . . . ... ..

(a-b) 2D plot of the resonance absorption measured from an in-
plane rotational scan of external magnetic field as a function of
applied magnetic field and angle at f =10.8 GHz for 50 nm and
f =8GHz for 100 nm. (c-d) In-plane angular dependence of FMR
resonance field H. obtained from fitting FMR and PSSW scans
for different set of samples. (i-j) Corresponding Linewidth, AH as
a function of in-plane rotational angle for different sample thick-

NESSCS. . . o o o e e s e e e e e e e e e

Resonance Spectra for FMR and PSSW modes obtained from rota-
tional scan of the in-plane applied magnetic field at f =10.8 GHz
for (a) 50 nm and (b) f =8GHz for 100nm. . . . .. ... ... ..

Schematic of synthetic-antiferromagnetic bilayers with (a) in-plane
magnetization, (b) out-of-plane magnetization. (c) Super lattice
structure. The arrows depict the direction of magnetization. RKKY
coupling and dipolar fields add (a) or subtract (b) depending on di-
rection of magnetization. Fig. adapted from Ref. [215]. (Note -

Sample geometry as in (a) has been used for this study.) . . . . . . .
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(a) Schematic of acoustic and optical modes in SyAFs. Two mo-
ments (m; and my) are coupled antiferromagnetically and canted at
equilibrium. Under microwave irradiation, they precess in-phase
(acoustic mode) and out-of-phase (optical mode) at different angu-
lar frequencies @, and @,p, respectively. O is defined as in the
figure, where the 7 axis is the film growth direction. 8 = 90" cor-
responds to the field applied in the sample plane. (b) Schematics
of the magnon-magnon coupling phenomena with the optical and
acoustic modes. When the exchange field (Bey) is small or two mo-
ments are within the film plane, the coupling strength (g) is zero, so
the two modes do not couple. The coupling strength can be valved

by tuning Bex and O and achieve strong magnon-magnon hybridi-

sation, as shown on the rightpanel. . . . . . .. .. ... ... ...

(a-b) Magnetization curve of the CoFeB (3 nm)/Ru (¢ nm)/CoFeB (3
nm) measured by vibrating sample magnetometer for (a) # = 0.5 and

(b) t =0.6. The black (red) curve is the experimental (calculation)

results. . . . . L e

Microwave absorption spectrum for g = 90°, measured at 13.4
GHz. Two magnetic field directions (BH and B ) are defined as

per the inset. Here, g = 90" corresponds to the field applied in the

sampleplane. . . . . . . ... .. ...

Individual field scans taken by measuring Ru 0.5 nm sample for

(a) different O and excitation frequency of 12 GHz, and (b) for

different frequenciesand @5 =90° . . . . . . ... ... ... ...

Microwave transmission spectrum as a function of frequency and
applied field for two configurations of applied magnetic fields (a)
B and (b) B, for 6g = 90°. (c)-(d) Theoretical results for the same

experimental conditions as Fig. (a) and (b) respectively. . . . . . . .
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(a-c) Microwave transmission as a function of frequency and ap-
plied field for different Og. The avoided crossing starts to appear as
Op is decreased and the frequency gap increases. (d)-(f) Simulation

results for the same experimental condition as (a)-(c), respectively.

(a-c) Microwave transmission as a function of frequency and ap-
plied field for different 8g. The avoided crossing starts to appear
and the frequency gap increases as 0g is decreased. Large coupling

gap can be seen at low angles. (d)-(f) Simulation results for the

same experimental condition as (a)-(c), respectively. . . . . . . . ..

Microwave transmission as a function of frequency and applied
field, for the sample with the Ru thickness of 0.6 nm for different
Og. Small gap opening corresponds to the weak exchange coupling

of the sample. Figures (e-h) plot simulation results for the same

experimental conditions as Fig. (a-d). . . ... .. ... ......

The coupling strength g./27 as a function of 8. The results from
two samples with the Ru thickness of 0.5 nm and 0.6 nm are plotted.

The 0.5 nm sample shows sizable g. /27, compared to much smaller

25

. 117

gc/2m for 0.6 nm. The red curves are produced by Eq. 5.6 given below. 120

(a-f) HWHM linewidth as a function of magnetic field for 6 of (a)
90" (b) 70° (c) 60° (d) 50° (e) 40" and (f) 25" for sample with Ru

thickness 0.5 nm. Solid lines represent results from the theoretical

model discussed in AppendixD. . . . ... ... ... ... ...

(a) Extracted values of damping parameters from HWHM fittings
for sample with Ru thickness 0.5 nm (b) Calculated loss rates of

each mode at the crossing point as well as those of the hybridised

modes. . . .. . e

(a-f) HWHM linewidth as a function of magnetic field for 8 of (a)
90° (b) 25° for sample with Ru thickness 0.6 nm. Solid lines rep-

resent results from the theoretical model discussed in Appendix D.

122
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5.14 (a) Extracted values of damping parameters from HWHM fittings
for sample with Ru thickness 0.6 nm (b) Calculated loss rates of
each mode at the crossing point as well as those of the hybridised

MOdES. . . . . e e e e e 125

5.15 Simulated loss rate (left panel) and resonance frequency (right
panel) of the acoustic (red) and optic (blue) modes as a func-
tion of applied magnetic field at an angle of g = 27° for differ-
ent multiples of the mutual spin pumping damping o, = 0.0255.
These are produced by solving Eq. D.20 (see Appendix D) with
other parameters of Bs = 1.583 T, Bex 1 = 0.14 T, Bex o = 0.0065 T,
yY/2n =29 GHz/T and 0y =0.0155. . . . . .. .. ... .. ... 126

5.16 Schematics of magnon-magnon coupling phenomena in Synthetic
Ferrimagnet. Two moments are coupled antiferromagnetically and
at certain magnetic field they enter into spin-flop regime. 0 is de-
fined as shown in the figure where z is the growth direction of the
film. The asymmetry in structure breaks the rotation symmetry of
magnetization and cause the coupling. When the two moments are

in the film plane coupling is weak and can be tuned by varying 6. . 130

5.17 (a-e) Normalized M-H loops for different set of samples (a)
Ta/NiFe(5)/Ru(0.4)/NiFe(3)/Ta (b) Ta/NiFe(3)/Ru(0.4)/NiFe(5)/Ta
(c) Ta/NiFe(1.5)/Ru(0.45)/CoFeB(3)/Ta (d) Ta/NiFe(1.5)/Ru(0.5)/CoFeB(3)/Ta
and (e) Ta/NiFe(1.5)/Ru(0.55)/CoFeB(3)/Ta. The field is applied
along the in-plane easy axis. The solid lines are fit obtained by
calculating magnetization corresponding to equilibrium angles of
magnetization for two FM layers shown in (f-j) obtained by mini-

mization of free energy equation. . . . . . . ... ... ... L. 131
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(a) Sketch of measurement geometry. FMR spectra are obtained by
placing the sample on a CPW. A microwave current is injected into
the CPW signal line that produces a nearly uniform excitation field.
On resonance absorption is measured as shown in (b) for the up-
per (High frequency) and (c) lower (low frequency) modes.(d) Mi-
crowave transmission as a function of frequency and applied field
for NiFe(5)/Ru(0.4)/NiFe(3) at in-plane direction for =90 and ap-
plied field direction (B ) as defined in (a). The avoided crossing ap-
pears as shown for the sample. (e) Fitting results for data as in(d).

The solid lines are fit curves obtained from macrospin model.

Microwave transmission as a function of frequency and applied field

for different 0 for NiFe(5)/Ru(0.4)/NiFe(3) sample. The coupling

gap starts to increase as 6 isdecreased. . . . . ... ... ... ..

Fitting results for data of NiFe(5)/Ru(0.4)/NiFe(3) sample shown
in Fig. 5.19 for different 6 values. The coupling gap, increases
as 0 is decreased. The solid lines are fit curves obtained from
macrospin model. The colors red, blue and green correspond to

anti-ferromagnetic, canted and forced -ferromagnetic regions re-

spectively. . . . . oL

Microwave transmission as a function of frequency and applied field

for different 0 for NiFe(3)/Ru(0.4)/NiFe(5) sample. The coupling

gap starts to increase as 0 is decreased. . . . . .. ... ... ...

Fitting results for data of NiFe(3)/Ru(0.4)/NiFe(5) sample shown
in Fig. 5.21 for different 6 values. The coupling gap, increases
as 0 is decreased. The solid lines are fit curves obtained from
macrospin model. The colors red, blue and green correspond

to anti-ferromagnetic, canted and forced-ferromagnetic regions re-

spectively. . . . ..
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The coupling strength g./2m as a function of 6. The re-
sults from two samples (a) NiFe(3)/Ru(0.4)/NiFe(5) and (b)
NiFe(5)/Ru(0.4)/NiFe(3) are plotted. Both samples show similar

gc/2m and maximum strength achieved is large compared to sym-

metrical SyAFcase [24]. . . . . . . . . ... ... .. ... ...

Microwave transmission as a function of frequency and applied field
for different 6 for CoFeB(3)/Ru(0.45)/NiFe(1.5) sample. The num-
bers in brackets correspond to the thickness in nm. Two modes

are visible for the anti-ferromagnetic regime. (Note- fitting results

showninFig.5.27) . . .. ... ... ... o .

Microwave transmission as a function of frequency and applied field
for different 6 for CoFeB(3)/Ru(0.5)/NiFe(1.5) sample. The num-
bers in brackets correspond to the thickness in nm. Two modes

are visible for the anti-ferromagnetic regime. (Note- fitting results

showninFig.528) . . . ... ... ... . L.

Microwave transmission as a function of frequency and applied field
for different 6 for CoFeB(3)/Ru(0.55)/NiFe(1.5) sample. The num-
bers in brackets correspond to the thickness in nm. Two modes

are visible for the anti-ferromagnetic regime. (Note- fitting results

showninFig.5.29) . . .. .. ... ..o o

Fitting results for data of CoFeB(3)/Ru(0.45)/NiFe(1.5) sample
shown in Fig. 5.24 for different 6 values. The coupling gap varies
as 0 is decreased. The solid lines are fit curves obtained from
macrospin model. The colors red, blue and green correspond to

anti-ferromagnetic, canted and forced -ferromagnetic regions re-

spectively. . . . ..
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Fitting results for data of CoFeB(3)/Ru(0.5)/NiFe(1.5) sample
shown in Fig. 5.25 for different 6 values. The coupling gap varies
as 0 is decreased. The solid lines are fit curves obtained from
macrospin model. The colors red, blue and green correspond to
anti-ferromagnetic, canted and forced -ferromagnetic regions re-

spectively. . . . . ..o

Fitting results for data of CoFeB(3)/Ru(0.55)/NiFe(1.5) sample
shown in Fig. 5.26 for different 6 values. The coupling gap varies
as 0 is decreased. The solid lines are fit curves obtained from
macrospin model. The colors red, blue and green correspond to
anti-ferromagnetic, canted and forced -ferromagnetic regions re-

spectively. . . . . ..

(a)The coupling strength g. /27 for 8 = 90" for five samples. Here,
S1 = NiFe(3)/Ru(0.4)/NiFe(5), S2 = NiFe(5)/Ru(0.4)/NiFe(3), S3
= CoFeB(3)/Ru(0.55)/NiFe(1.5), S4 = CoFeB(3)/Ru(0.5)/NiFe(1.5)
and S5 = CoFeB(3)/Ru(0.45)/NiFe(1.5). (b) g./2x as a function of
0 for different samples. The variation of g./27 with 6 is more
profound for S1 and S2 samples. For the samples S3, S4, S5 the
gc/2m is larger but the variation with angle is much small. Note -

The error bars are smaller than the marker on the plots. . . . . . . .

HWHM linewidth as a function of magnetic field for 6 = 90° for
(a) NiFe(3)/Ru(0.4)/NiFe(5) and (b) CoFeB(3)/Ru(0.55)/NiFe(1.5).
The coloured regions red and blue correspond to anti-ferromagnetic

and canted regime respectively. . . . . .. ... ... ..

Optical micrograph of a 10x40 um? rectangular bar patterned on
Ta/NiFe/Ru/NiFe/Ta sample. Ti/Au bilayer GSG type waveguide
is deposited on top which is connected to bias-tee via RF-Probe to

measure theresonance. . . . . . . . . . . ... ...
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(a-b) Magnetization curve of the Ta (5 nm)/ NiFe (5 nm)/Ru (t
nm)/NiFe (5 nm)/Ta (5 nm) measured by vibrating sample mag-
netometer for (a) t = 0.4 and (b) = 0.5. The black (red) curve is the

experimental (calculation) results. . . . . .. ... ... ... ...

Resistance change as a function of microwave power for (a) 0.4 nm
and (b) 0.5 nm. Resistance change as a function of dc current for
(e) 0.4 nm and (f) 0.5 nm. Power from the source as a function of

power in the sample for Ru thickness (e) 0.4 nm and (f) 0.5 nm.

(a) A schematic of the sample geometry used for STT-FMR mea-
surements in our study. (b) V obtained at different frequencies for
acoustic and optical modes in our device for ¢ = 55" (the values
for some frequencies have been scaled to show them properly). (c)
A 2D colorplot of V as a function of applied field and frequency,
measured for ¢ = 55°. (d) Numerical results calculated for the ex-

perimental conditionsasin(d). . . . . . ... ..o

(a-b) Magnetoresistance measured as a function of static magnetiza-
tion direction in the sample Ta (5 nm)/ NiFe (5 nm)/Ru (t nm)/NiFe
(5 nm)/Ta (5 nm) for (a) t = 0.4 and (b) r = 0.5. The black (red)

curve is the experimental (calculation) results. . . . . . . . ... ..

(a) FMR spectra measured for f =6 GHz and ¢ =45, together with
fitting curves produced by using Eq. 6.3. (b) Angular dependence of
Vsym and Vi for the acoustic mode measured at 8 GHz. We also add
best fit solid curves using our model. (c) The symmetry of torques
obtained by dividing the Voltage by sin2¢. The dominant sin ¢
dependence of torques confirms the parallel pumping configuration.
(d) Vsym and Vg as a function of P for ¢ = 45" and 135" for 8 GHz.

The solid lines are linear fittothedata. . . . . . . . . . .. .. ...
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Angular dependence of Viyy, and Vygy for the acoustic mode mea-
sured at different frequencies from 7.5 GHz (top) to 4 GHz (bottom)
as labelled in Figs. (b). Solid curves are best fit curves using our
model. (b) The symmetry of torques obtained by dividing the Volt-
age by sin2¢. The dominant sin ¢ dependence of torques confirms

the parallel pumping configuration. (¢) Vsym and V,gy as a function

of P for ¢ =45". The solid lines are linear fit to the data. . . . . . .

(a) Angular dependence of Viyr, and V,qy for the optical mode mea-
sured at 8.5 GHz. The solid curves are obtained using Eq. 6.5.
(b) The symmetry of torques obtained by dividing the Voltage by
cos2¢. The dominant cos¢@ dependence of torques confirms the
perpendicular pumping configuration. (c) The power dependence

of Vsym and Vg in the optical mode measured at ¢ = 55°and 145°

for f = 8.5 GHz, together with linear fitresults. . . . . .. ... ..

Angular dependence of Vgyi, and Vg for the optical mode measured
at different frequencies from 8 GHz (top) to 4 GHz (bottom) as la-
belled in Figs. (b). Solid curves are best fit curves using our model.
(b) The symmetry of torques obtained by dividing the Voltage by
cos2¢. The dominant cos ¢ dependence of torques confirms the

perpendicular pumping configuration. (¢) Vsym and Vasy as a func-

tion of P for ¢ = 55°. The solid lines are linear fit to the data. . . . .

(a) A 2D colorplot of V as a function of applied field and frequency,
measured for ¢ = 55" for sample with Ru thickness 0.5 nm (b) V
obtained at different frequencies for acoustic and optical modes in

our device for ¢ = 145 (the values for some frequencies have been

scaled to show them properly). . . . . . . ... ... ... .....
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(a-b) Angular dependence of Viy, and Vg for acoustic mode mea-
sured at a frequency of (a) 3 GHz and (b) 4 GHz for Ru thickness
0.5nm. Solid lines are the fitting curves using our model. (c-d) The
symmetry of torques obtained by dividing the Voltages by sin2¢ for

different frequencies. The parallel pumping configuration is con-

firmed by the dominant sin ¢ dependence of torques. . . . . . . ..

(a-c) Angular dependence of Viym and Vg for optical mode mea-
sured at a frequency of (a) 4 GHz (b) 4.4 GHz and (c) 4.6 GHz
for Ru thickness 0.5nm. Solid lines are the fitting curves using
our model. (d-f) The symmetry of torques obtained by dividing
the Voltage by cos2¢ for different frequencies. The perpendicular

pumping configuration is confirmed by the dominant cos ¢ depen-

denceoftorques. . . . . . . . .. ... ...

(a-b) Viym and Vysy as a function of input P at a frequency of 4 GHz

for (e) Acoustic mode at ¢ = 135" and (f) Optical mode at ¢ = 180°.

The magnitude of spin-Hall angle |Osy| in the Ta layer extracted for

different frequencies with the two samples. . . . . . ... ... ..

O extracted as a function of frequency for (a) acoustic and (b) op-
tical modes for different frequencies, in two samples with different
Ru thicknesses (0.5 or 0.4 nm). gy (asy) represents the parameter
extracted from the angular dependence of Viyy, (Vasy) for each fre-
quency. These figures confirm that the acoustic and optical modes

are excited by the torque symmetry of parallel and perpendicular

pumping configurations respectively. . . . . . . . .. ... ... ..

Reflection high-energy electron diffraction images for samples K-
01 and K-02 grown on sapphire and SiO, respectively. The diffrac-

tion patterns were observed just after the growth of first Ni and Pt

layer. . . . . . . e
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6.17 X-ray diffraction profiles for K-01 and K-02 samples grown at 400°
C and room temperature respectively. The blue and red lines corre-

spond to position of Pt and Ni peak respectively. . . . .. ... .. 171

6.18 Magnetization curves for the samples measured using vibrating
sample magnetometer (VSM). The red curves are measured with
in-plane magnetic field (IP) while the black curves denote the mea-
surements with out-of-plane magnetic field (OPP). The measure-

ment was done at room temperature.! . . .. ... ... ... .. 172

6.19 Angle dependent magnetoresistance measurements in the samples
(a) K-01 (b) K-02 (¢) K-03 and (d) K-04. The solid lines are the

fittingresults. . . . . . . . ... ... 173

6.20 (a) Resistance change as a function of microwave power for four set
of samples. (b) Resistance change as a function of dc current and
(c) Power from source as a function of the power in the sample for

different samples. . . . . . . .. ..o 174

6.21 Schematic illustration of the experimental setup used for STT-FMR
experiments. The microwave current, Irp is injected into the bar
with width Sum through a bias-tee. 0 denotes the in-plane angle
between the external field B and the microstrip. (b) Magnetic field
dependence of the DC voltage V for the samples K-02 and K-04
measured at 8 GHz and 7 GHz respectively. The data is fitted (solid
black line) with a combination of symmetric (dashed red line) and
anti-symmetric (dashed blue line). A clear anti-symmetric compo-
nent is visible for multi-layer sample as compared to bilayer sample

(K-04). . . e 175
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6.22 STT-FMR spectra for the samples K-03 and K-0O1 grown on sap-
phire substrates. The multi-layer sample KO1 shows a antisymmet-
ric peak shape compared to bilayer K-03 which has more dominant
symmetric component. The additional small peak is observed for

K-01 which is the spin-wave resonance mode. . . . . . .. .. ... 176

6.23 STT-FMR spectra measured at different frequencies from 3-9 GHz
for K-04 sample at & = 45". (b) Frequency dependence of the
HWHM linewidth at & = 45 for all samples. The inhomogeneous
broadening is obtained from the intercept by fitting the data with

linear-fit and the slope gives the Gilbert damping component,&c. . . 176

6.24 Resonance field, B as a function of frequency at an angle 6 =
45" for all samples. The solid lines are the fittings obtained using

BQo43 o 178

6.25 In plane angular dependence of resonance field, B obtained from
fitting the FMR scans for different set of samples measured at 8
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6.26 The symmetric and antisymmetric components of the STT-FMR
spectra as a function of in-plane magnetic field angle 0 for (a) K-01
(b) K-02 (c¢) K-03 and (d) K-04 films at f = 8 GHz. The bilayer
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6.27 Plot of magnitude of the voltage for the symmetric and antisym-
metric components as a function of injected microwave powers for
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Symmetric and antisymmetric components of voltage as a function
of applied DC current. The measurements is done for the sample in

NiFe/Ru/NiFe sample as in Ch 6 using the technique in Sec 3.3

Coordinate system used to describe motion of magnetization and

Ferromagnetic resonance in NiMnSb. . . . . . ... ... ... ..

A schematic of the coordinate system used in our macro-spin
model. In this geometry, we have two Cartesian coordinate systems
defined by the current flow (x) direction and the external magnetic

field (x) direction. The angle between the two is defined by ¢ and

the cant angle is definedby ¢.. . . . . . . . .. .. ...,

The two coordinate systems defined with respect to the charge cur-

rent direction (x-y-z system) and the total static magnetic field (x’-

V=27 SYSteM). . ..o . e e e e e e e e e e

The two coordinate systems defined with respect to the charge cur-

rent direction (x-y-z system) and the total static magnetic field (x’-

V=27 SYSteM). . . ... e e e e e e e e e e

(a-b) Magnet setups used for measuremens. A field upto 1.2 T can
be reached and the motor assembly allows for the rotation of the
magnet. (c) Coplanar waveguide with sample mounted on it. (d)

Sample holder used for mounting the coplanar waveguide so that

sample can be placed in region of uniform field. . . . . .. ... ..
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the second FM layer referred to as B. pg(q) are the bilinear and
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Chapter 1

Introduction

In the emerging field of ‘Spintronics’ (spin electronics) one seeks to exploit the spin
degree of freedom of electrons which can also interact with their orbital moments.
Controlling the injection, manipulation, transfer and detection of electron spins can
derive new functionalities for electronics and photonics. For the next-generation
electronic devices there has been a need to reduce power consumption and to in-
crease the memory and processing capabilities. This has led to the discovery of new
spintronic phenomena like spin-orbit torques [1], spin-Hall effect [2], spin transfer
torque [3], spin Seebeck effect [4]. The integration of storage, processing, sensing
and logic in a single device has the potential to complement and even outperform
the semiconductor based electronics, offering advantages in terms of scaling, power

consumption and processing speed.

The understanding of spin dynamics in nanomagnets requires a detailed knowl-
edge of the precession of the magnetization vector, involving the conditions of dis-
persion, spin wave generation and various relaxation mechanisms after excitation.
It involves various theoretical and experimental research areas (resonance, spin-
torque, spin-injection, magnetic-reversal, non-linear dynamics) to interpret the dif-
ferent modes of magnetic damping. Controlling the Gilbert damping constant, «,
in ferromagnetic materials is very crucial for future spintronic applications. It has
been reported in earlier works [5, 6, 7, 8, 9] that in case of ferromagnetic mate-
rials, the strength of spin-orbit interaction affects both static and dynamic proper-

ties of magnetization. It can manipulate both crystalline magnetic anisotropy and
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magnetization dynamics [10, 11]. Thus, one can expect that similar to magnetic
crystalline anisotropy, damping parameter o governing the magnetization will also
show a crystalline anisotropy. Recent theoretical works [12, 13] have suggested
that o is magnetization orientation dependent and should be a 3x3 tensor in the
phenomenological Gilbert equation. This prediction is based on the anisotropic
electronic structure where the shape of the Fermi-surface depends on orientation of
the magnetization direction due to spin-orbit interaction. Yet, & is often treated as
scalar (isotropic) because the smearing of energy bands in the presence of electron
scattering makes it experimentally difficult to observe the anisotropic damping in

bulk materials.

According to the theoretical works [14, 15, 16, 17], « is related to the strength
of spin-orbit interaction as & ~ n(Ef) 52‘6‘1, where n(EF) is the density of states at
the Fermi level EF, & is the strength of spin-orbit interaction and 7 is the electron
momentum scattering time. It has also been shown by Bruno [18] that the energy
difference between the easy and hard direction of magnetization, AE, is related to
the anisotropy of orbital angular momentum as AE o< ( uﬁ — ,Llﬂ‘) where ,uﬂ and Hf
are the orbital moments parallel and perpendicular to the easy axis of magnetization
respectively. Since the g-factor, g, measured in ferromagnetic resonance (FMR) is a
measure of the orbital-to-spin magnetic moment ratio and since o o (g —2)? [19],
one could hope to identify anisotropic Gilbert-type (spin-orbit) damping in mate-
rials with large magnetic anisotropy. [20]. However, it should be noted that the
identification of such an intrinsic anisotropic Gilbert damping may be impossible
due to the presence of extrinsic contributions like two-magnon scattering which can
also cause an angle dependent relaxation rate. Also, other mechanisms like inho-

mogeneous broadening and mosaicity broadening may hinder the determination of

weak anisotropic Gilbert damping.

Another area of research which has shown tremendous stride recently is the
utilization of magnetic excitations or magnons for novel quantum functionality. The
capability of strong coupling and formation of hybrid dynamic systems with other

excitations has facilitated the growth of hybrid magnonics enabling development of
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various magnonic and spintronic technologies [21]. Spin waves can propagate and
interfere, delivering phase information for coherent information processing. This
makes magnons, which are the quanta of spin-waves, a forerunner to exploit and
utilize new effects in magnon dynamics. Magnons are capable of a wide range of
interactions for example they can couple with microwave or optical photons via
magneto-optic Faraday effect [22], with phonons due to magnetoelastic coupling
[23] and also other magnons [24]. Coherent manipulation of spin qubits has been
possible due to interaction between magnons and spins such as nitrogen-vacancy
centres in diamond. Layered antiferromagnets are exemplary materials showing
magnon-magnon interactions. Both synthetic antiferromagnets (SyAF) and van der
Waals (vdW) magnets show weak interlayer exchange interaction which enables
acoustic and optical magnons. The interaction can be tuned through field orientation

[24] and wave number [25]. This allows tuning of the magnon energy spectrum.

After the discovery of giant magnetoresistance (GMR) by Fert [26] and Griin-
berg [27], spintronics has gained wide importance as a sub-field of physics. In case
of multi-layers with alternating ferromagnet and non-magnet layers, a giant change
in resistance with applied field was observed, referred to as GMR, which depends
on the magnetization of two adjacent ferromagnetic layers. The use of GMR to

build the read head in hard disks has led to revolution in data storage and memories.

A promising way to write data in spin-valve is provided by spin-transfer phe-
nomena. Spin transfer torque (STT) was first studied by Slonczewski [28] and
Berger[29] in 1996. Magnetization of one layer is fixed (usually due to exchange
bias) while the other is free to rotate. When current is passed through the fixed
layer, it becomes spin polarized and transfers the angular momentum to the free
layer and switches its magnetization either parallel or anti-parallel to fixed layer’s
magnetization. The data can be easily read through GMR, making this a useful tech-
nique for magnetic random-access memory (MRAM). Due to the compatibility of
STT-MRAM with complementary metal-oxide semiconductor (CMOS) technology
along with non-volatility, it has potential applications [30, 31, 32] in radio frequency

identification, computers and so on. However, one of the disadvantages is high cur-
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rent density which is very large for commercial standards and so new solutions need
to be explored. In this thesis we report current-induced (CI) ferromagnetic reso-
nance for two types of devices namely SyAF and Ni/Pt multi-stacks. The main pur-
pose is to probe the magnetic properties of these materials and to measure the am-
plitude and symmetry of current-induced torques. All of the measurements in this
thesis are carried out at room temperature. We utilise the technique of spin dynamics
spectroscopy to investigate the magnetic relaxation in non-centrosymmetric ferro-
magnet (NiMnSb) and study the interaction of spin excitations of magnon modes in

SyAF and synthetic ferrimagnets (SyFs).

Thesis Outline

A brief overview of background theory and physics topics related to the experimen-
tal chapters is given in Chapter 2. The experimental techniques used to obtain the

experimental data is presented in Chapter 3.

In Chapter 4, we discuss the broadband-FMR measurement on series of
NiMnSb samples of different thickness. Strong anisotropy in damping is observed.
The various intrinsic and extrinsic contributions to FMR linewidth are separated.
By performing complete frequency dependent and angular scans for the field ap-
plied in-plane and out-of-plane we are able to quantify the contributions of two-
magnon, inhomogeneous and intrinsic Gilbert damping mechanisms which lead to
broadening of the linewidth. The perpendicular standing spin wave (PSSW) mode
is observed in thicker samples and exchange stiffness parameter is quantified from

resonance field analysis of main mode and PSSW mode.

In Chapter 5, spin dynamics is studied in SyAF and SyF films. Strong magnon-
magnon coupling is achieved in SyAF by breaking the orthogonal symmetry of
two modes through tilt of magnetic moments. The effect of mutual spin pumping
damping term, Op, is theoretically shown to have an effect on coupling strength
indicating the coupling is being partially mediated by spin currents. The effect
of inherent symmetry breaking on coupling strength is studied in SyF where the

symmetry is broken due to the dissimilarity in thickness and the type of the two



45

ferromagnets (FM). A large coupling gap indicates stronger efficiency of inducing
magnon-magnon coupling in asymmetrical structures. We also generalize a theo-
retical model in the macro spin limit by solving coupled equations of motion which
complement experimental results.

In Chapter 6, the FMR driven by CI torques is studied in SyAF films. The
mode excitation symmetry is changed between parallel and perpendicular pumping
configuration due to anti-symmetric profile of the torques caused by opposite spin
polarisation in the top and bottom Ta layers. The experimental results are supported
with analytical expressions for the rectified voltages derived from our theoretical
model and the magnetic parameters like spin Hall angle are obtained. Finally,
the spin-orbit torques are studied in different Ni/Pt multi-layers grown on differ-
ent substrates and with different stacking patterns. Through interface engineering
and electronic structure modification by growth on Si/sapphire substrate the spin-
orbit torque (SOT) efficiency for field-like (FL) and damping-like (DL) torques is
changed and this is experimentally demonstrated. The spin Hall angle is calculated
by DC current modulation of linewidth. Different anisotropy parameters are calcu-
lated from angular dependence and frequency dependence of resonance field which
confirms the strain induced anisotropy in samples grown on sapphire. Moreover,

large inhomogeneity is seen for epitaxially grown samples.



Chapter 2

Basic Background

In this chapter the background theory and the mathematics used in this thesis is pre-
sented. First the basic aspects of ferromagnetism are discussed. Then different mag-
netic energy terms in magnetic materials are described to understand the behaviour
of magnetization along with different contributions to the magnetic anisotropy. The
resonance equations which satisfy the resonance condition in the small angle limit
of precessional motion are described in Sec. 2.4.3. The relaxation mechanism is ex-
plained in terms of different contributions to the ferromagnetic resonance linewidth.

Finally in Sec. 2.8, current-induced spin transfer torques are discussed.

2.1 Ferromagnetism

Ferromagnetism is the phenomena in which specific solids present a spontaneous
magnetization with parallel alignment of spins, even in the absence of an external
magnetic field. The magnetic moments are coupled to each other due to exchange
interactions leading to parallel alignment referred to as collective magnetism. For a
ferromagnet in an applied magnetic field B, the appropriate Hamiltonian to solve is

given by:
H=-Y)Si-Si+gusy Sj-B (2.1)
ij J

where the exchange constant J;; will be positive to ensure ferromagnetic alignment.

The first term on right is the exchange energy and the second term refers to the
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Zeeman energy. S;,S; are the i and j™ spins respectively and pig = efi/(2me) is the
Bohr magneton (with elementary charge e, reduced Planck constant 7 and electron

mass me) [33].

The ferromagnetic order appears only below a critical temperature known as
the Curie temperature, which is characteristic for a given material, and the material

attains a paramagnetic state above the Curie temperature [34].

In a magnetic solid of volume V consisting of a large number of atoms with

magnetic moment W, the magnetization or saturation magnetization M is given by:

1
M=o //,th . My=|M| (2.2)
|4

M can be considered to be a smooth vector field which is continuous every-
where except at the edges of the magnetic solid. p is directly related to the total

angular momentum L by:

p=—g"L 23)

where g is the Landé - factor.

Ferromagnetic order originates due to exchange interactions as described by
the Hamiltonian in Eq. 2.1. These interactions are the short-range quantum mechan-
ical exchange interaction following from the Pauli exclusion principle for fermions
[35]. In addition, there is also a long-range (weak) interaction arising due to the
dipolar field of each magnetic moment, which does not provide a decisive contri-
bution to collective magnetism being too weak to account for the ordering in most
magnetic materials, but it is the origin of shape anisotropy which is important for

consideration when characterising magnetic materials.

Other kinds of magnetic ordering which are important to be highlighted in this
thesis are antiferromagnetism and ferrimagnetism. If the exchange interaction is
negative, Jj; < 0, it is more favourable for the magnetic moments to align antipar-
allel to each other. This is called antiferromagnetism and it generally occurs in the

system with two interpenetrating sub-lattices with magnetic moments pointing op-
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posite to each other. The antiferromagnetic order disappears for temperatures above
a critical temperature known as the Neel temperature. When a strong magnetic field
is applied to an antiferromagnet, depending upon the initial direction of sub-lattice
magnetization with respect to applied external field, the magnetic moments start to
rotate. For the applied field parallel to sub-lattice magnetization and greater than
a critical field called spin-flop field Hs [36], the two magnetic moments rotate in
the direction perpendicular to the easy axis and snap into a different configuration
called spin-flop transition (canted regime) as shown in Fig. 2.1 (d). However, if
the anisotropy energy in the system is very large compared to the exchange energy,
the net magnetization can jump directly from zero (when the sub-lattice moments
are antiparallel along the easy axis) to saturated state (when the sub-lattice mag-
netic moments are aligned parallel along the easy axis). This is known as spin-flip
transition.

Another class of materials are synthetic antiferromagnets (SyAFs) in which
the two ferromagnets are coupled anti-parallel due to indirect exchange and are
discussed later in this thesis.

When the two sub-lattices are not equivalent, the magnetization of two sub-
lattices do not cancel out each other and the material will have a net magnetization
[37]. The net magnetization can have a complicated temperature dependence and
change sign at a temperature called the compensation temperature. Thus, the mag-

netic susceptibilities of ferrimagnets do not follow the Curie Weiss law [34].

2.2 Magnetic Interaction Energy

In a ferromagnet (FM), the spatial distribution of magnetization, m(r,t), is given by
the minimum of the free energy of the FM, E, that contains the contributions from
different origins. The total energy, Etot = ( [gy)dV(L €), is evaluated as an integral
over the whole FM volume. It is given as the sum of the different local energies,
namely exchange energy (Eex ), Zeeman energy (Ezeeman), demagnetization energy

(Edemag) and magnetocrystalline anisotropy energy, (Eanis):

Etot = Eex + EZeeman + Edemag + EAnis (2.4)
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Figure 2.1: (a) Schematic representation of G-type of two-dimensional antiferromagnet
with two sub-lattices referred to as A (blue arrows,pointing up) and B (red ar-
rows, pointing down), (b) electronic band structure, and (c) spatial distribution
of the corresponding density of states. (d) Magnetization manipulation by ap-
plication of magnetic field in an antiferromagnet. The magnetic field rotates the
two moments until saturation is achieved at the spin-flip field. Cases for field
applied parallel and perpendicular to the easy axis are shown. Fig. adapted
from [36].

2.2.1 Exchange Interaction

The fundamental energy contribution in a FM is the exchange interaction between
electrons which enables ferromagnetic ordering. It is directly proportional to the
overlap of spatial wave functions of the respective electrons and therefore is a short
ranged interaction [38]. For electrons with spin S that are localized at lattice points,
i, the exchange interaction can be expressed by the Heisenberg Hamiltonian form

and is given by first term in Eq. 2.1 [39].

Based on energies of the singlet and the triplet states, the exchange constant can
be defined as J = (Es — Et)/2 where E g 1) are the energies for singlet and triplet

states. Here, the singlet state refers to the quantum state with spin quantum number,



2.2. Magnetic Interaction Energy 50

s =0 and with all electrons paired. The triplet state represents the quantum state
with s =1, thus allowing values of spin components, mg = -1, 0, 1. As mentioned
earlier, depending upon the sign of Jj;, there can be parallel or anti-parallel align-
ment of neighbouring spins, resulting in ferromagnetic or antiferromagnetic order.
The isotropic exchange energy as given by Eq. 2.1, results in random orientation of
the magnetization with respect to the crystal axis.

The origin of exchange can be described based on the Heitler-London model
of the hydrogen molecule [34]. The wave function for the joint state is given by
the product of spatial and spin wave functions of single electron states. The overall
wavefunction must be antisymmetric for the electrons to satisfy the Pauli Exclusion
principle [40]. This means that for symmetric spatial state, the spin part must be
antisymmetric singlet state (S = 0) or symmetric triplet state (S = 1) for antisym-
metric spatial part. If two electrons are on the same atom, J;; is usually positive
which stabilises the triplet state with antisymmetric spatial state. This minimises
the coulomb repulsion between the two electrons by keeping them at a distance
which is consistent with Hund’s rule.

The exchange mechanism described above is known as direct exchange since
the interaction proceeds directly without the need for an intermediary. However an-
other type of interaction known as indirect exchange interaction becomes important
for many magnetic materials. Two of the important indirect exchange interactions
in metals are the RKKY (Ruderman-Kittel-Kasuya-Yosida) [41, 42, 43, 44, 45, 46]
interaction and antisymmetric exchange known as Dzyaloshinskii-Moriya (DMI)
interaction [47]. The RKKY coupling is an indirect exchange interaction between
two magnetic ions mediated by the conduction electrons. The conduction electrons
are spin polarised by a localized magnetic moment which in turn couples to a neigh-
bouring localised magnetic moment at a distance r away. The coupling is dependent

on distance r and the coupling constant can be described as:

cos(2kgr
JRKKY ©< % (2.5)

where kp represents the radius of the Fermi surface. This interaction has oscillatory
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Hpwm = -D12°(S1 x S3)

Figure 2.2: (a) Schematic representation of DMI generated by indirect exchange for (a) a
triangle made of two atomic spins and an atom with strong spin-orbit coupling
(SOC). (b) at the interface of a ferromagnetic metal (grey) and a metal with
large SOC (blue). The DMI vector, Di,, is perpendicular to the plane of the
triangle. Fig. adapted from [48].

dependence on the distance between the magnetic moments. The DMI is an indirect
interaction acting between two spins Sy and S; in the materials which exhibit spin-
orbit coupling and lack inversion symmetry in the lattice or at the interface [48] as
shown in Fig. 2.2. The interaction occurs between the excited state of one magnetic

ion and the ground state of the other. The hamiltonian 7-7,DM is given as :
Hpm =D12-S1 xSz (2.6)

where, D1, is the DMI vector and vanishes when the inversion symmetry exists with
respect to centre between two magnetic ions. When inversion symmetry is lacking
in the material, the DMI interaction causes the two spins to be at right angles in
a plane perpendicular to Dy, and its effect is to cause the canting of the spins by
small angles thus favouring chirality of the magnetic moments. Another type of
indirect exchange occurs in ionic solids called the superexchange [49]. It is an
indirect exchange interaction between non-neighbouring magnetic ions mediated

by a non-magnetic ion placed between them.

2.2.2 Zeeman Energy

The Zeeman energy describes the energy splitting of a degenerate energy state by

introducing an external field. This energy is described by the following equation:

EZeeman = _uOM-Hext (2-7)
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where [y is the vacuum permeability. The interaction between M in a magnetic
system and any external magnetic field, Bexy = Uo - H.. !, exerts a torque on the
magnetic moment which minimises the energy when aligned parallel to the applied

field.

2.2.3 Demagnetization Energy

The second class of energy contribution is based on dipolar interactions between
magnetic moments. In a FM, the magnetization at each point is subject to the field
generated by the dipolar fields of the magnetic moments of the whole volume of
FM. Magnetic poles appear on the surface of a uniformly magnetised sample giving
rise to a demagnetising field, tgHy. The corresponding energy is represented as
[50]:

Egemag = —%MO/VM(I‘)-Hd(l')-dl' (2.8)

In order to minimize the energy, the magnetization must lie in film plane. To pull
the magnetization out-of-plane, a large energy has to be provided. The effect of
demagnetizing field is therefore called the shape anisotropy. There are preferred
directions for the magnetization which exist depending on the geometry of the FM,
resulting in a low demagnetizing energy which are called easy axes/planes and di-
rections with high demagnetizing energy, which are called hard axes/planes. For a
thin film, considering only the shape anisotropy, the film plane is the easy plane and
the normal to the plane is the hard axis. In a ferromagnetic ellipsoid, in which both
the magnetization and the demagnetization field are homogeneous, the demagneti-

zation field can be written in the following form [51]:
toHy = —47NM (2.9)

where N is the demagnetising tensor of the second order and whose trace equals

1. This tensor is diagonal in the principal axes system of the ellipsoid and can be

1Throughout this thesis Hey; is given in Ampere per meter [A/m] and By, represents the external
field and is given in Tesla [T], Bext = o - Hext
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represented by 3 x 3 matrix as:

Ny 0.  Na+Ny+No=1. (2.10)
0 Ny,

where Ny, Nyy, N, are called the demagnetizing factors.

2.2.4 Magnetocrystalline Anisotropy Energy

The magnetocrystalline anisotropy energy (MAE) is the difference in the free en-
ergy associated with the different directions of magnetization with respect to the
crystallographic axes of the crystal. In the following, we briefly review the in-
trinsic contributions to the overall measured phenomenological magnetocrystalline
anisotropy constants Kj. The spin-orbit coupling is the direct source of MAE.
The spin-orbit coupling couples the electron spin to the orbital moment and con-
sequently the energy of the system depends on the relative orientation between the
magnetization (spin orientation) and crystal axis. If it is assumed in a solid that
a crystal field forces the electron to move in a certain crystallographic plane, the
electron spin will be aligned in a direction normal to this plane. In this way, a uni-
axial anisotropy can arise regardless of the shape of the crystal. In a semi-classical
picture, the spin-orbit interaction couples the spin and orbital angular momentum
by [52]:

Eso =&(r)S.L (2.11)

where &(r) is the spin-orbit coupling (SOC) constant. The two common types of
crystal anisotropy are cubic and uniaxial with the former sometimes referred to as
biaxial anisotropy in thin films.

Cubic anisotropy

In a cubic system the cubic edges define the direction of easy axis of magnetiza-
tion. The energy density associated with this, referred to as cubic anisotropy Ec, is
described in terms of the direction cosines (0, ¢y, ¢;) of the magnetization vector

with respect to the edges of the crystal cube. Due to the high symmetry of cubic
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crystals, a low-order approximation of Ec is given as [53]:

22 22 2,2 2,22
Ec =Ka(ogoy +agoy + oy o) + Ko (agag o) + .. (2.12)
where K| and K., are the cubic anisotropy constants which are material specific
and are determined experimentally. The strengths and signs of the anisotropy con-
stants give information about the crystallographic direction for which the anisotropy

energy is minimal.
Uniaxial anisotropy

The preference of magnetization in a ferromagnet to align in a single axis called
the easy axis is described by the uniaxial anisotropy. The alignment of the mag-
netization along the easy axis minimizes the energy in the system. The uniaxial

anisotropy energy density can be described by a power series [54]:
Ey = Ko+ Ky + (sin® 0) 4+ Ky + (sin* 0) + K3 + (sin® @) + ... (2.13)

where 6 is the angle between the magnetization direction and the anisotropy axis
and K1, K2, Ky3, ... are the anisotropy constants. In the above Eq. 2.13, the higher
order terms (sin* 0,sin®0,...) are very small and so we limit the case where the
expansion is truncated after sin® 6 term. In that case the sign of constant Ky de-
termines the anisotropic behaviour. When K;; > 0, there can be two minima for
anisotropy energy given as 6 = 0 and 6 = 7. This describes an easy axis anisotropy.
Conversely, when K;; < 0 then the energy is minimised for 6 = 7/2 and it repre-
sents the easy plane anisotropy. In comparison to the direct exchange interaction,
the energy difference between magnetic easy and hard axis is very small and mostly
ranges between peV and meV (exchange interaction ~ 0.01 - 0.1 eV) [55].
Magneto-elastic Anisotropy

Magneto-elastic anisotropy exists when stress is exerted on the magnetic system.
This leads to the energy terms that depend both on the strain and the magnetization
direction referred to as the magneto-elastic energy. This phenomenon is of partic-

ular importance in case of the epitaxial structures where considerable strain may
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result either due to the epitaxial growth of the film on a substrate or in the adjacent
layers having different lattice parameters. The inverse of this effect occurs when
due to changing the direction of magnetization causes the deformation of the mate-
rial. This is known as magnetostriction [56]. Generally, the magneto-elastic part of

anisotropy for a cubic system can be written as:

EvErL = By (ocfe” + 065822 + 0622833) + ZBQ(OCXOCy{:'lz + 0y 0 €23 + Otzax831) +...
(2.14)
where B and B, are the magneto-elastic coupling constants, €;; are the strain com-

ponents and ¢; the direction cosines given by:

O = sinBcosP
Oy = sinBsing (2.15)

o, — cosO

2.3 Spin-dependent transport

Spin dependent transport in case of magnetic structures depends on how the spins
and charge carriers interact with each other. A starting point to the application and
physics of spin dependent transport came through the discovery of Giant Magne-
toresistance [26] which constitutes one of the major areas of study in spintronics.
Two main topics will be covered in this section. First is the anisotropic magne-
toresistance (AMR) which occurs due to change in resistance caused by change
in scattering of conduction electrons for different directions of magnetization. The
second topic is the spin Hall Effect (SHE) which originates due to spin-orbit interac-
tion leading to spin asymmetric scattering of conduction electrons in non-magnetic

heavy metals thereby generating spin current due to spin Hall effect.

2.3.1 Anisotropic Magnetoresistance (AMR)

AMR was discovered in 1856 by Lord Kelvin. It can be described microscopically
based on spin-orbit scattering of spin polarized conduction electrons which result

in an anisotropic angular dependence of the current density j with respect to the
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magnetization vector M. The AMR signal is defined as below:

Figure 2.3: Resistivity plotted as a function of magnetic field for a ferromagnetic conduc-
tor. With increase of Hex, the difference in resistivity between the cases of pj
and p, increases due to magnetic domain shifts within the ferromagnets. Fig.
adapted from [57].

_ L (2.16)
(J

where AR is the resistance change. AMR is a small effect since the SOC is
relatively weak compared to the exchange interaction. A resistance change AR/R of
only a few percent is achieved in certain Ni-based alloys at best. For most transition
metals AR/R is positive while in some materials like GaMnAs it is negative (R | <
R ) [58]. In case of 3d transition metals where the 3d band is not filled completely,
both SOC and s-d scattering play a role in AMR. The sp electrons are responsible
for conduction in these metals based on Mott’s model [59]. When a magnetic field
is applied the sp electrons get scattered into the d sub-bands increasing resistivity.
The scattering cross section of charge distribution is dependent on the orientation

%
of electron orbits which are in the plane of current for ? 1 M thus leading to small
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resistance due to small scattering cross-section or perpendicular for ?HM leading
to high resistance state due to large scattering area [60]. The resistance change due

to this phenomena can be expressed as :
R=R,+ (Rj—Ry)cos’0 (2.17)

_>
where 0 is the angle between ? and M.

2.3.2 Giant Magnetoresistance

Anisotropic magnetoresistance effect as described in previous section is small with
the normalized value of AR/R equal to 1-6 % at room temperature for 3d-metals
and alloys [61]. A revolution occurred in late 1980s with the discovery of giant
magnetoresistance (GMR) in Fe/Cr/Fe multilayers [26]. The junction resistance
was strongly dependent upon the orientation of the magnetization in two Fe layers
(i.e parallel or antiparallel) as shown in Fig. 2.4 (a-b). This can also be explained

based on the "two-current model" as shown in Fig. 2.4 (c-d). The current through

@ (c) Rt
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AR=-(1/2)(R;-Ry)*/ (Ri+ R)
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H#0
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<—N(E) N(E)— <—N(E) N(E)— R | R

Figure 2.4: Schematics of electronic structure in a trilayer system composed of two ferro-
magnetic layers separated by a non magnetic spacer in between for (a) when
the two layers have opposite magnetization and (b) when two layers have par-
allel magnetization. The corresponding two current model is shown on right
for (c) anti-parallel and (d) parallel cases. The electrons experience a high re-
sistance channel for anti-parallel case and low resistance for the parallel case.
This shows clearly that the total resistance of two cases is different i.e there is
a magnetoresistance effect. Fig. adapted from [57].
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the ferromagnet is composed of spin-up current (for spins aligned parallel to M)
and spin-down current (for spins aligned anti-parallel to M). Spin-flip scattering is
considered to be negligible at the interface. The spin up and spin down particles
have different density of states at the fermi level and so the resistance not only
within each FM layer but also at the interface is different for the two as shown
in Fig. 2.4 (a-b). The 3d density of states is larger for spin down sub-band for
magnetization pointing up, resulting in higher scattering rate and higher resistivity
for spin down electrons and vice versa for spin up electrons. In the anti-parallel
case the electrons are alternatively 1 and | in each of the layers with respect to
local magnetization and thus spin 1" and | channels are effectively mixed so the total
resistance is (R4 + R )/2 and the larger the difference between (R4, R)), larger is the
negative magnetoresistance. For the parallel case , the resistance of spin up channel
is 2R and for down channel is 2R| thus giving total resistance as 2R TR | /(R+ +R))

resulting in lower overall resistance compared to anti-parallel case.

2.3.3 Spin Hall Effect and Spin Hall magnetoresistance

SHE is a phenomena that results from spin-orbit interaction and links the orbital
motion to spin direction acting as a spin dependent magnetic field. When an elec-
tric current flows through a material, it can give rise to a transverse spin current thus
producing spin accumulation at opposite boundaries of the sample [62]. The direc-
tion of the spins at two boundaries is opposite to each other as shown in Fig. 2.5 (a).
The reciprocal process is called the inverse spin Hall effect in which a transverse
charge current is produced due to pure spin current [63] and is shown in Fig. 2.5 (b).
The origin of SHE can be attributed to a number of spin-orbit mechanisms which
can have different origins namely intrinsic or extrinsic, depend on the sample ge-
ometry, impurity band structure and also on carrier density without requirement of
any external magnetic field or magnetic order. In the intrinsic SHE, the mechanism
depends only on the electronic structure of the material with scattering playing a
minor role. For an applied electric field in the x-direction, the electrons with mo-
mentum along £y axis experience a torque causing their spins to tilt along the z-axis

due to Rashba SOC. This generates a pure spin current in the y-axis [64].
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(b)

Figure 2.5: A schematic illustration of (a) direct spin-Hall effect and (b) inverse spin-
Hall effect. Here, J;, Js, r and Ejsyg refer to the charge current, the spatial
direction of a spin current, the spin-polarization vector of the spin current and
electromotive force due to inverse spin Hall effect respectively. Fig. adapted
from [63].

The extrinsic effects are due to skew-scattering and side-jump scattering.
Skew-scattering is caused by the asymmetrical scattering of the electrons in pres-
ence of impurity due to spin-orbit interaction. This causes a conductivity perpen-
dicular to the electron movement and depends on difference in SOC of impurity
and conducting material [60]. In side-jump scattering a spin dependent displace-
ment occurs due to SOC because of acceleration and deceleration of electrons [60].
The SHE is quantified by the spin Hall angle, sy which is a measure of conversion

efficiency between charge and spin currents and is given as:

J
Oy = = (2.18)
Je

where, J. and (7i/2¢)Js are the charge and spin current densities respectively. The
Osy is positive for (Pt, Au and Ag) and negative for (Ta, W, Mo). Thus its sign is
material dependent.

Spin Hall magnetoresistance (SMR) has been observed in bilayer structures of
YIG/Pt [66, 67, 68] and in some other bilayer systems [69, 70]. Spin currents
flowing in the non-magnetic materials can give rise to SMR at the interface of
ferromagnet/non-magnet (FM/NM). As mentioned in the previous section, due to
SHE spin current are generated when a charge current flows through a magnetic
conductor, giving rise to spin accumulation on opposite sides. Due to an imbalance
Jift

in spin resolved electrochemical potential a diffusive current, is generated that
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Figure 2.6: A schematic illustration of SMR in a non-magnet/ferromagnetic insulator
(NM-FMI) interface. A charge current Jq gives rise to spin current JSHE due to
SHE which is counteracted by a diffusive current J3f, When the magnetization
M||s no spin current can enter the FMI as shown in (a) but for M L s a part of
spin current, JSTT, can enter the ferromagnetic layer causing a reduction of J&iff
and leading to a spin current remaining in the non magnetic layer which then
increases the longitudinal resistivity. Fig. adapted from [65].

counteracts the initial spin current, JSSHE [65].

At equilibrium both currents are balanced as:
JAtt — _ jSHE (2.19)

However, when a non magnetic layer is in contact with the FM layer, the spin ac-
cumulation at interface can enter the FM layer as pure spin current, JS'T, which
decreases the J3'T, The spin absorption in FM layer occurs due to spin-transfer
torque (STT) effect which is proportional to M X s and thus is dependent on the
angle between M and spin polarisation, s. Two cases for M||s and M L s can be
considered as shown in Fig. 2.6 (a) and (b) respectively. For M||s STT vanishes
and thus no spin current can enter the FM causing no change in resistance of the

sample but for M L s a part of spin current JS1! is absorbed by the ferromagnetic

layer causing an unbalance between JSHE and J thus leading to a transverse spin

current, with a finite diffusion length, remaining in the non-magnetic layer which

then contributes to the longitudinal resistivity, Piong [71]. This change in resistivity
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is angle dependent and is known as SMR given by [72]:

Plong = pPo+p1- (1 _mt2>
Prrans = P1mjt+ P2y (2.20)

where, m, my and m; are the projections of magnetization on ¢, n, j respectively (the

directions ¢, n, j are shown in Fig. 2.6) and p; are the resistivity parameters.

2.4 Magnetization Dynamics

The magnetization dynamics is different from static phenomena based on the time
scale on which the magnetic system is disturbed by an external stimulus and the
timescale in which one observes its response. The dynamic processes occur on
nanosecond timescale or faster compared to static phenomena which are usually in
millisecond time range. The magnetization configuration in a magnetic system are
resonantly disturbed from their equilibrium position by applying alternating mag-
netic fields at resonant frequency of the system compared to applying quasi static
fields where the magnetization appears to be always in equilibrium since the dy-
namic processes happen in nanosecond regime. The underlying concepts and theo-

retical description of dynamic response are explained further.

2.4.1 Landau-Lifshitz and Gilbert Equation

The Landau-Lifshitz (LL) and Gilbert equation describes the dynamics of an iso-

lated spin magnetic moment, i, around an effective field, tioHesr [73].

If Hex acts on i, the equilibrium state of the magnetic moment is affected.
This results in a torque between the net external field and the magnetization. Clas-
sically, a magnetic moment in an effective field will be exposed to a torque given
by:

T=p X UoHesr (2.21)

In this equation ugHe¢r 1s the sum of all internal fields, some of which are discussed
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above in the Eq. 2.4, as well as the static and dynamic external fields.
MoHegr = .uO(Hex + Hapnis + Hdemag + Hext + hrf(t) + ... )7 (2.22)

where UoHex and poH,nis are the exchange field and the anisotropy field, and
HoHgemag denotes the demagnetising field. Two important components are toHex;
and the dynamic external field poh.(z).

In terms of L, we can express p by the Eq. 2.3. Due to the interaction of the mag-
netic moment with the magnetic field, a torque acts on the system and changes the
angular momentum of the system (according to Newton’s classical equation). Using

the definition of the torque as T = dL/dt, Eq. 2.21 can be expressed as:

dL 1du
T H 2.23
Expressing the magnetization in terms of macroscopic approach as M = u/V,

where V is the total volume, the Eq. 2.23 results in the LL equation [74]:

dM
e —Y(M x Hegr) , (2.24)

which describes the precessional motion of M around He (see Fig. 2.7 (a)).

The LL equation describes the motion of a magnetic moment without damping.
For a system without damping the magnetization precesses with a constant angle be-
tween the direction of magnetization and the applied field. But in reality like many
other physical systems, the precession is damped. By introducing damping, the
magnetization spirals down and aligns with external field with a time dependence
of T=1/a , with ¢, the Gilbert damping constant. Various damping mechanisms are

explained in further section.

In 1955, Gilbert [75] suggested a way to consider the damping for the equation
of motion by adding a phenomenological viscous damping term to the LL equation,
which has a vector component along the radial direction of the precession. This

equation was referred to as the Landau-Lifshitz and Gilbert equation (LLG equa-



2.4. Magnetization Dynamics 63
(a) (b)
4 H eff

MxH, o~
C ""--...E.—

Figure 2.7: Schematic of magnetization dynamics. (a) The magnetization vector, M
(brown) associated with total angular momentum, L, precesses counter-
clockwise around the effective field Heg (green) following the LL equation
(i.e. no damping in the system, blue trace) described by Eq. 2.24. (b), On
introducing damping, the magnetization follows a helical trajectory back to its
equilibrium position, described in the LLG equation (Eq. 2.25) towards the di-
rection of Hegr.

tion) which consists of a precessional and a damping term expressed as:

aM o
7 = —'}/(M X Heff) + ]VS(M X

dM

) (2.25)

where « is a material specific parameter of magnetic solids, which is a measure of
the overall different viscous physical processes. The first term on the right-hand side
of the above equation is the torque which describes the Larmor-precession of the
magnetization in an elliptical orbit around He, while the second term is the Gilbert
damping term which tilts M towards Heg and produces gradual alignment of the
two. As a result of the damping term, the motion of magnetization follows a helical
trajectory as shown in Fig. 2.7 (b). The damping term is phenomenological which
implies that the macroscopic origin of the magnetic damping is still not completely
understood in detail and constitutes a very active area of research [76]. Possible
relaxation mechanisms can be divided into intrinsic and extrinsic processes and are

explained further.

2.4.2 Ferromagnetic Resonance

As introduced in the previous sections, a torque is exerted on the magnetization

when subjected to an external magnetic field thereby causing a precessional mo-
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tion of the magnetization. Several parameters affect the precessional frequency
such as the shape of the ferromagnet, strength and direction of Hey as well as M.
Application of microwave magnetic field at a frequency similar to the resonant fre-
quency induces a precessional motion of the magnetization where all the magnetic
moments oscillate in phase. This is the phenomenon of FMR, used to probe the
magnetic properties of magnetic materials, where the ferromagnet shows a resonant
absorption of the electromagnetic energy [77, 55].

FMR can be measured using two different techniques: the time-domain and the
frequency-domain measurements. In case of time domain measurements, a rectan-
gular pulse is applied to the saturated sample 2. By measuring the precession of
magnetization, the Larmour frequency can be obtained and the decay in time allows
the determination of damping. In case of frequency-domain measurements, a fixed
frequency is applied while sweeping the magnetic field. The absorption of the al-
ternating signal is measured over the applied field allowing the effective resonance
field to be measured. The linewidth of the absorption is a measure of the damping.
Thus both the static and dynamic properties of a magnetic system can be obtained
from the FMR spectra. From the resonance field in the spectra we can obtain infor-
mation about the magnetic properties such as the g-factor, saturation magnetization
and magnetic anisotropies in the system, and from the FMR linewidth, the magnetic
inhomogeneity and the damping parameter for the magnetization precession can be

obtained.

2.4.3 Resonance condition

The derivation for resonance condition is obtained by solving the complete FMR
theory and considering the dynamical effects of exchange interactions and the con-
ductivity along with the surface anisotropy. The coordinate system used for deriva-
tion is defined as in Fig. 2.8. For NiMnSb sample as discussed in details in Chap-
ter. 4, it is sufficient to define the angle with respect to a crystal axis. The global

coordinate system used is such that the axes (X, y, z) are aligned with the crystallo-

2«saturated” here describes the condition of all magnetic moments of a magnetic material being

aligned parallel to the external magnetic field
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[100]

Figure 2.8: The coordinate system for a thin film which lies in the xy-plane and the mag-
netization M of the film points in the direction of vector M. The applied DC
magnetic field points in the direction of vector H .

graphic axes [100], [010] and [001] respectively. The angles Oy and ¢y are the
polar and azimuthal angles of H and M with respect to the z- and x-axis, respec-
tively. Using the macrospin model, the total magnetic moment can be considered
as one large macrospin, M, which precesses around the local static field, H, at the
Larmor frequency, o, = YH. Here, we use the free energy approach developed by
Smit-Beljars [78] in order to derive the resonance condition. The precession of total
magnetic moment with free energy, F, occurs at the resonance frequency, f=w/27,

given by Smit-Beljars-Suhl equation [78, 79]:

)’ 1 9%F 9*F O2F
(?) - Mg sin(6y) {(991%/[ ‘9‘151%4 o (39M8¢M)} (2.26)

For the case of a thin film like NiMnSb under tetragonal distortion the free energy

density, F', is given by [55]:

F = —MH]cos 6y cos Oy + sin Oy sin Oy cos(dm — Opp)| — 2T M sin 20y

1 1 1
— K| cos? Oy — EK“ cos* Oy — §K4H 1(3 +cos4dpy) sin* By

— Ky sin® By sin’ (¢M = %) (2.27)
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The first term in the equation above is the Zeeman energy, the second term is the
demagnetization energy (shape anisotropy), K, | and K4, are the constants repre-
senting the out-of-plane uniaxial and cubic anisotropy, respectively, and the in-plane
anisotropy constants are given by the in-plane uniaxial term, K; and an in-plane
cubic term, Ky. The in-plane uniaxial anisotropy term reflects that the [110] and

[110] directions are not equivalent in NiMnSb [80].

The resonance condition for any different field orientation can be obtained
from Eq. 2.26 by minimizing F, with respect to Oy and ¢ [S5]. Doing this for
two geometries and using the coordinates defined above for ¢;=45" (H and M per-

pendicular to film plane), one finds:

0]

2
(?) - [HRCOS(GH —6m) + (_47ZM+ 2K | Ko Ky

M M 2M

) c0s 26

Ky | Ky 2K,
+( v g ) 00s40u | X Hgcos(6y — 6m) + | —47nM + Y
Ky 2K. 2Ky 2K
+ M')cos Om + ( ]\;L 23)0054%—74”—72”1 (2.28)

and for By=63=90"(H and M parallel to film plane) one obtains:

(%)2 {HRCOS((PM ¢H)+ C°S4¢M “pcos (2¢M_g)}

2K;
X [HR cos(@n — Ppp) +4TM — ]\;L Zﬂ (3+cosdpn)

2
+ % sin2 (¢M _ g)} (2.29)

On resonance, the values for 6y and ¢y can be determined by the condition

dF /d6y =0 and JF /d ¢y = 0; By is then given by:

2HRr

Sin20w) =
S

sin(6y — 6k) (2.30)

where H, = 2K /M is the out-of-plane anisotropy field and ¢y can be obtained by

solving:
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Hgsin(¢m — ou) + (Hp /4) sindoy + (Hu/2) cos2¢p =0 (2.31)

where, Hy = 2K;/M; and Hp = 2K, /M are the in-plane anisotropy fields. The
resonance condition for the in-plane and out-of-plane configurations can then be
simplified by setting 6y = 0y in Eq. 2.28 and ¢ = ¢y and the following expres-

sions come out for the two cases:

® = Y(HR — 4nMesr) out —of — plane (2.32)

0= }/\/HR (HR + 47tMegr) in — plane (2.33)

where Megr = Mg — 2K, | /M. The measured linewidth, AH, from the resonance
absorption peak in the FMR spectra consist of two contributions, extrinsic contri-
bution and intrinsic contribution, where the intrinsic contribution is proportional to

o [75] and different contributions are explained in following section.

2.5 Relaxation Mechanisms

The magnetic relaxation can be described by the LLG equation of motion as given
in Eq. 2.25. In an FMR experiment, in the presence of uniform microwave field,
all the spins rotate in phase (wave vector k= 0) which is the condition for uniform
precession. When the uniform mode decays, it dissipates energy into the lattice
and also to other spin-wave ( k # 0) modes (thus conserving the energy within the
spin system), which then ultimately decays by dissipating energy to the lattice. The
energy dissipation to the lattice is direct and irreversible and described as viscous
damping. Fig. 2.9 shows the different processes during magnetization relaxation
dynamics. The viscous damping is represented by path (1) and path (2) shows
a decay into non-uniform spin-waves ( k # (), which then decay to the lattice via
path (3). Path (2) is an intermediary path showing dissipation of uniform precession
to the lattice through a reversible state.

This reversible state may include high energy magnons or Stoner excitation

(more details shown in Fig. 2.12)
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Figure 2.9: Schematic representation of different possible paths of the relaxation of preces-
sional motion of magnetization. Fig. adapted from [81].

The above mentioned process can be explained by using the description given

by Bloch-Bloembergen [82, 83, 81]:

Vi — — X A M A~ 7 ~
ld_M:—[MxHeff}_M i——yj—{u]k, (2.34)
Y dt v YD YT

In Eq. 2.34, T is the longitudinal relaxation rate which describes the direct dis-
sipation to the lattice and T is the transverse relaxation rate which represents the
energy scattered into the transverse components of magnetization. Fig. 2.10 shows
the two types of damping mechanisms. In case of damping following LLG equation
(as shown in Fig. 2.10 (a)) , the length of M stays constant while it spirals around the
magnetic field, but the z-component, M,, increases. Whereas, in the case of damp-
ing following Bloch-Bloembergen mechanism the z-component stays constant for
the case T1>T, due to the energy being scattered into the transverse component
of magnetization (Fig. 2.10 (b)). The two different mechanisms which lead to the

relaxation as shown in path (1) and (2) (Fig. 2.10) are described below.

2.5.1 Gilbert mechanism

Using Eq. 2.26, the intrinsic part of the FMR linewidth can be derived as [84]:

yo [ 9°F 1 9°F
Aw="rloor + 2|’

M 85[1\_; sin” Oy J Py (2.35)
AHgwam = —A®

dw
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(b)

Figure 2.10: Schematic illustration of two damping mechanisms in ferromagnets (a) LLG
and (b) Bloch-Bloembergen damping. Fig. adapted from [81].

Using the above Eq. 2.35 and assuming that magnetization is uniform across the

sample, FMR linewidth can be expressed as [84]:

o o
ABHWHM ~ —
Y cos B

(2.36)

where B is angle between M and field, B and ABuwam 1s the half width at half
maximum of the FMR absorption spectra expressed in Tesla. The origin of Gilbert
damping can be explained in terms of spin dependent scattering. The section be-
low describes the mechanism of spin-lattice dissipation in metallic ferromagnets
originating from spin-orbit relaxation.

Spin-orbit relaxation

In 1967 Heinrich et al. [85] proposed a model for spin relaxation based on s-d
exchange interaction. According to this model, two groups of electrons are con-
sidered, one that are mostly localized (denoted as d-electrons) and the second are
itinerant electrons (here denoted as s-electrons). The interaction of the itinerant
electrons and the localized d-spins can be obtained by integrating the s-d exchange
energy density function. Due to s-d exchange interaction, the magnons and itinerant
electrons are coherently scattered resulting in an electron-hole annihilation pair. It

is then subsequently relaxed by spin-dependent scattering processes which transfer
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Figure 2.11: Schematic showing the spin flip scattering process. Here, Zj(ic') denotes the
magnon (electron) wave vector, ¢ and ¢ represent the spin-states.

angular momentum to lattice. Another model was proposed by Kambersky [86]
who described that both ordinary and spin flip scattering processes dominate the
Gilbert damping factor, &. These two processes depend on density of states and

electron scattering time and affect the magnetization relaxation [86].

2.5.2 Two-magnon scattering mechanism

Apart from the Gilbert mechanism, another relaxation process that contributes to
the damping is the two-magnon scattering. Path (2) as shown in Fig. 2.9 depicts the
two-magnon scattering where the uniform mode is scattered to non-uniform mode
(k = () which then subsequently dissipates to the lattice. This is an extrinsic con-
tribution to the damping and causes linewidth broadening of FMR spectra at reso-
nance. Fig. 2.12, shows bulk spin wave-dispersion relation for different orientations
of magnetic field. As the magnetic field orientation is changed from the perpendicu-
lar to parallel configuration with respect to the sample plane, a shift of band occurs.
In perpendicular configuration no degnerate k spin states are available and the bot-
tom of the spin-wave band at k = 0 coincides with the FMR frequency. When the
magnetic field is applied in the sample plane referred to as parallel configuration,
the band drops down and the the top of spin wave band at k = 0 equals the FMR fre-
quency. This gives rise to an extended range of wave numbers degenerate with the
uniform mode. The two magnon scattering mechanism has been described theoret-

ically by Arias and Mills [87] based on linear response theory and experimentally
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Figure 2.12: Schematic illustration of the spin-wave dispersion curve for different orienta-
tions of the applied magnetic field.

confirmed by several groups [88, 89]. When scattering centres are not isotropic in
sample, an angle dependent two-magnon scattering can occur which switches off
at a critical out-of-plane angle of magnetization. As shown in Fig. 2.12, when the
magnetic field is applied obliquely with respect to the sample plane, finite wave
vector modes are degenerate with the FMR mode for |6,,| > |6.| = 45". Thus the
two-magnon scattering should operate for this regime. But when |6,,| < |6.| = 45",
it should shut off since states degenerate to uniform mode are no longer available.
It has been shown that the angle dependence of two magnon can be approximated

by a step function and will be detailed in the following sections [87].

2.5.3 Ferromagnetic Resonance Linewidth Contributions

There are at least four contributions to the FMR linewidth [10]:

AH (0, yy) = AHGilbert(w, i) + AH™OSC (@) vi) _‘_AHZmag(w? i) + AHhom
(2.37)

where, AH denotes the peak-to-peak linewidth of the FMR signal. yy denotes the

two angles Oy and ¢y, as defined in Fig. 2.8. The four different contributions to the

FMR linewidth as given in Eq. 2.37 are described below:

The Gilbert contribution (AH Gilbert)

The phenomenological Gilbert damping parameter & is used to describe damping

in various magnetic systems. The Gilbert damping represents the intrinsic damping
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and from Eq. 2.36 it follows that the FMR linewidth depends linearly on the mi-
crowave frequency [20]. By doing FMR measurements over a range of frequencies
and plotting the FMR linewidth as a function of resonance frequency, & can be ex-
tracted from the slope of the curve. However, the linear frequency dependence of
FMR linewidth is valid only when magnetization and external field are parallel to
each other. Otherwise the field-dragging contribution has to be included. When the
FMR measurements are done by sweeping frequency, the linewidth is expressed in
terms of frequency. The frequency swept linewidth can be converted to field-swept

linewidth as:

JdH, = tant
0 00 = o) (0
(2.38)
JHR (® = constant, yy) dyy A(9>
4 Yu do \y

where Yy denotes the two angles ¢y and 6. The second term in Eq. 2.38 represents
the field-dragging contribution. It can be seen that the partial derivative gets large at
angles for which M is dragged behind B = poH due to magnetic anisotropy effects.
M and uoH are parallel along the hard and easy axes of magnetization which means
that the dragging contribution vanishes for these angles. For this case the Gilbert

damping contribution in Eq. 2.38 can be simplified as:

; 2 00 o
AHS™ () yoy = B) ~ N (2.39)
where B is the angle between M and external field, uoH. The factor of v/3 accounts
for the case when FMR lineshape is antisymmetric due to field modulation.
Mosaicity Broadening contribution (AH™0s3ic)

The second term in Eq. 2.37 is called the mosaicity term and is caused by a small
spread of sample parameters on a very large scale. This variation can be found in the
internal fields, thickness or orientation of crystallites within the sample. Because of
such variations the individual regions will have slightly different resonance fields

and the overall signal will be superposition of these local FMR lines causing a

broader linewidth. Such fluctuations of the directions of the anisotropy fields is
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accounted by including the mosaicity contribution term given as [90]:

AHSr (g v — JHR (0, WH)A(PH

JHR (@, 6)
Sor b A

Son Ou (2.40)

where A¢y and ABy represent the average spread of the direction of the easy and
hard axes in the film plane and normal to film respectively. For measurements along
easy and hard axes the partial derivatives are zero and so the mosaicity contribution

vanishes.
Two-magnon scattering contribution (AH>™28)

As detailed in the previous section, the two magnon-scattering occurs when wave
k = 0 magnons excited by FMR, scatters into degenerate states states of magnons
having vectors k # 0. This process requires the presence of states degenerate
to uniform mode and that there are scattering centres in the sample. If the long
wavelength spin-waves are involved in the relaxation process, the defects of the

order of several 100 nm rather than atomistic defects act as scattering centres.

The linewidth, AH>™22_ caused due to two magnon-scattering mechanism is
a measure of the scattering rate of the uniform mode (k = 0) magnons into other
spin-wave modes (k# 0). For a homogeneously magnetised thin film, AH>™3 can

be expressed as [10]:
AH™ (@, yi) o< Y Ty (91 — 9 (xi)

(xi)
VO (/2)? — /2 _
X arcs <\/\/W+(00/2>U(96q 0.)

with YuoMege = (UM — 2K, | /M) and LoM.g being the effective magnetization that

(2.41)

consists of saturation magnetization LoM; and the intrinsic out-of-plane anisotropy
fields, 2K, | /M. UoM.g can be determined from the angle- dependent FMR reso-
nance field. The factor, I'y, denotes the strength of two-magnon scattering along
the principle in-plane crystallographic direction (x;). The f(@yg — ¢ (x;)) term shows
that the two magnon contribution depends on the in-plane direction of poH relative

to the principal in-plane crystallographic directions (x;) given by the angles D)



2.6. Spin wave resonance 74

— 1504
e Gilbert + Two-magnon
=
il 1 .
S 100
)
5 Two-magnon _—
e | .
s ¥ Gilbert
T

0-/—/: — Al }

0 20 40 60 80 100

Frequency (GHz)

Figure 2.13: Schematic representation of the frequency dependence of the FMR linewidth
for a thin film with in-plane magnetization showing different contributions.
AH, represents frequency independent linewidth. Fig. adapted from [10].

For the case, when different contributions of two magnon- scattering along the prin-
cipal crystallographic directions (x;) occur, one has to sum up these contributions
weighted by their angular dependence given by f. To describe the two-magnon pro-
cess a step function is used given by U(6q — 6;) as in Eq. 2.41. Its value is equal to
1 for 6.4 > 6. and zero for 6.y < 6.. This signifies the ‘switching off” of the two-
magnon scattering at a critical out-of-plane angle of magnetization. The different

contributions to linewidth are shown schematically in Fig. 2.13.

2.6 Spin wave resonance

In previous sections FMR was described for uniform precession mode using LLG
equation of motion for uniformly magnetized sample where all the magnetic mo-
ments are collinear and precess in-phase throughout the entire sample. However,
in the presence of the dipole-dipole or exchange interaction, when the magnetic
moments are excited locally, the precessional motion can propagate spatially like
a wave known as the spin wave [91, 92]. The higher order resonance modes are
excited because of the generation of spin waves which are shown in Fig. 2.14. Spin
waves can be excited either by an inhomogeneous RF field or by non-uniformity of

magnetic parameters across the thickness of the sample giving rise to lower sym-
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Figure 2.14: Ferromagnetic spin chain in ground state and excited state. The spin-flip is
smeared over the whole system creating a spin wave with wavelength A. Fig.
adapted from [93].

metry of spins at surface compared to the bulk [91, 92]. The spin waves can be
classified depending on the type of interactions which is dipole-dipole or exchange
interaction. For the short wavelengths (for larger wavenumber k) the exchange in-
teractions are dominant and the dispersion relation shows a quadratic behaviour,
Onex = OmAexk’, Where Oy = YUoH (M) respectively. In contrast, the dipole in-
teractions is dominant for long wavelength (smaller k =27 /A < 107~1) [94]. The

long wavelength spin waves are called the magnetostatic spin waves (MSWs).

2.6.1 Magnetostatic spin waves

The first observation of MSWs was done by White and Solt [95] in 1956 and the-
oretical explanation was given by Walker in 1958 [96] and Damon and Eshbach
in 1962 [97]. Depending on direction of wavevector and static magnetization, the
three types of MSWs can be obtained (shown in Fig. 2.15) as described below:
Magnetostatic Surface spin wave (MSSW)

This is also known as the Damon-Eshbach mode and corresponds to the geometry

in which both the static magnetization and the wavevector (propagation direction)
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Figure 2.15: Dispersion relation for backward volume spin wave (BVSW), surface spin
wave (SSW) and forward volume spin wave (FVSW) calculated for 100 mT
external magnetic field in a CoFeB waveguide with thickness 30 nm. Two
laterally confined modes are shown for BVSW and SSW. Different mode pro-
files for the modes are shown in the top panel. Fig. adapted from [99].

are in the sample plane and perpendicular to each other. On neglecting the in-plane

anisotropy the dispersion relation for a film with thickness #g1y, is given as [98]:

27\ M? _
(“TQ = Hy (Hg + Mot ) + —2 (1—e Zktﬁlm) (2.42)

Magnetostatic Backward Volume spin wave (MBVSW)

This mode is observed when the static magnetization is parallel to the propagation
direction and lie in the plane along the waveguide. For this mode the group veloc-
ity is negative and points in the opposite direction to the positive phase velocity.

The mode is uniform over the entire sample volume and its dispersion relation is

described as [100]:

2 — _ktﬁm
<ﬁ) — Hg [HR + Mg (—1 ¢ )1 (2.43)
HoY ktfim
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Figure 2.16: Micromagnetic simulations showing dispersion relation for (a) surface spin
wave (SSW) (b) backward volume spin wave (BVSW) and (c) forward volume
spin wave (FVSW) calculated for 40 mT external magnetic field in a NiMnSb
waveguide with thickness 50 nm.

Magnetostatic forward volume spin waves (MFVSW)

MSFVW modes are observed when the static magnetization is perpendicular to
the propagation direction as well as the waveguide plane. This mode is uniform
throughout the sample volume and the group and phase velocity are parallel to each

other. Its dispersion relation is given as [100]:

277:f> [ ( 1 — ¢ Kliim )]
= HgR |HR + M, l-— 2.44
( HoY R Ktfiim (249

2.7 Perpendicular standing spin waves

In ferromagnetic films another spin wave mode which can be excited is the Per-
pendicular standing spin wave mode (PSSW) which has the wavevector perpendic-
ular to the film plane. The wavevector for a film with thickness #5;,, can be given
as kpssw = N7 /tgm where n is the order number. For the films with thickness in
nanometer range, the wave vector is large and frequency is in the GHz regime. In
order to excite the PSSW mode, a non-uniform excitation across the film thickness
is required. Uniform magnetic fields can also excite PSSW mode when the magne-
tization of the film is pinned at both or one of the interfaces [101]. Thus unlike the
MSWs, the PSSW mode is confined by boundary conditions between two surfaces.

Thus only spin waves with specific wavelength can be excited. Fig. 2.17 shows
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Figure 2.17: Resonance field vs frequency dependence for uniform FMR mode and PSSW
mode in NiMnSb sample with thickness 38 nm. Fig adapted from [102]. Right
panel shows the micromagnetic simulation for sample with thickness 40 nm
and exchange stiffness constant of 8 pJ/m. Both the modes can be clearly
seen.

the PSSW mode in NiMnSb sample. According to the Kittel model [103], odd
spin wave (SW) modes are excited by a uniform RF field due to surface pinning
caused by surface anisotropy interaction. In case of partial surface pinning both
even and odd SW modes can be excited [104]. In the model given by Portis [105] a
non-uniform volume magnetization in the absence of surface pinning can also can
excite SW modes. Considering there is no surface pinning and the magnetization
is in the sample plane, the dispersion relation for PSSW mode can be expressed as

[98]:

) = [ i) o] [+ (35
— | = [Hr+ k HR + Mt + k 245
(uoy R ona, ) Frssw | |t Mem g ) rssw] - (249)

where Aex is the exchange stiffness constant. It can seen from Eq. 2.42 and
2.45, the resonance frequency is higher as compared to uniform mode but is lower
in MSBVW mode (see Eq. 2.43). For k — 0, the dispersion relations of all threes
spin wave modes converge to that of kittel formula for the uniform mode given in

Eq. 2.33.
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Figure 2.18: Flow of spin current in a trilayer structure consisting of Ferromagnet (F1)/non-
magnet (N)/ferromagnet (F2) for (a) positive and (b) negative current. (c)
Schematic representation of damping torque and spin transfer torque. Fig.
adapted from [106].

2.8 Current-induced torques in ferromagnets

A charge current flowing through a FM/heavy metal bilayer system or in a FM with
broken inversion symmetry can generate a torque and cause the precessional motion
of the magnetization in FM. This electric-current induced spin torque in magnetic
multilayers has been studied theoretically [28] as well as experimentally [2]. Con-
siderable progress has been achieved recently and this effect has been explored for
use in spin transfer torque induced magnetization switching [107], domain wall mo-
tion [108] as well as current induced linewidth modulation [2]. The innovation has
opened up new paradigm for different different device applications like magnetic
random access memories (MRAM), high frequency devices for telecommunica-
tions and most importantly the STT induced magnetization switching has offered

an alternative to conventional field induced switching.

2.8.1 Spin-transfer torque (STT) and spin pumping

When a spin current flows through a ferromagnet, the spin angular momentum is
transferred between the conduction electrons and the magnetization of ferromagnet

and the overall spin angular momentum is conserved. This effect is known as spin-
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transfer effect. This was predicted theoretically by Slonczewski [28] and Berger
[29] in 1996 , and was first observed experimentally in a spin valve structure by
Tsoi. et al. [109]. Fig. 2.18 shows a vertical spin valve device consisting of ferro-
magnet (F1)/ non-magnet (N)/ ferromagnet (F2) trilayer structure. We consider the
magnetization of F1, M is initially tilted at an angle with respect to the magnetiza-
tion of F2 which is M,. When a positive voltage is applied to the sample, the spins
are injected from F2 to F1 and due to s-d exchange interaction, the spins get aligned
to the direction of M. In this process the electrons also exert a torque on M; and
cause it to rotate. The direction of the torque is given by M x (M x M). When
the number of spins injected is very large , the torque from the spins overcomes the
torque from M and thus cause it to tilt towards direction of M, and thus direction
of M| becomes parallel to M,. In the case of voltage applied being negative, the
electrons are injected from M into M,. The electrons which are antiparallel to M,
are reflected back at the interface and exert a torque on M, rotating it antiparallel

to M».

Considering a single domain macrospin approximation, the LLG equation
can be modified to include the contribution from spin transfer torque as shown in

Eq. 2.46 [3].

dM o dM hyJ.Pgl*
I yYMxH Z M x — TS M M
a - HoMXHe + o GeMxsae g S M (s x M)
hyJ.Pelt
IS s (2.46)
2€MleM

Here, gjé) is the real (imaginary) part of the interface spin mixing conductance;

s is the unit vector of the spin polarization. e, P and gy are the electron charge, spin
polarization factor and the thickness of the ferromagnetic layer respectively. The
third term in Eq. 2.46 is the Slonczewski’s anti-damping like term. The effect of
this term is to modify the damping parameter. When the anti-damping torque is
positive it dissipates the magnetization and suppresses the precessional motion and
vice versa for negative torque. The last term in Eq. 2.46 is the field-like torque which

acts as an additional magnetic field along s and is generally very small compared to
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Figure 2.19: Spin pumping in a bilayer structure consisting of ferromagnet and a non-
magnetic metal. The magnetization pumps a spin current, I, into the non-
magnetic metal. Fig. adapted from [106].

anti-damping like term [110].

Spin-pumping

Spin pumping is the reciprocal effect of spin-transfer in which the currents are gen-
erated by magnetization dynamics. The first theoretical description of spin-pumping
was given by Tserkovnyak et al. [111]. Both spin transfer and spin pumping
show identical microscopic correlations according to Onsanger’s reciprocity rela-

tions [112]. A schematic representation of spin pumping is shown in Fig. 2.19.

To conserve the angular momentum, spin current, I, is pumped out of the
ferromagnet perpendicularly to m. Under these condition the pumped spin current

can be expressed as:

e dM dM
I =g M x —— +81NE

247
h dt 247)

where the first term is similar to Gilbert damping term as in Eq. 2.46 implying that

there is an enhancement of Gilbert damping given by:

i)

_— 2.48
47'L'MSIFM Eett ( )

Ofr (tEM) = O+ Otsp = O +

where o, gieiff are the intrinsic Gilbert damping factor, and the effective real part of
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the spin mixing conductance. The second term is the reciprocal term of the field-like
torque and depends on the gyromagnetic ratio [111].

In this chapter, the basic background theory and concepts in magnetism have
been explained, which are important for interpreting the results presented in the later
chapters of the thesis. Different magnetic interactions and magnetization dynamics
has been discussed along with the relaxation mechanisms which are important for
the work done in chapters 4 and 5. The spin-transfer torques and the mechanism of

generation has been discussed which is related to the work done in Chapter 6.



Chapter 3

Experimental Setup and techniques

In this chapter the experimental techniques used in this thesis are presented. It in-
cludes the coplanar waveguide (CPW) ferromagnetic resonance (FMR) technique
used to study magnetization dynamics in Chapters 4, 5. The Spin transfer torque
(STT)-FMR technique used in Chapter 6 is also described along with current in-
duced (CI) STT-FMR.

3.1 Coplanar waveguide based FMR: Creation of
Static and Dynamic fields

The technique of field modulated FMR is used for characterising ferromagnetic
samples and to quantify various magnetic parameters. To perform such measure-

ment, three basic components are needed:

* a static (controllable) magnetic field that can be rotated in the sample plane

of the magnetic films.
* an RF (driving) field in the GHz range to excite the magnetization.

* alock-in detection technique to improve signal to noise ratio requiring a mod-

ulating signal at a known frequency.

The experimental setup is illustrated in Fig. 3.1, where a coplanar waveguide
is used that created microwave magnetic fields of variable frequencies. The detailed

working is explained below:
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Figure 3.1: A schematic illustration of experimental setup for FMR experiments.

3.1.1 Experimental Realization

The measurement of FMR in ferromagnetic thin film gives access to the intrinsic
magnetic energy landscape and the damping parameters of a given ferromagnetic
(FM) layer. A typical measurement is performed by placing the ferromagnetic sam-
ple in a microwave magnetic field and measuring the power that is absorbed in the
sample while sweeping the external field. The sample is placed on top of a CPW
which is attached to a sample holder and brought into the gap of a controllable elec-
tromagnet.The microwave frequency and input power is fixed and the external field
is swept through the FMR while the power reflected through the CPW is measured.
As powermeter, a Schottky diode is used that act as a rectifier for the rf current
such that the DC voltage is picked up when measuring with a low bandwidth device
(lock-in amplifier). The absorption is thereby given by change in reflection of the
coplanar waveguide that creates the driving field. The various parts are explained

as below:

3.1.2 Static Field

In this thesis the measurements are performed with a fixed frequency f = (3-20)
GHz and a variable external field tigHex;. The required field range to reach the reso-

nance fields for such frequencies lie between (0-900) mT for the used films. These
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requirements are well fulfilled by electromagnets with a soft iron core. With such a
magnet, fields upto 1.2 T can be created easily depending on geometry of magnet.
The sample is mounted in the gap of the pole shoe in order to reach maximum and
homogeneous field. The field is set by controlling the current through the coil using
a controllable power supply that can be set by computer. The field at the position
of the sample is measured by Hall probe. The field is rotated in the sample plane
by rotating the magnet assembly using motor control keeping the sample position

fixed.

3.1.3 Creation of the Driving Field

The precession of the magnetization is driven by a small, oscillating magnetic field
in the microwave range of frequencies. In the presented work this field is created
by the use of a coplanar waveguide.

Coplanar waveguides: The advantage of CPWs is that they can be designed for a
wide bandwidth in frequency and allow for the creation of fields up to the order of 1
mT with relatively low output power (< 500 mW) delivered by standard microwave
generators. In addition its design is flexible and can be adjusted to suit experimental
needs. A sketch of basic geometry of a CPW is shown in Fig. 3.2. The CPW
consists of three current carrying lines separated by a gap. The inner signal line
carries a current. The outer lines (ground lines) carry half of this current in opposite
direction thereby closing the circuit. The current that flow through the lines creates
an Oersted field. The FM layer is placed on top of signal line. In our measurements
the width of signal line is ~ 0.5 mm and the ground lines are connected to ground
plate as shown in Fig. 3.3 and see Appendix. H for details. The impedance of the
CPW is an important factor for consideration when using it for FMR experiments,
and it can be matched to 50 Q by carefully controlling the parameters shown in
Fig. 3.2, where the easiest parameters to vary are the signal line width (s) and the
distance from the ground plane to signal line (w) [113]. The CPWs used for the
experiments done in this thesis were fabricated in the UCL workshop using Roger’s
RT-Duroid 500 board. The CPW is connected to a microwave source which can

transmit frequency of upto 20 GHz.
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Figure 3.2: (a) Geometry of the coplanar transmission waveguide, where the central signal
line of width, s, is separated by air gaps of width, w, from the ground planes.
The relation between s, w and h (thickness of dielectric substrate) determines
the impedance of the waveguide. The signal line is used to carry a high fre-
quency signal. The current flow creates an Oersted field which is used to excite
magnetization dynamics. (b) shows the 1f field distribution around the conduc-
tors of the coplanar transmission line: dashed lines show the magnetic field
force lines, and the solid lines show the electric field force lines.

Figure 3.3: A schematic illustration of sample mounted on CPW. The sample is placed face
down (ferromagnetic layer in contact with signal line). The right panel shows
the side view.

3.1.4 Modulating field

In order to improve the signal to noise ratio (SNR) a lock-in detection technique is
employed which requires modulating the signal at known frequency. This modula-
tion is provided by an additional set of Helmholtz coils powered by an AC source
which in turn produces a small modulation (H,c) to the much larger (Hpc). There-
fore, with this modified measurement scheme one actually measures the derivative
of the transmitted/reflected power(dP/dHpc),schematically shown in Fig. 3.4. This
absorption is then generally fitted with symmetric and anti-symmetric Lorentzian
function. The fitting formula used to extract the parameters is given in Eq. 3.1. By
analysing these absorption peaks, the resonance position Hes and the linewidth AH
can be determined and from these measurements it is possible to obtain the dynamic

properties for a given magnetic sample.
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Figure 3.4: A schematic illustration of the absorption FMR signal
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(3.1)

Here, Vsymm and Vigym denote the symmetric and antisymmetric Lorentzian

components.

The advantage of the broadband FMR setup is the possibility of obtaining a full
field vs. frequency map of the resonances, not being limited to a single frequency
as compared to a cavity-based FMR setup, since by measuring the FMR linewidth
as a function of frequency, one can extract both Gilbert damping factor, o, which
characterises the frequency dependent contribution to the damping, as well as the
inhomogeneous frequency independent contribution to the linewidth. Thus, using
the broadband FMR the resonance conditions can be more fully explored and ex-
ploited by extracting the Gilbert damping parameter from a series of field-resolved

FMR traces taken in a range of frequencies.
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Figure 3.5: A schematic diagram for CI-FMR measurement. The circuit inside the red
dashed line is the bias-tee.

3.2 Current Induced Ferromagnetic Resonance (CI-

FMR)

Unlike the conventional CPW-FMR as described above which is driven by external
microwave magnetic field generated by waveguide, the magnetization dynamics in
CI-FMR is driven by effective magnetic field generated by passing the microwave
charge current through the sample bars. The nature of this effective magnetic field
has been discussed in details in Chapter 2. By using CI-FMR we can quantify the

current induced torques and characterise the ferromagnetic samples [114].

The schematic of experimental setup is shown in Fig. 3.5. The device (micro-
bar) is wire bonded between the open-circuit coplanar waveguide and a low fre-
quency connection (not shown here) which provides a microwave ground. The
sample is placed in an external magnetic field produced from the electromagnet to
align the magnetization. Due to large impedance mismatch (the sample has nominal
resistance in few ~ kQ whereas the microwave transmission line and the waveguide
has the charactersitic impedance of 50 ), the signal reaching the sample is a frac-
tion of the incident signal. The microwave current is supplied to the sample using
an Anritsu MG3692C signal generator. The microwave current is pulse modulated
to allow the lock-in detection to improve the signal to noise ratio. Inside the fer-
romagnet, the oscillating current induced torques cause the magnetization, M to
precess, which causes time varying change in the resistance. This when combined

with microwave current inside the device, produces a measurable DC voltage due
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Figure 3.6: Illustration of frequency mixing effect. The magnetization precession causes
a time-dependent change in device resistance which combines with the oscil-
lating ac current inside the device, I cos(wr), giving rise to an ac voltage com-
ponent varying at double frequency and a DC voltage component known as
photovoltage.

to frequency mixing effect [115, 116] as shown in Fig. 3.6.

The mechanism of generation of DC voltage can be either due to spin rec-
tification, which exploits the anisotropic magnetoresistance (AMR) or spin Hall
magnetoresistance (SMR) effect in ferromagnetic samples, or it can be due to spin

pumping in case of ferromagnet/hevy metal bilayer films.

Spin rectification — As mentioned in Sec. 2.8.1, a spin-polarized current recipro-
cally interacts with the magnetization in a ferromagnet through direct transfer of
spin angular momentum. The time dependent change in resistance due to AMR
when mixed with applied current (Iyiw = I cos(wr)) generates a DC voltage which

can be expressed as:
V(t) =Ipcos(wr)-R(?) (3.2)
and the time varying sample resistance is given by:

R(t) =R, 4+ ARcos? [0 + 6. cos(wr)] (3.3)
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where 6. is the cone angle of magnetization precession. Under the small-angle
approximation (6, << 1), we can expand Eq. 3.3 using Taylor’s series to the first

order in 6. and putting it into Eq. 3.2 gives the voltage as:
V(t) = Iycos(ot) [R |+ ARcos® @ — AR - 6. sin(20) cos(wt)] (3.4)

By simplifying the above expression we obtain the time independent component of

voltage which is measured in the experiment:
1 .
VSR = _EIOAROC Sll’l(29) (35)

As mentioned in Appendix. F, the rectified DC voltage is obtained by solving the
Landau-Lifshitz and Gilbert (LLG) equation and it is expressed as sum of symmet-

ric and antisymmetric Lorentzian components given as:

AH? (Hext — Hies ) AH
Vsr = Vsym—s + Vasy- (3.6)
R sym—SR ( Hey — Hoog )2 + AH? asy-SR ( Hey — Hie, )2 + AH2
3.7
where,
IpAR w . IpAR .
Veym—SR = h 20 = —Agmh 20 (3.8
sym—SR > HOYAH(2Hres+H1+H2) 21N 5 Asym 2 SIn (3.8)
IOAR (Hres ‘|‘H1) . .
Vasy—SR = —h 0-+h ?] 26
asy—SR 2 AH (2Hres T H, +H2) ( x SIn 0 + ny cos ) sin
IhAR
= OTAasy (—hysin 6 + hycos 6) (3.9)

where the terms H| and H, represent the anisotropy in the sample and AR is the
AMR coefficient. The terms hy, hy, h, refer to the components of effective driv-
ing field ohegr = Ho (hx, hy,h,) e/®. Complete expression for different anisotropy

terms is given in Appendix. F.

Spin pumping — In case of ferromagnet/heavy-metal bilayer systems another com-

ponent that contributes to DC voltage is due to spin pumping [1]. The lineshape
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Figure 3.7: A schematic diagram for DC bias controlled CI-FMR measurement. The circuit
inside the red dashed line is the bias-tee.

for spin pumping signal is purely symmetric since it is independent of the phase
between magnetization precession and applied charge current. As given in [117],

the DC voltage generated due to spin pumping can be expressed as:

2 '
Vigm-sp = Rowim — Osp A tanh | 1M ) j05in g (3.10)
n 2

where, wym, fuM, Osy and Ay are the width of the bar, thickness of heavy metal
(HM), spin Hall angle and spin diffusion length of the HM respectively; e is the
elementary charge and 7 is the reduced Planck constant. 7 is a correction factor for
the ellipticity of the magnetization precession and jg is the spin-current density at

the interface given by [63]:

nelie v (Hoherr ) [“{)Meff v+ \/(,UOMeff 7+ 16(7rf)2]

8maZ; [(queff 7+ 16(7rf)2}

= 3.11)

where gl;Lf Jhetr, Yert and Mg are the spin mixing conductance, current induced ef-

fective field, gyromagnetic ratio and effective magnetization respectively.

3.3 Linewidth Modulation by DC current bias

Magnetization precession can be modulated electrically due to the spin Hall effect
(SHE). When a DC bias current (Ipc) is applied, depending on the relative orien-

tation of Ipc with respect to magnetization, can cause an increase or decrease of
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effective magnetic damping () and hence AH [118]:

2nf ( sin O hJ S)
A= o+ is)
Y (Hext +2Mesr) poMstpm 2e
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where Jg is the spin current density. o is extracted from the frequency dependence
of linewidth. Fig. 3.7 shows the schematic of the circuit used for the measurement.
As compared to the circuit of CI-FMR shown in Fig. 3.5, an additional DC current
source is introduced. Keithley K2400 acts as DC current source. By applying differ-
ent DC bias currents, the CI-FMR measurement is done and linewidth is extracted
by fitting. Since the microwave current is modulated at lock-in frequency of 12
Hz it causes oscillation of sample resistance at same frequency by certain amount
(AR\vw) due to joule heating. Because of this oscillating resistance the DC bias
current, Ij,s causes an oscillating voltage proportional to Igj,scARMw Which appears
as additional background voltage in lock-in detected signal. By fitting the linewidth

dependence as a function of Igj,, spin Hall angle can be estimated using Eq. 3.12.



Chapter 4

Relaxation of magnetization
dynamics in non-centrosymmetric

ferromagnet NiMnSb

4.1 Introduction

Magnetic relaxation processes are of considerable importance for thorough under-
standing of spin dynamics in ferromagnetic systems. The energy relaxation rate is
quantified using the phenomenological Gilbert damping parameter [73]. Inspite of
numerous reports in this avenue starting from as early as fifties [119, 120, 121], a
generalized conceptual knowledge is still rather fragmented which is most likely be-
cause of the damping in the system being sample dependent. Although we often de-
scribe damping in terms of intrinsic and extrinsic properties, a possible caveat is that
there always exists some ambiguity regarding how these two can be distinguished
accurately. When we talk about intrinsic properties, the most inherent contribution
to system damping is often described in terms of spin-orbit interaction and itinerant
electrons. Although there do exist other intrinsic contributions from eddy-current
and phonon drag, they play negligible role for ultrathin films. The microscopic
description of intrinsic damping based on s-d exchange interaction was explained
in the model given by Heinrich, Fraitovd and Kambersky [122]. Apart from this
many other models [123, 124, 125, 126, 127] highlight the underlying physics of
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magnetic relaxation and damping in ferromagnets but most of them portray the idea
that the leading mechanism governing intrinsic damping can be attributed to spin-
orbit interaction. Control of damping is indeed important for realization of efficient
magnetization reversal for memory applications. A large value of intrinsic damping
suppresses the precessional motion of the magnetization of soft magnetic underlayer
and write pole in Perpendicular Magnetic recording (PMR) devices. This leads to
reduction of transition-jitter caused by head field fluctuations [128]. Thus control
of damping is important for PMR devices in order to speed up the writing pro-
cess. However, the presence of structural distortions, inhomogenities and defects
referred to as extrinsic contributions can often mask the intrinsic contributions lead-
ing to uncertainity in calculated damping values. Thus, separation of contribution
to linewidth from these effects is essential to clarify the origin of damping. This
becomes more important for materials with low intrinsic damping. In the frame-
work of Landau-Lifshitz and Gilbert (LLG) equation the intrinsic damping term is
described by the constant & and the ferromagnetic resonance (FMR) linewidth, AH,
scales linearly with resonance frequency. On extrapolating the curve for frequency
dependence of AH, the extrinsic contributions can be inferred as the zero frequency
offset, AHj, which must be absent in case of no inhomogeneities pertaining to negli-
gible extrinsic contribution. In case of lattice strained structures the spin dynamics
is strongly affected by the presence of self-assembled network of misfit disloca-
tions which tend to increase the damping by a process described as two-magnon
scattering [129, 130, 131, 132, 133, 134] when degenerate modes with wave vec-
tor (k #0) are available for relaxation. The two-magnon scattering component can
be anisotropic and cause channelling of scattered magnons pertaining to its depen-
dence on k [134]. The effect of two-magnon is more pronounced when inhomoge-
neous field is much smaller than the interaction field [135, 136]. In this case the
FMR lineshape is Lorentzian which deviates from standard form and can resemble
Gaussian peak shape for larger inhomogeneities [135]. For long wavelength (small
k), we cannot treat the extrinsic contribution to linewidth to be coming only from

two-magnon scattering. In the case of large sample inhomogeneities, the standard
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two-magnon picture fails to explain the broadening in linewidth due to the spatial
variation of internal fields [137, 138] and varying crystallite orientation. The re-
sultant FMR signal is then attributed to the superposition of local resonances. This
can often result in non-zero AH offset. In order to interpret the extrinsic contribu-
tion we should obtain AH in the vicinity of film normal when the two-magnon is
switched off [139, 140, 89, 141]. The presence of non-zero offset in film normal
condition could imply the dominance of large scale inhomogeneities on linewidth

broadening.

In this chapter, microwave induced magnetization dynamics is investigated in
a broad band ferromagentic resonance type experiment revealing the contribution
of extrinsic and intrinsic relaxation terms in half-Heusler NiMnSb, a ferromagnet
with zinc-blende crystal structure. As pointed out by Baryakhtar and coworkers
[142, 143, 144, 145] the "form of relaxation terms is influenced by the crystal sym-
metry", hence the phenomenological damping term should be a tensor instead of an
isotropic scalar constant. This is explored in this studies. Moreover, it had been also
pointed out by Kambersky [86] that two processes, ordinary and spin-flip scattering
dominate the Gilbert damping factor G (G = a'yMs) and they depend on the density

of states at the Fermi-level, D(Ep) and electron scattering time, 7. They are given

as:
m\’ 2
Gspin-ﬂip = (7) D(EF) (g - 2) /T, (41)
(Y 2 (02
Gordmary — 2 D (EF) ASO (g 2) /T, (42)

where Ago is the strength of spin orbit interaction and g is the Landé g-factor. The
magnetic anisotropy energy density is related to the anisotropy of orbital angular
momentum [18] and also the g-factor measured in FMR is a measure of the or-
bital to spin magnetic moment ratio[146]. Thus, from Eq. 4.2, since damping de-
pends on g-factor, the materials with large magnetic anisotropy should show large
anisotropy in damping [20]. By performing various angle and frequency depen-

dent scans, different anisotropy components and damping parameter are quantified
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which shows anisotropy in damping for thinner films. Apart from all these the-
oretical works many experimental studies [20, 147, 148, 149, 150, 151, 90] also
claim existence of anisotropic damping. However, convincing experimental evi-
dence for the anisotropic damping in bulk ferromagnets is still lacking. Moreover,
the anisotropy of damping may average out for the continuous rotation of mag-
netization trajectory around a fixed static FMR bias field [152]. This is because
the phonon reservoir smears out the electron bands at high temperature [14, 12]
due to dominant interband transitions explained by bubbling Fermi-surface model
[153, 154] thus making the experimental detection of anisotropic damping difficult.
Gilbert damping which is determined by the electrons at the Fermi surface [155, 16]
becomes anisotropic due to anisotropic electronic structure due to spin-orbit inter-
action during magnetization precession. This is however true in low temperature
regime dictated by breathing fermi surface model determined by intra-band elec-
tron scattering. Apart from this, contribution to damping from structural and chem-
ical disorder [156] may further hinder the observation of anisotropic damping due
to inter-band scattering. Thus making overall detection of anisotropic damping in
bulk ferromagnets difficult. By rigourous analysis of linewidth, the presence of
anisotropic Gilbert damping is confirmed in the samples which diasppears as the

thickness is increased.

The FMR linewidth leads to precise determination of the magnetic relaxation
parameters of these samples. The various contributions to the FMR linewidth due
to Gilbert damping and other relaxation terms in NiMnSb are distinguished and
analysed quantitatively. A general model is presented to explain both the angular
and frequency dependencies of the FMR linewidth yielding unique set of relaxation
parameters. In general, the contributions to linewidth from two different channels:
(i) Contribution due to Gilbert type relaxation and (ii) non-Gilbert type (extrinsic)
contribution, are separated. These contributions have been discussed in details in

Chapter 2.

The idea to choose NiMnSb for this study is to explore the interplay between

the crystal structure and magnetism. The non-centrosymmetric crystal, NiMnSb is
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of particular importance. In the case of NiMnSb with zinc-blende structure there
exists a bulk inversion asymmetry (BIA) which results in Dresselhaus spin-orbit
coupling whereas the structural inversion asymmetry (SIA), due to deformation or
an asymmetric electric potential, results in the Rashba type spin-orbit coupling
field [157]. Hence, this study helps to understand the spin-orbit interaction of
a crystalline ferromagnetic structure. The cubic half-Heusler lattice of NiMnSb,
shares 43m point-group symmetry. Under a tetragonal distortion the symmetry
of these crystals reduce to 42m point group. Here, the importance of symmetry
breaking on magnetic damping is addressed. This work is different from recent
study of anisotropic damping in ultrathin Fe film on GaAs [90] where the origin of
anisotropic damping is mediated by the anisotropic density of states at the interface
following from the effect of interfacial spin orbit coupling on electronic structure.
Finally, the tuning of anisotropy in damping is demonstrated through variation in
thickness of film. This work will provide new insight into understanding the mech-

anism of magnetic relaxation.

4.2 NiMnSb Sample

NiMnSb belongs to the family of Heusler alloys [158]. Heusler alloys can be clas-
sified as full-Heusler with chemical formula X,YZ and half-Heusler with formula
XYZ, which crystallize in L2 and Cly crsytal structure respectively as shown in
Fig 4.1. (Here, X and Y are transition metals and Z is a non-magnetic element
[159]). NiMnSb crystallizes in non-centrosymmetric (lack of inversion asymmetry)
half-Heusler cubic structure C1,. The interest in this material started when Groot
et al. [160] calculated its band structure and predicted it to be half-metallic. Since
then a lot of research has been done for this material [161, 162, 163, 164, 165, 166].
This composition is a very interesting material for application in spintronics devices
due to its high spin polarization [167, 168], high Curie temperature and small value
of Gilbert damping [169, 170]. The hybridization states of elements X and Y form a
very large bandgap for C1y, configuration which is desirable for enhancing the per-

formance of magnetoresistive devices. In a ferromagnet with nearly half-metallic
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L2,-type X,YZ C1,-type XYZ

Figure 4.1: Schematic of the crystalline cell structures with atom occupancy (top panel)
and electronic band structure (bottom panel) near the Fermi level for L2-type
full-Heusler (left) and C1y,-type (right) half-Heusler alloys. Fig. adapted from
[175].

band structure, the isotropic interband term is suppressed [13] and the damping can
be dominated by the anisotropic contribution. Recent works have claimed the obser-
vation of anisotropic damping in half-metallic Heusler alloy [171, 147]. In NiMnSb
the minority spin band is semiconducting with a gap at fermi-level, Eg. Such mate-
rials can be considered as hybrid between metal and semi-conductors. Recently this
material has been found to be promising candidate for observing spin-orbit torques
at room temperature [172]. The anisotropy of NiMnSb is found to be sensitive to its
lattice constant which can be controlled by either varying Mn concentration [173]
or by inducing external strains [174]. A variation in the composition of NiMnSb
can result in both the change in strength and direction of anisotropy. Also, it has
been reported that there is a dependence of anisotropy on thickness [170], hence the
anisotropy can be tuned by varying thickness and stoichiometry when grown in thin
films, thus opening the way to engineer material with desired magnetic properties.
The cubic half-Heusler lattice of NiMnSb as shown in Fig. 4.2, shares 43m
point-group symmetry. Due to the presence of global inversion asymmetry, a net
spin polarization with a non-zero integral value over the unit cell is obtained. In this
study the NiMnSb films were grown on GaAs substrate which resulted in tetragonal

distortion due to strain caused by substrate-lattice mismatch. This causes a lowering
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Figure 4.2: (a) Crystal unit cell of GaAs, where the inversion partners are occu-
pied by different atomic species, hence making the unit cell globally non-
centrosymmetric, and results in non-zero net spin polarization. (b) Crystal unit
cell of NiMnSb, symmetry is analogous to that of GaAs i.e zinc-blende struc-
ture [176].

of symmetry to 42m. The current induced spin polarization for 42m has Dresselhaus
symmetry with respect to applied current direction [176, 177, 114, 178]. The result-
ing symmetry lowering caused by associated strain fields influences the magnetic

properties [169, 90].

4.3 Sample Growth and Film Characterization

The samples were grown by Dr. Sukegawa (NIMS, Japan) and Dr. Xiang (NIMS,
Japan). Preparation of thin film of NiMnSb was carried out in a magnetron co-
sputtering system with a base pressure of 1 x 10~/ Pa. Semi-insulating GaAs(001)
wafers were used as substrate for the growth of the film. The GaAs substrates were
cleaned using 35% hydrochloric acid (HCI) aqueous solution at room temperature
for 9 min before being annealed at 400°C for 30 min in order to desorb the con-
taminants. The annealing was done in sputtering chamber and was monitored using
reflection high energy Electron Diffraction (RHEED) [179] until a well ordered
4% 6 reconstruction appeared. The NiMnSb film was grown by co-deposition of
Ni, Mn and Sb targets at 250" C and Ar gas pressure of 0.4 Pa. Ni was deposited
by RF sputtering whereas Mn and Sb were deposited by DC sputtering after cali-
brating the deposition rate for each element. The NiMnSb deposition rate was set
to 0.12 nm/s. Annealing was done for sample thickness 20-100 nm post deposi-

tion at 400" C within the sputtering chamber while 15 nm thick sample was not
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Table 4.1: Overview of NiMnSb films investigated in this study. The blanks in the table for
15 nm sample indicate that XRD measurements were not done for the samples
and so the lattice constant parameters were not extracted. NA for 15 nm sample
stands for not annealed.

Sample Lattice Lattice cla (c-a)/a Uniaxial Lattice M Annealing
Thickness (nm) Constant (¢) (A) Constant (a) (A) (%) easy axis Mismatch (%) (kA/m) Temp.(° C)
5 - - - - [110] - 446£1 NA
20 5.921+0.002 5.937+£0.002  0.99734+0.0006 -0.26944-0.0006 [110] 4.891£0.002 53245 400
50 5.921+0.001 5.9284+0.001  0.9988+0.0003 -0.121240.0003  [110] 4.8734+0.001 54542 400
100 5.924+0.002 5.933+£0.004  0.998440.0009  -0.155+0.001 [110] 4.782+0.002 583+2 400

(c) 50 nm

!

GaAs[110] GaAs[110]

m

GaAs[110] GaAs[110] GaAs[110] GaAs[110] GaAs[110]

bt |
(4x1) reconstruction

(h)

0 nm

Figure 4.3: RHEED image of the NiMnSb film for (a) 15 nm (b) 20 nm (c) 50 nm and
(d) 100 nm film thickness measured with incident electron beam along [110]
and [110] directions. The real inplane periodicity is given by the outer streaks.
The streaks between the middle streak and the outer streak are caused by 4 X
1 reconstruction for incident beam along [110] direction. The RHEED streak
reconstruction vanishes for incident beam along [110] direction.

annealed'. Finally, a 3 nm thick capping layer of MgO was deposited on films us-
ing RF-sputtering at room temperature for protection against oxidation. Inductively
coupled plasma analysis of a 100 nm-thick reference film deposited on a thermally
oxidized Si substrate at room temperature allowed the measurement of film com-
position to be Niz; ;Mn33Sbssg. Monitoring of the growth process and surface
structure analysis was done in-situ using RHEED.?

The RHEED pattern for different thickness of grown film are shown in Fig. 4.3.
The RHEED patterns show straight streaks, corresponding to a 4 x 1 reconstruction
when the electron beam was oriented along [110] direction and 1x 1 reconstruction
when the electron beam was oriented along [110] direction as shown in Fig. 4.3.

From the RHEED patterns one can conclude that the two directions [110] and [110]

The 15 nm sample was from a different batch. The growth conditions were maintained similar
to the deposition of 20-100 nm thickness but after the growth of 15 nm sample, no post-deposition
annealing was done.

RHEED measurements done by Dr. Sukegawa
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Figure 4.4: Out-of-plane and XRD profiles obtained from 20 nm, 50 nm and 100 nm thick
NiMnSb crystalline films deposited on GaAs (001) substrate. The profiles
along various scattering vectors g of GaAs are shown.

are not equivalent pertaining to anisotropy in the system.

The characterization of crystal growth properties of the grown films was done
by X-ray diffractometry (XRD)? using Cu-Ka radiation (A = 0.154 nm). Out of
plane XRD results for samples with thickness 20-100 nm are shown in Fig. 4.4.
XRD measurements were not performed for 15 nm thick sample. The XRD traces
confirm that the NiMnSb film is grown epitaxially on the GaAs substrate with cube
on cube orientation relationship of GaAs(001) || NiMnSb(001) which is consistent
with earlier reported works [173]. Moreover, formation of single C1y, is confirmed
from the absence of any secondary phases in the profile. The lattice constants were
calculated using both out-of-plane (¢ || 00%) and in-plane peaks (g || 40)*.The cal-
culations were done by Dr. Sukegawa. The lattice constants for different thickness
of NiMnSb were calculated using least square method from the peak positions and
using Bragg’s law. Table. 4.1 shows the lattice constants for all different film thick-
ness along with the easy axis for inplane magnetization. In Fig. 4.4, scans along
g || [011] and ¢ || [111] are also shown. This was done to obtain the lattice spacings
for oblique directions in addition to the information about secondary phases. These
scans were done at a tilt angle of 54.7° and 45° from (001) plane for ¢ || [111] and
g || [011] respectively. Also it can be seen that no secondary phases are present.

Due to the presence of lattice mismatch, there is an elongation or compression of

3XRD measurements done by Dr. Sukegawa
4The in-plane data is not shown in this thesis
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Figure 4.5: Hysteresis loops for in-plane applied field along GaAs [110], [110], [100] and
[010] for (a) 15 nm (b) 20 nm (c) 50 nm and (d) 100 nm. The hard axis is [110]
for all the samples as shown in the figure.

the out of plane lattice constant c, resulting in tetragonal distortion. From the data of
oblique scans it is seen that the lattice spacings are tuned by existence of tetragonal
distortion along the film perpendicular direction. The bulk value for lattice con-
stant is 0.593 nm and 0.5653 nm for NiMnSb [180] and GaAs [181] respectively.
Comparison of results to bulk value indicate that the sign of distortion generated by
growth is opposite to the lattice mismatch of their bulk constants. The lattice mis-
match (%) is given in Table. 4.1. In the samples a growth induced strain can develop
due to the lattice mismatch of the substrate and NiMnSb epilayer. This strain caused
deformation of the lattice. In our samples it was observed that the strain-induced
tetragonal distortion (c-a/a) of films decreases from 0.27 % to 0.15 % as the thick-
ness is increased. Although within the given uncertainities we could not see any
change in strain with thickness but the presence of structural defects can also cause
strain fields and affect the magnetic properties and reduce the crystal symmetry
[170]. Moreover, the interfacial regions can be pseudomorphically strained [170].
The strength of this strain is difficult to be quantified by using only XRD measure-
ments. Apart from this, the presence of misfit dislocations are speculated near the
GaAS/NiMnSb interface which also influences the lattice relaxation. To be noted
here is that in spite of ~ 5% lattice mismatch, an epitaxial growth was maintained
which is visible from the RHEED and XRD data. By tuning the growth conditions
an epitaxial growth can be possible in large lattice mismatch systems[182] and for
different thickness of NiMnSb samples used in this study, an epitaxial growth was

observed.
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The magnetic hysteresis loops® were measured using a vibrating sample mag-
netometer (VSM) at room temperature. Fig. 4.5 shows the magnetization curves
obtained when applying field H along [110], [110], [100] and [010] in GaAs. These
data demonstrate that the hard axis corresponds to [110]. Furthermore, the shape of
hysteresis loops measured in different crystallographic directions indicate the pres-
ence of both uniaxial and cubic magnetic anisotropies. Table. 4.1 summarizes the
estimated saturation magnetization values for different thicknesses of the film. The
bulk value of saturation magnetization for NiMnSb is 741 kA/m which is about 1.3
times larger than the extracted saturation magnetization (M) in the grown films.
This deviation from the bulk value was also reported in earlier works [183] and
the reason can be attributed to the saturation magnetization being sensitive to the
growth conditions and stoichiometry [184]. This can indicate that there is a pres-
ence of significant amount of structural disorder in the grown films. Apart from
this, other causes for reduction can be attributed to smaller concentration of Ni and
Mn atoms with respect to Sb atoms, existence of dead layers at the interfaces or the
residual antisite defects in the C1y, lattice. All the above factors can be attributed
to be responsible for the lower value of saturation magnetization as compared to
the bulk value. In order to maintain high crystallinity and minimum roughness the
growth temperature was set at 250" C followed by post-annealing for 20-100 nm
thick samples. It can be seen that for annealed samples the M; value is larger which
indicates an improved atomic ordering. The coercive field for the samples is 15 Oe,
71 Oe, 39 Oe and 26 Oe for 15 nm, 20 nm, 50 nm and 100 nm respectively. The
increase in coercive field for annealed samples is not yet clear but a full square easy
axis hysteresis loop for annealed sample indicate of improved crystalline structure
and chemical order [185] while for 15 nm sample the easy axis show poor square-

ness. There is also a variation in anisotropy for annealed samples.

>VSM measurements provided by Dr. Sukegawa



4.3. Sample Growth and Film Characterization 104

RF(in)

G-S-G coplanar
waveguide

GaAs
substrate

[100]
NiMnSb - RF(out)

(C) 1 5 Ghz 6 Ghz 11 Ghz 12 Ghz

0.00 0.05 0.10 0.15 0.20
tot (T)

Figure 4.6: Typical absorption spectra induced by ferromagnetic resonance in NiMnSb. a)
Schematic of the ferromagnetic resonance excitation in sample. Microwaves
pass through the transmission line which at an appropriate magnetic field can
resonantly excite the sample. The decrease in RF energy due to absorption
on resonance is converted to a DC Voltage by a diode. b) Crystal orientation
of NiMnSb and definition of the angles of magnetization, ¢\, and external
magnetic field, ¢y, with respect to [100] direction. ¢) Typical absorption spec-
tra for several selected frequencies measured at ¢y=-45" and room tempera-
ture. Each spectrum can be fitted by combination of symmetric and antisym-
metric lorentzian function, from which the FMR resonance field, Hys and the
linewidth, A H are obtained.
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4.4 Resonance measurements

Ferromagnetic resonance is a key technique to determine the magnetic properties
of ferromagnets. Having the capability of full angle dependent measurements of
the ferromagnetic resonance in-plane as well as out-of plane offers the possibility
to determine the in-plane and out-of plane anisotropy constant, the saturation mag-
netization, the Gilbert damping factor and the g-factor of the examined samples.
The FMR experiments were carried out with the magnetic moment in the plane of
the film (in-plane configuration) and out-of-plane of the film (out-of-plane config-
uration) using the experimental set up described in Chapter 3. The external field
was modulated with an amplitude of few Oersteds at 12 Hz and a phase sensitive
detection was used to increase the signal-to-noise ratio. With this modified mea-
surement scheme, the derivative of the transmitted/reflected power, (dP/dHy.), is
measured. Fig. 4.6 shows the typical absorption spectra for 50 nm thick fim. This
absorption is then fitted with symmetric and anti-symmetric Lorentzian functions.
The fitting formula used to extract the parameters is given in Eq. 3.1. By analysing
these absorption peaks, the resonance position and the linewidth are determined and
dynamic properties for a given magnetic sample are obtained. The results of exten-
sive frequency dependence as well as angle dependent measurements of the FMR
linewidth are presented in the following sections. The advantage of the broadband

FMR setup as compared to cavity based FMR has been discussed in Chapter 3.
4.5 Angular dependence of resonance field and

linewidth

4.5.1 Magnetic field anisotropy

The angular dependence of FMR resonance fields is shown in Fig. 4.7 (e-h) for
different thickness of NiMnSb at microwave frequency, f = 5 GHz. The data is

fitted using resonance condition:

2
(9> = uGH Hy 4.3)
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Figure 4.7: (a-d) Microwave absorption from an in-plane rotational scan of external mag-
netic field as a function of applied magnetic field and angle measured at 5 GHz
for different sample thickness (a) 15 nm (b) 20 nm (c) 50 nm and (d) 100 nm.
(e-h) In-plane angular dependence of FMR resonance field Hs obtained from
fitting FMR scans for different set of samples measured at 5 GHz. (i-j) Corre-
sponding linewidth, AH as a function of in-plane rotational angle for different
sample thicknesses. The solid lines represent the fitting.



4.5. Angular dependence of resonance field and linewidth 107

1.0 T T 0 T T T T
(a) (b) (c)
12} :
09 1 - 4t /] _
E 'S 4 i
Sosf i / ~= s} -
T s} {15
§ < / g
07t ] e
12 F - 4r .
06 L L L L L L
000 003 0.6 0.00 0.03 0.06 0.00 0.03 0.06
1/d (nm™) 1/d (nm”") 1/d (nm-")

Figure 4.8: The inverse thickness (4~!) dependence of (a) Effective saturation magneti-
zation 4wM.sr (b) Uniaxial in-plane magnetic anisotropy field, tigHy and (c)
Biaxial in-plane magnetic anisotropy field, ugHp. Note - The error bars are
smaller than the marker on the plots.

Hg (3 +cos4¢m)
4

Hy = H cos(¢m — @u) + Hp cos(4v) — Hysin(2¢m)

where o is the angular frequency, ¥ is the gyromagnetic ratio, Hg and Hy are the

Hy = Hcos(¢m — On) +4nMege +

ST

in-plane biaxial and uniaxial anisotropy constants. By fitting the ¢y dependence
of Hies, one can obtain the magnitude of different in-plane anisotropy constants
given by Hg, Hy as summarised in Table. 4.3 ( shown on page 121). The magnitude
of Mg and anisotropy constants increase as thickness increases due to increase of
magnetization. The slight deviation occurs for 15 nm sample which is not annealed
post-deposition. One can see from Fig. 4.7 that the magnetic hard axis is along
[110]. It is seen that both uniaxial and bi-axial (crystalline) anisotropies are present
in our epitaxial NiMnSb films for all film thickness. The results are comparable
with previous works [170, 173]. Although our films are grown on GaAs and a direct
comparison with the films grown on InP is not possible. However, it is found that
our results match fairly well with the results of [173] for similar Mn concentration.
From the 1/d (thickness) dependence of uniaxial anisotropy Hy, a linear dependence
was seen which showed a decrease in magnitude with decreasing thickness. This
can indicate that interfacial effects do not play a role in modifying Hy. Furthermore,
the asymptotic value of Hy(d — o0) =-12 mT is obtained. Due to anisotropic strain

relaxation of in-plane tetragonal strain this anisotropy can exist for thicker films
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[170]. From [186, 187] it was found that in Fe/GaAs there is anisotropic strain re-
laxation along [110] and [110] orientation due to misfit dislocation. However, in our
case the lattice constants of two axes (a and b) are same and hence such argument
is not true. Thus, further study needs to be done to understand the microscopic ori-
gin of the uniaxial anisotropy in these films which can cause symmetry lowering in
bulk and thus allowing uniaxial anisotropy to exist. The close agreement between
M value measured by VSM and M. extracted from FMR analysis further confirm
the negligible in-plane lattice strain in our films and hence there is no sizable sur-
face anisotropy arising in both MgO/NiMnSb and NiMnSb/GaAs interfaces. The
inplane four-fold anisotropy component Hg non-monotonically increases with in-
creases in film thickness for annealed samples. This component exists because of
the lattice symmetry which can be expected to give rise to a magnetic anisotropy
with the same symmetry, corresponding to the observed four-fold anisotropy com-
ponent. Also to be noted is that in case of annealed samples Hy is larger for 20
nm i.e for sample with lowest vertical lattice constant and the value decreases for
increasing vertical lattice constant. A further observation which can provide more
insight into uniaxial anisotropy behavior can come from RHEED used for in-situ
growth monitoring. Th 4 x1 reconstruction pattern for [110] and 1 x 1 reconstruc-
tion pattern for [110] direction further confirms the uniaxial anisotropy existence

for the films.

4.5.2 FMR linewidth anisotropy

It can be seen from Fig. 4.7 that there is strong oscillation in AH for different ¢y.
As mentioned in Chapter 2 earlier, the in-plane angular and frequency dependence

of AH can be expressed as:

2o 0H, (@
AH = AI_Imhom + f ‘ = ( WH)

A
Yo P ¢H‘

+2F°f, \/a)2+ 0)0/2)
T Hoy® Vo2 + (a0/2)% + @y /2

® = (dw?/dH)/( Wy +Wy)), (4.5)
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where the first term is due to the inhomogeneity of the sample. The second is
the phenomenological Gilbert damping term with o as the dimensionless coeffi-
cient, which is intrinsic in magnetic materials, and depends on frequency. When
®y # ¢m, a correction factor @ due to field dragging effect plays a role in linewidth
broadening, here W, and W), are the stiffness fields. A spatial variation of magnetic
anisotropy over a sample causes mosaicity broadening represented by the third term.
Detailed explanation has already been given in Chapter 2. The last term represents

two-magnon scattering.

From Fig. 4.7 (i-1), it can be found that the magnitude of AH around [110] is
significantly larger than that along [110] for 15 nm and 20 nm sample. However,
it is almost the same for both [110] and [110] directions for thicker samples (50
nm and 100 nm) which is distinctive compared to 15 nm and 20nm results. The
smaller value of AH around [110] is a first indication of an anisotropic damping for
the thinner samples and non-existence of anisotropy in damping in thicker samples.
This also shows that the linewidth depends strongly on magnetization orientation.
To understand that the anisotropy in linewidth is coming from intrinsic contribution
alone or not required more detailed analysis for which other contributions have to be
carefully analysed. It has been reported by Kurebayashi et al. [88] that anisotropy
in linewidth for ultrathin Fe layer on GaAs can be attributed to two-magnon scatter-
ing while in a similar system measured by L.Chen et al. [90] the anisotropic Gilbert
damping is indicated responsible for anisotropic linewidth. Hence, all contributions
were analysed to understand the anisotropic linewidth behaviour. Within the ex-
pression of Eq. (4.5), the field dragging, mosaicity and two-magnon scattering con-
tributions depend on ¢y. @y was numerically calculated from the energy-density

relation using Eq. 2.31 and the results are shown in Fig. 4.9.

Based on these values, the line-shape of field dragging versus ¢y was calcu-
lated as shown in Fig. 4.9 (e-h) and it showed a distorted four-fold symmetry that
does not fit with the AH measured experimentally. Likewise, the calculated line-
shape of the mosaicity contribution (Fig. 4.9 (i-1)) showed another distorted four-

fold symmetry. Therefore, the only possibility to explain the in-plane AH oscillation
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Figure 4.9: (a-d) Equilibrium magnetization angle, ¢\, as a function of measured mag-
netic field angle, ¢y, for different samples calculated from Eq. 2.31. The ex-
ternal magnetic field is varied as a function of @y and the resonant frequency
is kept fixed at 5 GHz. The dashed line represents ¢p=¢y. (e-h) 1/® and (i-1)
dH,es /d @y calculated from @y and other FMR fit parameters for different sam-
ples.

is either due to intrinsic Gilbert damping or extrinsic inhomogeneous broadening
and two-magnon. For this FMR linewidth is extracted for various static field angles
(0° —360°) and frequencies in the range (5-12 GHz). In order to quatify the two-
magnon scattering component, out-of-plane angular dependence is done starting at

in-plane magnetic easy or hard axis.

4.6 Two-Magnon Scattering

As discussed earlier in Chapter 2, the two-magnon scattering is suppressed for nor-
mal configurations. For investigating the presence of two-magnon scattering, out-
of-plane spectra and frequency dependence of AH is examined. If two magnon
component is present then linewidth shows a non-linear (convex) behaviour as a
function of frequency for the magnetic moment in the sample plane which is differ-
ent from the linear form of Gilbert contribution (AHC*™) as shown in Fig. 2.13.
Fig. 4.10 shows the out-of-plane spectra obtained at 5 GHz for 15 nm sample. For

all samples the linewidth at @ = 0° was significantly lower compared to 8y = 90".
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Figure 4.10: Standard full film FMR measurements for out-of-plane rotation. Typical FMR
spectra at Oy = 0" and 90" for NiMnSb (15 nm). The inset shows the out-of-
plane angles of magnetic-field, 8y, and magnetization 8y;. Here, [001] de-
notes the out-of-plane (z-direction) and [100], [010] denote x and y-directions

respectively.
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Figure 4.11: Resonance field, Hs as a function of frequency for out-of-plane magnetic
field direction. The solid lines are the fit curves obtained using Eq. 2.32.

This meant that two-magnon is operative for all samples. The results for frequency

dependence in out-of-plane configuration are presented in the following section.

4.6.1 Out-of-plane linewidth frequency dependence

The out-of-plane frequency dependence for resonance field (H;es) and linewidth
(AH) are shown in Fig. 4.11 and Fig. 4.12 From the dependence of AH on fre-
quency for different samples as shown in Fig. 4.12, the value of o and AH, were
obtained and summarised in Table. 4.2. The value of « is similar to earlier reported
values [188, 173, 189]. The source of large inhomogeneous broadening [190] as

evident from the large intercept can be due to surface irregularities. From the AFM
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Figure 4.12: Linewidth as a function of frequency for field applied perpendicular to the film
plane for which two-magnon is inactive. The solid lines are the linear fitting
curves. The value of Gilbert damping parameter, ¢, is obtained from the slope
and the intercept corresponds to the inhomogeneous broadening contribution
AHy

Table 4.2: Summary of the magnetic properties extracted from the dependence of res-
onance field and linewidth on applied frquency for the field perpendicular-to-
plane (L), out-of-plane configuration, along with Gilbert ¢« and inhomogeneous
broadening contribution. Note - The uncertainty values reported here are the
standard error of the fitting parameters obtained from curve fitting.

Sample 471,'M§1;f 7t Qo1 UoAHy g-factor UoM;
Thickness (nm) (T) GHz/T (x1073) (mT) (T)
15 0.688 +0.002 259+ 13 41403 514+0.1 1.789 £0.008 0.561 4+ 0.002
20 0.692 +0.002 252+ 1.1 724+04 554+0.1 1.741 £0.007 0.668 4+ 0.006
50 0.783 +£0.003 256+ 1.1 26+03 354+0.1 1.768 £0.007 0.684 + 0.002
100 0.799 £ 0.003 258+ 1.3 234+03 39+0.1 1.782+0.008 0.732 4+ 0.002

measurements (not shown here), the mean average roughness obtained was ~ 0.2
nm for all samples except 20 nm thickness for which it was 0.31 nm signifying
substantial amount of surface irregularities. However, this is not always the case
as has been noticed in recent studies in Heusler alloys[191]. Inspite of films being
crystalline and smooth the origin of large zero-offset as evident from their results
was unclear. Apart from this, large inhomogeneities in our samples can be pre-
dicted from the FWHM of rocking curve which gives the value ~ 2.2° for 20 nm
and ~ 1.5" for other samples which hint that defects like mosaicity and curvature
create disruptions in the perfect parallelism of the atomic planes. Although there
is no direct evidence as to the origin of large inhomogeneities [137] from sample
structure characterisation so the FMR technique was used to further delve into its
origin. The value of g-factor is also summarised in Table. 4.2. It is seen that the

value is lower compared to the free electron value of 2.1. This is because in addition
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to spin-orbit interaction, the interaction between free electrons/holes with localized
moments can also modify the g-factor and be responsible for lower g-factor. It is
called s-d or sp-f hybridization [192]. However, whilst this might provide the route
to an explanation, the reasons for the low values found here are not completely un-
derstood. Also it can be seen that values of M are different from Mc.g. This is

because of the presence of out of plane anisotropy as explained in chapter 2.

4.6.2 Out-of-plane linewidth angular dependence

The two-magnon contribution due to interfacial scattering is negligible in our sam-
ples due to large thickness of films. For detailed investigation of bulk two-magnon
contribution, an out-of-plane scan is done. As mentioned above, two-magnon com-
ponent can be obtained by analysing the linewidth in vicinity of film normal and
comparing it to in-plane case. Decrease in linewidth for perpendicular configuration
hints at two-magnon scattering being operative in all the measured films. However,
since other inhomogeneous contributions also exist, there is a need to estimate and
compare all contributions. For out-of-plane measurements starting at the in-plane

magnetic easy or hard axis, the linewidth expression is given by:

2mo oH,
AH = AI{mhom + f ’ g

eS QI_I‘
+ZF°“tf, 71 \ >+ (axn/2)? 0)0/2) (4.6)
T Hoy® VO + (00/2)% + a2

dHreS dHreS GH 0)
LM =LeA0 - n/4)5 <deH)/ do(d6y = 0)

As already explained in Chapter 2, a step function is used to express the two
magnon scattering. The equation is similar to in-plane case but two magnon strength
Ff‘“ is Oy dependent. Fig. 4.13 show the out-of-plane measurements of Hy.s, AH
and two-magnon linewidth AHy,,.. The experimentally measured Hes is fitted by
a curve produced with magnetic parameters obtained in the in-plane angular de-
pendence measurements as outlined in Sec. 4.5.1, from which 6y is calculated as
shown in inset of Fig. 4.13 (a). With these reliable parameters and Eq. 4.6, simul-

taneous fits were carried out for the out-of-plane angular and frequency dependent
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Figure 4.13: (a-d) The resonance field Hy.s and inset (a) the equilbrium angle 6y as a func-
tion of out-of-plane angle Oy starting from different in-plane angles for the
sample with thickness 15 nm. The experimental data is measured at 5 GHz.
All the curves shown are result of numerical fits. (e-h) Linewidth AH as a
function of out-of-plane angle starting from different in-plane angles as in
(a-d). (i-1) Two-magnon linewidth components extracted by differentiating
measured AH from other components as given in Eq. 4.6. The curve is calcu-
lated by using the last term in Eq. 4.6.
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component of AH data as shown in Fig. 4.13 (e-h)® which yield the fit parameters
as summarised in Table. 4.3, where T’ f;( ) represents the two-magnon scattering
strength for ¢y. Since, inhomogeneous contributions, two-magnon and intrinsic
Gilbert o contributions can all be anisotropc, the data was fitted using two-fold
and four-fold components for a (Gilbert damping), I'?" f; (two-magnon scattering

efficiency) and AHjppom (iInhomogeneous-broadening) as shown in Eq. 4.7:
ut T T
(" fi, AHighom) = a+b- cos2(¢ — 7) +c- cos4(¢ — ) 4.7)

where, ¢ is the starting in-plane angle. The resultant fit curves are shown in
Fig. 4.13 (e-h). A good agreement is seen in experimental data and theory for all
cases starting from different in-plane angles.

We then proceed to extract the linewidth originating from the two-magnon
scattering by the experimental data and the fitting results, namely using: AHpp,e =

AH — AHigpom — 22 ’aHreSAGH‘. The value obtained for AHypy,g is plotted in

HoYP Jd6n
Fig. 4.13 (i-1) together with the curve obtained using the last term in Eq. 4.6. All the

data is well matched with the curve calculated. However, even using two-magnon
term the single isotropic & could not fit the data for hard axis frequency dependence
as shown in Fig. 4.18 which shows the anisotropy in Gilbert damping. Furthermore,
from fitting, the parameter of two-magnon scattering strength (I f;) is found to be
very small ~ 2 GHz as compared to other works [88]. The low value of two-
magnon scattering strength shows that the defect induced spin-wave scattering is not
prominent in the sample. Two-magnon scattering can occur if scattering centres in
form of defects are present. If they are present as point lattice defects or dislocation
lines along the main crystallographic directions, then scattering intensity should
reflect the symmetry of lattice. Moreover, the absence of convex dependence when
external field is along easy and hard axis (shown in Fig. 4.18) which is typical for
systems without two-magnon scattering further confirms the contribution from two-
magnon to be small for our samples.

Similar procedure as explained above was followed for fitting the angular de-

®Frequency dependence fits shown in later sections
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Figure 4.14: (a-d) The resonance field Hy.s and inset (a) the equilbrium angle 6y as a func-
tion of out-of-plane angle Oy starting from different in-plane angles for the
sample with thickness 20 nm. The experimental data is measured at 5 GHz.
All the curves shown are result of numerical fits. (e-h) Linewidth AH as a
function of out-of-plane angle starting from different in-plane angles as in
(a-d). (i-1) Two-magnon linewidth components extracted by differentiating
measured AH from other components as given in Eq. 4.6. The curve is calcu-
lated by using the last term in Eq. 4.6.
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Figure 4.15:

(a-d) The resonance field H,.s and inset (a) the equilbrium angle 8y as a func-
tion of out-of-plane angle Oy starting from different in-plane angles for the
sample with thickness 50 nm. The experimental data is measured at 5 GHz.
All the curves shown are result of numerical fits. (e-h) Linewidth AH as a
function of out-of-plane angle starting from different in-plane angles as in
(a-d). (i-1) Two-magnon linewidth components extracted by differentiating
measured AH from other components as given in Eq. 4.6. The curve is calcu-
lated by using the last term in Eq. 4.6.
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Figure 4.16: (a-d) The resonance field Hy.s and inset (a) the equilbrium angle 6y as a func-
tion of out-of-plane angle Oy starting from different in-plane angles for the
sample with thickness 100 nm. The experimental data is measured at 5 GHz.
All the curves shown are result of numerical fits. (e-h) Linewidth AH as a
function of out-of-plane angle starting from different in-plane angles as in
(a-d). (i-1) Two-magnon linewidth components extracted by differentiating
measured AH from other components as given in Eq. 4.6. The curve is calcu-
lated by using the last term in Eq. 4.6.
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Figure 4.17: Resonance field as a function of frequency for 15 nm sample for different
in-plane magnetic field angles between [110] and [110] directions. The solid
lines are fit obtained using resonance condition given in Eq. 4.4.
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pendence of AH for other thickness i.e 20 nm, 50 nm and 100nm as shown in
Fig. 4.14, Fig. 4.15, Fig. 4.16. For the thicker films (50 nm and 100 nm) the data
could be fitted with single o value for all cases starting from different in-plane
angles. Thus, we can say that the o changes from isotropic to anisotropic as the

thickness is decreased.

4.7 In-plane frequency dependence of linewidth

Analysing the dependence of AH on frequency f is a generalized method for ex-
tracting magnitude of phenomenological Gilbert damping paraneter, o accurately.

Fig. 4.18 shows the frequency dependence of linewidth, AH, along different mag-
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Figure 4.18:

(a-j) Dependence of the linewidth, AH, on microwave frequency, f, with H
along different magnetic field angles between [110] (¢g = —45") and [110]
(¢ = 45") orientations. For different directions the frequency linewidth data
shows different slope. The solid red lines are the fitting curves using Eq. 4.5.
These results show that damping anisotropy emerges for 15 nm and the damp-
ing value gradually increases from[100] to [110]. The dashed lines are calcu-
lated using & = 0.013 and & = 0.004 for [110] and [100] respectively.
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netic field orientations for sample with thickness 15 nm. The measuremente were
performed for the fields at which the sample is fully saturated. For all directions,
AH dependence with f show distinctively different slopes indicating the existence
of anisotropic damping. Due to small effect of field dragging the value of ¢y devi-
ates from ¢y for directions other than [110] and [110]. The frequency dependency
of AH can be well reproduced considering intrinsic Gilbert damping, inhomoge-
neous broadening and two-magnon contribution for easy and hard axes where effect
of mosaicity broadening and field dragging disappears. The two-magnon compo-
nent is extracted from out-of-plane angular dependence as explained in previous
section. The best fit to data shown in Fig. 4.18 (a-1) (red solid lines) suggest that
the magnitude of o gradually increases from [100] to [110] direction. The value
of o obtained is comparable to previous works [173]. From the resonance field vs
frequency dependence the value of saturation magnetization can be found and the
results are summarised in Table. 4.3. The extrinsic contributions to linewidth such
as inhomogeneity and two magnon scattering can broaden the linewidth and can
cause non linear frequency dependence [193]. However, for all angles a significant
linear dependence is seen indicating that two-magnon component is small as has

also been obtained from out-of-plane angular dependence.

In Fig. 4.19 to Fig. 4.24 frequency dependence of resonance field and
linewidth, AH is shown for sample 20 nm - 100 nm. The fit curves were obtained
following similar procedure as above. In case of 20 nm, anisotropic damping is
prevalent similar to 15 nm but for thicker films, 50 nm and 100 nm, for all direc-
tions AH shows same slope indicating isotropic damping. The best fit curve shows
that linewidth as a function of frequency can be fit by single o value for all angles
in thicker samples. Thus, it can be said that @ changes from isotropic to anisotropic
as the thickness of sample is decreased below a critical thickness. Furthermore
increases as thickness decreases. The mechanisms which can be responsible for the
above mentioned change of anisotropic behavior with thickness can be the change
in sensing of spin-orbit interaction when thickness is increased. It has been noted

that the point group symmetry of NiMnSb is 43m. The symmetry of these crystals
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Figure 4.19: Resonance field as a function of frequency for 20 nm sample for different
in-plane magnetic field angles between [110] and [110] directions. The solid
lines are fit obtained using resonance condition given in Eq. 4.4.

reduces to point group 42m under a tetragonal distortion, corresponding, for exam-
ple, to the lattice-matching growth strain [176] which corresponds to Dresselhaus
symmetry. The points groups 42m and 43m belong to the non-centrosymmetric
crystal classes of tetragonal and cubic systems, respectively [194]. Thus, as the
thickness is increased, the strength of strain decreases which decreases the Dressel-
haus spin-orbit coupling field and thus the symmetry of damping changes. Since the
Gilbert damping and its anisotropy are determined by the electronic properties as
mentioned in Chapter 2, monitoring the electronic structure should provide a deeper

understanding of the experimental observations.
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Figure 4.20: (a-j) Dependence of the linewidth, AH, on microwave frequency, f, with H
along different magnetic field angles between [110] (¢g = —45") and [110]
(¢ = 45") orientations. For different directions the frequency linewidth data
shows different slope. The solid red lines are the fitting curves using Eq. 4.5.
These results show that damping anisotropy emerges for 20 nm and the damp-
ing value gradually increases from[110] to [110]. The dashed lines are calcu-
lated using o = 0.017 and o = 0.007 for [110] and [110] respectively.
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Figure 4.21: Resonance field as a function of frequency for 50 nm sample for different
in-plane magnetic field angles between [110] and [110] directions. The solid
lines are fit obtained using resonance condition given in Eq. 4.4.

Table 4.3: Summary of the magnetic properties extracted from the dependence of reso-
nance field and linewidth on applied frequency and angle for the field in-plane
(|]) configuration, along with Gilbert o and two-magnon efficiency contribution.
Note - The uncertainty values reported here are the standard error of the fitting
parameters obtained from curve fitting.

Sample HoMefs HoH HoHa v/2m i) A110] Lilifi Lilifi
(M (mT) (mT) (GHz/T) (110p (110D
15Snm  0.797 £0.002  -2.02 £0.01 8474003 269+13 0.0133+0.0005 0.01324+0.0006 1.68+0.01 1.71 +0.01
20 nm 0.745 4+ 0.004 -6.03 £ 0.01 6.324+£0.02 26.1+1.3 0.0069 +0.0003 0.0172 +£0.0002 3.18 £0.02  3.63 £+ 0.02
50 nm 0.883 £ 0.005 -10.31 £0.03 833+0.03 269414 0.0022+0.0001 0.0022 +£0.0001 1.41+£0.01 1.51+0.01
100nm  0.904 +£0.005 -10.73 £0.03 8.14+0.03 265+ 1.3 0.0055+0.0002 0.0055 4+ 0.0002 1.22 £+ 0.01 1.12 £ 0.01
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Figure 4.22: (a-j) Dependence of the linewidth, AH, on microwave frequency, f, with H
along different magnetic field angles between [110] (¢g = —45%) and [110]
(¢ = 45") orientations. The solid red lines are the fitting curves using Eq. 4.5.
The data for all angles could be fitted with same o showing isotropic damping
for 50 nm. The solid lines lines are calculated using o = 0.002 for all direc-
tions.
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Figure 4.23: Resonance field as a function of frequency for 100 nm sample for different
in-plane magnetic field angles between [110] and [110] directions. The solid
lines are fit obtained using resonance condition given in Eq. 4.4.

4.8 Anisotropy of Gilbert damping and inhomoge-

neous broadening

The plot of the Gilbert damping parameter, &, obtained from fitting of linewidth-
frequency dependence as in Fig. 4.26 showed the D,q4 like point group symme-
try (see Appendix. B) for 20 nm which coincides with symmetry of crystalline
anisotropic magnetoresistance results from previous works [172, 195]. This fol-
lows from the symmetry of spin-orbit fields as already shown in Eq. (4.2) that the
Gilbert damping depends on strength of spin-orbit interaction. Also, as shown in the

recent works [90] the observed anisotropic damping for the ultrathin Fe layers on
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Figure 4.24: (a-j) Dependence of the linewidth, AH, on microwave frequency, f, with H
along different magnetic field angles between [110] (¢g = —45%) and [110]
(¢ = 45") orientations. The solid red lines are the fitting curves using Eq. 4.5.
The data for all angles could be fitted with same o showing isotropic damp-
ing for 100 nm. The solid lines lines are calculated using o = 0.005 for all
directions.
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Figure 4.25: Magnetic-field angle dependence of inhomogeneous broadening parameter,
AHiphom, for different samples. AHizhom shows anisotropic behaviour for all
samples with a dominant four-fold symmetry.

GaAs comes from the interfacial spin-orbit coupling which modifies the electronic
structure on varying the magnetization orientation. In our sample the observed
anisotropy of Gilbert damping can be attributed to Dresselhaus spin-orbit coupling
arising due to Bulk Inversion Asymmetric nature of crystal structure [172] under
tetragonal distortion. For 15 nm however, the symmetry is four-fold represented by
Cy, point group. This is the sample which is not annealed. This hints that annealing
modifies the electronic structure causing variation in SOT efficiency [196] and also
symmetry of fields resulting in change in symmetry of damping tensor. It was also
found that along with the given anisotropic value of ¢, the inhomogeneous broad-
ening AHjpom as shown in Fig. 4.25 and two-magnon term AHpy,,e also showed
a distorted four-fold symmetry. This shows that the inhomogeneities are reflected

from bulk lattice symmetry. Thus, using the given values of o and AHjppom and



4.8. Anisotropy of Gilbert damping and inhomogeneous broadening 129

15 nm (b) o 20 nm

(@) o016

0.008

& 0.000 f180°

0.008

0.016 -

270° 270°

90° 50 nm

(c)

0.0024
0.0016
0.0008
$0.0000

0.0008
0.0016

0.0024

270° 270°

Figure 4.26: Magnetic-field angle dependence of intrinsic damping parameter, ¢, for dif-
ferent samples. o shows anisotropic behaviour for 15 nm and 20 nm with a
dominant four-fold symmetry for 15 nm and two-fold symmetry for 20 nm
and is isotropic for thicker samples.

AHjpnm,g We can explain the given anisotropy in linewidth. To be noted is that for
thicker samples the behavior for o becomes isotropic as explained earlier.

In a microscopic picture, we can say that the shape of fermi surface depends on
the orientation of the magnetization due to SOC. Hence, the anisotropy in damping
can be attributed to the angle dependence of D(EF). The diminishing anisotropy in
thicker samples can be explained by the modification of the Fermi surface and thus
D(EF) by interfacial strain relaxation. In particular, anisotropy in linewidth can be
attributed to inhomogeneous broadening and two-magnon contribution for 50 nm
and 100 nm samples and to combined effect of Gilbert damping, inhomogeneous
broadening and two-magnon for 15 nm and 20 nm sample in which the anisotropy
in the spin-orbit interaction responsible for crystalline magnetic anisotropy leads to

anisotropy of o with similar symmetry [12].
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Figure 4.27: (a) Schematic representation of FMR and PSSW modes in magnetic film.
Here d refers to the thickness of the film. (b) Resonance curves for f = 10.8
GHz for 50 nm and 100 nm thickness. The PSSW mode is seen on the left and
FMR mode is seen on the right. Exchange stiffness constant increases with
film thickness leading to shift of PSSW mode to right in thicker films.

Further discussion that needs to be done is that although all the samples ex-
hibited the uniaxial anisotropy, the anisotropy in Gilbert damping is apparent only
for thin samples, this excludes a direct link between effective field and anisotropic
damping. It can be said that damping is a transport quantity (dominated by dy-
namical electrons near Fermi surface) and magnetic anisotropy is a static quantity
as determined by second order perturbation theory that contains contributions not
only from states at fermi level but all occupied states. Thus magnetic anisotropy
depends on contribution from all filled bands but damping depends only on states
at fermi level and so both of them need not be linked directly. Because of this, it is

impossible to predict anisotropy quantitatively from microscopic calculation.

We can further say that considering the electronic contributions to damping
from bulk and interface, the decrease in o value with thickness as evident from
experimental results as well shows that appearance of anisotropic damping is not
abrupt. The mechanism which can be responsible for this behavior can be attributed
to electronic band effect dominating the damping near the interface which dimin-
ishes as we go away from interface. Thus we can say that the response at interface

is stronger than bulk.
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Figure 4.28: 2D colorplot of FMR absoprtion measured from scan of resonace frequency
f as a function of applied magnetic field for (a) 50 nm and (b) 100 nm film
thickness. (c-d) Resonance frequency f as a function of resonance field for
the uniform (FMR) mode and PSSW mode for magnetic field applied at ¢y
= -45" for 50 nm and 100 nm. The solid lines are the fitting curves. (e-f)
Linewidth as a function of frequency for FMR and PSSW mode extracted by
fitting the resonance spectra for (¢) 50 nm and (f) 100 nm.

4.9 Exchange spin wave resonance in NiMnSb

In addition to the zero wave vector uniform FMR mode described in previous sec-
tions where all of the spins precess in phase through the film thickness, additional
higher order spin wave modes can be excited in thin film samples. One such higher
order mode is called perpendicular standing spin wave (PSSW) mode, schemati-
cally shown in Fig. 4.27. The PSSW mode was excited and readily measured in
relatively thick films of NiMnSb (50 nm and 100 nm). For thinner films (15-20 nm)
no PSSW mode is detected due to the higher frequency which surpassed the avail-
able bandwidth (2-20 GHz). The PSSW mode has a nonzero wave vector pointing
out of the film plane and its amplitude and phase is dependent on the film thickness
[98, 105]. Due to non-uniform strength of microwave field across the film thickness,

the PSSW mode was excited efficiently as can be seen in Fig. 4.27 (b).

To explore the characteristics of the PSSW mode, frequency dependent mea-

surements were done with magnetic field in the film plane as shown in Fig. 4.28
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(a-d). Both FMR and PSSW mode can be fitted independently since they are well
separated by exchange field, Hex. It can be seen that similar to uniform FMR mode,
the resonance of PSSW mode can be described by using modified resonance condi-
tion (Eq. 4.4) with the term H in Hy, H; being replaced by H + Hex. The modified

equation for @y = ¢y is given as:

2
0]
(—) = ugH H, (4.8)
Y
Hp(3+cos4 ) /4
Hi = H + Hex + 4TM_g + B( om) — Hysin?(gy — =)
4 4 (4.9)
H> = H + Hex + Hp cos(4¢m) — Hu sin(2¢m)
Here, Hex represents the exchange field given as:
2A  /nm\?
Heyx = (%) 4.10
= oM\ d (4.10)

where the parameters A,n,d represents exchange stiffness, order of PSSW mode
and film thickness respectively. The offset in magnetic field between uniform and
FMR mode as shown in Fig. 4.28 (c-d) represents Hex. Using the values of oM,
as 0.684T and 0.733 T for 50 nm and 100 nm respectively and n = 1 (first PSSW
mode), the value of exchange stiffness was calculated as 6.9 pJ/m for 50 nm and
6.82 pJ/m for 100 nm sample which is similar to earlier reported works [102]. We
further look into the damping of PSSW mode by fitting the frequency dependence
of linewidth as shown in Fig. 4.28 (e-f). Both FMR and PSSW mode can be fitted
by similar value of damping given by o = 0.002 for 50 nm and o = 0.005 for 100
nm however, the extrinsic contribution coming from inhomogeneous broadening is
larger for PSSW mode for both the samples. Since PSSW mode is confined by
boundary conditions between two surfaces as shown in Fig. 4.28, implying that

surface inhomogeneity have profound effect for PSSW mode.

We further look into the PSSW mode by performing the angular dependence
at fixed frequency. Fig. 4.29 (a-b) shows the contour maps of the measurements

for the sample 50 nm and 100 nm at f = 10.8 GHz and 8 GHz respectively. The
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Figure 4.29: (a-b) 2D plot of the resonance absorption measured from an in-plane rotational
scan of external magnetic field as a function of applied magnetic field and
angle at f =10.8 GHz for 50 nm and f = 8GHz for 100 nm. (c-d) In-plane
angular dependence of FMR resonance field H.s obtained from fitting FMR
and PSSW scans for different set of samples. (i-j) Corresponding Linewidth,
AH as a function of in-plane rotational angle for different sample thicknesses.
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resonance spectra obtained from the angular dependence are shown in Fig. 4.30.
Resonance field as a function of magnetic field angle, ¢y obtained from fitting the
spectra is plotted in Fig. 4.29 (c-d). It can be seen that both uniaxial and bi-axial
anisotropies are present in magnetic field angle dependence of PSSW mode similar
to uniform FMR mode and the two resonance modes are well separated by a uniform
gap equivalent to Hex field. The resonance at higher magnetic field is the uniform
FMR mode, while the one at lower field can be attributed to the first PSSW mode
[197]. Corresponding angular dependence of linewidth for the two modes is shown
in Fig. 4.29 (e-f). The two resonance modes share similar anisotropy in linewidth
as apparent from Fig. 4.29. This anisotropy in PSSW mode can be attributed to a

similar reasoning as for FMR mode.

4.10 Conclusion

To summarise, in this study the crystalline anisotropy of the intrinsic Gilbert damp-
ing has been demonstrated for NiMnSb film on GaAs substrate. The extrinsic con-
tributions to the FMR linewidth from two-magnon and inhomogeneous broadening
were separated from the intrinsic damping effect by doing in-plane and out-of-plane
rotational measurements and quantifying the parameters separately. A two-fold and
four-fold symmetry in @ was clearly observed for 20 nm sample and 15 nm sample
respectively with the value of & along the easy axis being smaller then along hard
axis. This interesting characteristic should be considered when building spintronic
devices for future use. Where previously it has been considered that damping is
isotropic our work provides a strong evidence of anisotropic nature of magnetiza-

tion relaxation.

Moreover, the dependence of anisotropic damping on thickness has also been
studied. The diminishing anisotropy with increasing thickness can be used for fu-
ture tuning of anisotropic damping. The isotropic behavior seen in thicker film (50
nm and 100 nm) can be attributed to the decrease in strength of interfacial strain
in these samples with increasing thickness, which should decrease the Dresselhaus

spin-orbit coupling field. Also considering electronic contributions from bulk and
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interface, the decrease in anisotropy with thickness shows that response at interface
is stronger than the bulk.

Additionally, the PSSW mode was observed in thicker films and the exchange
stiffness constant was determined. Both FMR and PSSW mode show similar
anisotropy in magnetic field and linewidth.

In addition to the the works summarized above, there are still several things that
can be done in future. First is investigating the effect of temperature on linewidth
and damping anisotropy. Temperature dependence measurement can give a deeper
understanding on the mechanism behind damping anisotropy. Apart from this it is
desirable to understand the effect of stoichiometry on damping anisotropy i.e effect
of changing stoichiometry from Ni-rich to Mn-rich sample. It has been shown in
earlier works [197] that composition affects the magnetodynamic properties and it
will be worthwhile to check the effect on relaxation parameters as well. Finally, in
a broader picture, other members of half-Heusler alloy family like IrMnSb, CoTiSb
can be studied which will offer more flexibility and tunability for future control of

damping and subsequent device buildup.



Chapter 5

Tunable magnon-magnon coupling in

synthetic antiferromagnets

5.1 Introduction

Generating new spin-wave states can be an enabling role for developing future
spintronic/magnonic devices [198]. While individual spin-wave modes can be tai-
lored by changing material parameters of host magnets, a novel approach of creat-
ing new spin-wave states is to couple two modes coherently by tuning them into
resonance, where physical parameters of the coupled modes can also be modi-
fied. Although the coupling phenomena could be phenomenologically explained
by a classical coupled-oscillator picture in general, microscopic descriptions of
this type of hybridisation are rich, offering novel functionalities of state control
and energy/information transfer. For example, strong coupling of light-matter in-
teraction is envisaged to offer fast and protected quantum information processing
[199, 200, 201]. Within this expanding research domain, strong coupling between
microwave photons and collective spins in magnetically-ordered systems has been

extensively studied in recent years [202, 203, 204, 205].

Magnon-magnon coupling has an advantage over the light-matter interaction,
in terms of coupling strength. The coupling strength of light-matter interactions
is sometimes significantly reduced by a lack of spatial mode overlapping of the

two, and so scientists have made considerable efforts to achieve large coupling
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strength by designing optimum geometries for efficient mode-volume overlapping
[206, 207]. On the other hand, magnon-magnon interaction does not suffer from
this since two modes normally reside within the same host media, providing mode
overlapping of 100% or close to. While magnon-magnon coupling has been stud-
ied in single magnets [208, 209, 210, 211] and magnetic bi-layers [212, 213, 214],
magnon-magnon interaction in highly tunable material systems could offer unex-
plored parameter spaces on which to tailor the coupling phenomena. Synthetic anti-
ferromagnets (SyAFs) as a host for magnon-magnon coupling have attracted prodi-
gious interest due to the controllable exchange coupling in the GHz regime[215]
making them a test bed for various magnonic applications. Moreover, the ease
of fabrication and miniaturization allowing them to be integrated into microwave
circuits have allowed the realization of broad device concepts for use in coherent

information processing [216] and microwave electronics [217].

In this chapter, the study of magnon-magnon coupling is reported in SyAFs
using microwave spectroscopy at room temperature. Two distinct spin-wave modes
arising from interlayer exchange coupling between two magnetic layers are clearly
observed and are hybridised at degeneracy points. A full phenomenological model
is provided for the mode coupling, magnetic relaxation and coupling strength as
a function of different material parameters for SYyAF modes. Aided by these de-
rived relationships, it is demonstrated that the interlayer exchange field strength,
which can be controlled by sample growth, allows the engineering of the coupling
strength. Along with this the tunability of coupling strength by out-of-plane-tilt
angle is demonstrated experimentally. It is further numerically shown that the
spin-current mediated damping plays a role in influencing the coupling strength.
Our demonstration and full details of the magnon-magnon coupling phenomena in

SyAFs will act as a springboard for further research along this avenue [215].

Further, the magnon-magnon coupling phenomena is explored in asymmetrical
SyAF, referred to as as synthetic ferrimagnets (SyFs) where the presence of struc-
tural asymmetry either due to imbalance in layer thickness of two ferromagnets or

the dissimilar ferromagnets breaks the degeneracy of two modes as in symmetri-
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cal SyAFs. This symmetry breaking facilitates the mode coupling significantly and
both experimentally and quantitatively the mode coupling phenomena is described

in SyFs.

5.2 Synthetic-Antiferrromagnet sample

A SyAF is a multi-layer structure consisting of two ferromagnetic (FM) thin films
coupled antiferromagnetically through a non-magnetic spacer (NM) [215, 24].
Stacking a number of FM bilayers with antiferromagnetic coupling forms a su-
perlattice as shown in Fig. 5.1. Weak interlayer coupling in these materials
comes mainly from oscillatory Ruderman-Kittel-Kasuya-Yosida (RKKY) coupling
[218, 219, 220] which is the magnetic analogue of Friedel-like oscillations caused
by adjacent ferromagnetic layer in the spin density of non-magnetic spacer. For
thick spacer layers the interlayer exchange coupling is suppressed. Varying the
thickness of spacer allows the tuning of interaction from ferromagnetic (parallel
alignment) to anti-ferromagnetic (anti-parallel alignment). As compared to the
crystal antiferromagnets where the spins are atomistically coupled, the dynamics in
SyAF can be described by macrospin model of two coupled spins. This is because in
case of crystal antiferromagents the phase coherence extends over a distance larger
than the length scale of antiferromagnetic order causing macrospin model to break
down. Moreover, the interlayer exchange coupling in SyAF is much weaker as com-
pared to direct or superexchange coupling in crystal antiferromagnets. This lowers
the energy scale in SyAF down to GHz regime allowing conventional techniques to

be employed for studying the dynamics.

5.2.1 Magnon modes

Low-energy spin-wave modes in SyAFs in their canted regime are acoustic and op-
tical modes [221, 222, 223] where two coupled moments precess in-phase (acous-
tic) and out-of-phase (optical) as shown in Fig. 5.2(a). These modes have been
studied and discussed already around 1990s, e.g. by Grunberg et al. using Bril-
loin light scattering [224] and Zhang et al. by microwave cavity experiments [225].

The acoustic (optical) mode is excited by perpendicular (parallel) configuration
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Figure 5.1: Schematic of synthetic-antiferromagnetic bilayers with (a) in-plane magnetiza-
tion, (b) out-of-plane magnetization. (c) Super lattice structure. The arrows
depict the direction of magnetization. RKKY coupling and dipolar fields add
(a) or subtract (b) depending on direction of magnetization. Fig. adapted from
Ref. [215]. (Note - Sample geometry as in (a) has been used for this study.)

between microwave and applied magnetic fields. There are a number of reports
in which these two modes in different SyAFs have been studied in great detail
[226, 227, 228, 229, 230]. For example, mutual spin pumping within the cou-
pled moments has been proposed [231, 232, 233] and experimentally demonstrated
[234, 235, 236, 237]. Both optical and acoustic mode frequencies as a function of
the middle layer that influences the interlayer exchange coupling strength have been
studied and reported earlier [238, 237]. Since the resonant frequency of two modes
shows different magnetic field dependence (as discussed more later), we can find
the degeneracy point of the two modes by tuning experimental conditions. When
the two moments are canted within the plane, the motion of the optical and acoustic
modes can be decoupled [211], meaning that the two modes are not allowed to hy-
bridise. This restriction can be lifted when we tilt the moments towards the out-of-
plane direction and we will be able to hybridise them (see Fig. 5.2(b) for schematic
understanding). The strength of hybridisation is defined by g. which represents a
rate of energy transfer between the two modes. When this rate is fast, compared to

mode dissipation rates of individual modes, we expect well-defined coupled modes
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Figure 5.2: (a) Schematic of acoustic and optical modes in SyAFs. Two moments (m;
and my) are coupled antiferromagnetically and canted at equilibrium. Un-
der microwave irradiation, they precess in-phase (acoustic mode) and out-of-
phase (optical mode) at different angular frequencies @,c and @, respectively.
Op is defined as in the figure, where the z axis is the film growth direction.
6 = 90" corresponds to the field applied in the sample plane. (b) Schemat-
ics of the magnon-magnon coupling phenomena with the optical and acoustic
modes. When the exchange field (Bey) is small or two moments are within the
film plane, the coupling strength (g) is zero, so the two modes do not couple.
The coupling strength can be valved by tuning Bex and 6 and achieve strong
magnon-magnon hybridisation, as shown on the right panel.

before the excited states are relaxed. Control of the coupling strength in-situ and ex-
situ will be potentially useful to a scheme of reconfigurable energy and information

transfer using coherent coupling.

5.2.2 Sample growth and characterization by vibrating sample

magnetometer

The SyAF stacked films used in this study! were prepared by magnetron co-
sputtering at a base pressure of 1x 1077 Pa. The films were grown on a Si oxide

substrate with the stacking pattern of Ta(3 nm)/CoFeB(3 nm)/Ru(t nm)/CoFeB(3

'Samples grown by Dr Kamimaki
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nm)/Ta(3 nm) where Ru thickness was varied to tune the interlayer exchange cou-
pling [228]. Two set of samples were prepared with Ru thickness as # = 0.5 nm and
t = 0.6 nm. In order to characterise the static magnetic properties, Vibrating sample
magnetometer (VSM) was used. Figure 5.3 shows magnetometery characterisation
of two samples used in the present study.

The following free energy expression which includes of linear and quadratic
exchange coupling contributions [239, 240, 237] was used to describe static mag-

netization direction in a synthetic antiferromagnet (SyAF):

2
1 2J. 2J,
F=Y MSB-mj—kEMsBS(mj-z)2 + 2X1m1-m2+ ;XZ(ml-mz)z (5.1
p

Here, M, B, m(), Bs, Jex1(2) are the saturation magnetization, external magnetic
field vector, the unit vector of individual moments in a SyAF, demagnetisation field,
the linear and quadratic antiferromagnetic interlayer exchange coupling constants,
respectively; d is the thickness of two ferromagnetic layers which are identical in the
present case. In the above Eq. 5.1, zero temperature model was used. For temper-
atures greater than 0 K, the effect of thermal magnetisation processes may reduce

the coercivity [241] but its effect on calculation of Bs, Jexi(2) 18 less pronounced
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Figure 5.3: (a-b) Magnetization curve of the CoFeB (3 nm)/Ru (¢ nm)/CoFeB (3 nm) mea-
sured by vibrating sample magnetometer for (a) t = 0.5 and (b) t = 0.6. The
black (red) curve is the experimental (calculation) results.



5.3. Spin Dynamics Characterisation 142

B” _>B_L 1150

. 150 —~
= -
> 0 o 3
@ 20t \— 5o}

0l {-100
{-150
60 : - :
010 015 020 025 030
B (T)

Figure 5.4: Microwave absorption spectrum for 6g = 90°, measured at 13.4 GHz. Two
magnetic field directions (B and B, ) are defined as per the inset. Here, 6 =
90" corresponds to the field applied in the sample plane.

[242] and is thus neglected for the given study. The red lines in the Figure 5.3 are
calculated by using M (B) = Mscos¢ (B) [237, 240, 222] where ¢ (B) is the angle be-
tween the applied magnetic field direction and equilibrium direction of individual
moments which is obtained for all field values by minimizing Eq. 5.1 reiteratively
until good matching to experimental data was achieved. The red curves in Fig-
ure 5.3 were generated by the linear and quadratic exchange fields of 140 (30) 4
1.2 (0.6) mT and 7 (2) = 0.1 (0.03) mT for the 0.5 (0.6) nm Ru thickness sample,
together with Ms= 1400 (1300) kA/m for the 0.5 (0.6) nm Ru sample. The effective
magnetic field acting on both moments can be given by differentiating the exchange

coupling terms (Fex) in Eq. 5.1 with respect to myy):

_ 1 aFex :_Jexlm _2JeX2
2Ms 9m1(2) d 2(1) d

Bex12) = (my -my)my ) (5.2)

mj -m, is a scalar value defined by the relative angle between m; and m,. The
second-order exchange coupling term was incorporated within By for analysis in

this study.
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5.3 Spin Dynamics Characterisation

The sample chips were placed on a coplanar waveguide (CPW) board to perform
broadband spin dynamics characterisation (as explained in Chapter 3). For each
measurement, the frequency was kept fixed while sweeping a dc external magnetic
field with an ac modulation component at 12 Hz. Figure 5.4 shows typical measure-
ment curves for two field directions (B and B ) defined by the figure inset. System-
atic experiments were carried out for a wide range of frequency (5-20 GHz) as well
as field angle to study mode hybridisation and linewidth evolution of SyAFs. Fig-

ure 5.5 shows a number of individual scans for microwave absorption experiments.
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Figure 5.5: Individual field scans taken by measuring Ru 0.5 nm sample for (a) different

65 and excitation frequency of 12 GHz, and (b) for different frequencies and
65 =90° .
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The peak position and linewidth were extracted using derivative Lorentzian
functions [243] (See Chapter 3). Figures 5.6 (a)-(b) show two-dimensional color
plots of microwave absorption as a function of microwave frequency and magnetic
field. Two modes can be clearly identified in Fig. 5.6 (a) for the B condition
whereas only one in Fig. 5.6 (b) for B, . This is because for By, both modes can
be excited since microwave 1f fields have components of both parallel and perpen-

dicular to B)| due to their spatial distribution above the waveguide. For B measure-
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Figure 5.6: Microwave transmission spectrum as a function of frequency and applied field
for two configurations of applied magnetic fields (a) B and (b) B, for 65 = 90°.
(c)-(d) Theoretical results for the same experimental conditions as Fig. (a) and
(b) respectively.

ments, the microwave magnetic field only possesses components perpendicular to
B, hence only exciting the acoustic mode. In order to analyse these results quan-
titatively, coupled Landau-Lifshtitz-Gilbert (LLG) equation was solved with small
angle approximation [244, 245, 211, 246] (see Appendix D) and the resonance con-

dition of the two modes is obtained as:

B
=vB 1 5.3
(O Ybo ( +ZBex>, ( )

By \*
Wop = ¥y | 2BexBs (1 - (ZB ) )7 (5.4)
ex

Here, Bex, Bs, By and 7y are the exchange field, the demagnetisation magnetiza-
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Figure 5.7: (a-c) Microwave transmission as a function of frequency and applied field for
different Og. The avoided crossing starts to appear as Og is decreased and the
frequency gap increases. (d)-(f) Simulation results for the same experimental
condition as (a)-(c), respectively.

tion, the resonance field and the gyromagnetic ratio, respectively. From the best fit
results the value for Bex, Bs and y/27 was found to be 0.14 T, 1.5 T and 29 GHz/T
respectively. Resonance frequencies predicted by Eqgs. 5.3 and 5.4 can reproduce
experimental results very well as shown in Figs. 5.6 (¢) and (d), strongly supporting
that the coupled SyAF modes were experimentally observed and studied. Since the
frequency of the two modes show different magnetic field dependencies, it is possi-
ble to study mode coupling of the two by tuning the mode frequencies. In Fig. 5.6
(a) , a clear crossing of the two modes at By ~ 0.2 T is observed. This "crossing"
means that the two modes are not able to hybridise due to mode symmetry [211].
The mode crossing without apparent interaction indicates a degeneracy at the cross-
ing point which is protected by symmetry when the applied field lies in the sample

plane.

5.4 Magnon-magnon mode coupling

The mode symmetry can be broken by tilting the moment towards the out-of-plane

direction. By breaking this symmetry, magnon-magnon coupling with large tun-
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Figure 5.8: (a-c) Microwave transmission as a function of frequency and applied field for
different Og. The avoided crossing starts to appear and the frequency gap in-
creases as Og is decreased. Large coupling gap can be seen at low angles. (d)-(f)
Simulation results for the same experimental condition as (a)-(c), respectively.
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Figure 5.9: Microwave transmission as a function of frequency and applied field, for the
sample with the Ru thickness of 0.6 nm for different 8g. Small gap opening
corresponds to the weak exchange coupling of the sample. Figures (e-h) plot
simulation results for the same experimental conditions as Fig. (a-d).

able gaps can be induced between the two resonant modes. In principle, break-
ing this symmetry causes hybridization of the two thus generating an anti-crossing
gap. Therefore similar experiments as outlined above were repeated for 6g # 90°

as shown in Figs. 5.7 and Figs. 5.8 (a-c). The two modes start to show an avoided
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crossing as Og is decreased and is more prominent below 50° as seen in Figs. 5.8
(a-c), indicating mode hybridisation which can be quantitatively discussed by using

the coupling strength g. /27, the half of the minimum frequency gap.

To quantify the effect of exchange coupling on mode hybridisation and cou-
pling gap, measurements were performed for the sample with the Ru thickness
of 0.6 nm with weaker exchange coupling strength. The same analysis procedure
and plots have been carried out for experimental data and shown in Figs. 5.9. In
Figs. 5.9, it was noticed that there exist magnetic-field independent background
signals around 5 GHz which is considered as transmission losses unrelated to mag-
netization dynamics. Nevertheless, it is highlighted that the gap opening is much
weaker than those measured for the sample with the Ru thickness of 0.5 nm. This
is attributed to the size of exchange coupling, which has been independently quan-

tified by VSM as explained above.

5.4.1 Coupling Strength

As mentioned above the coupling strength g. /27 is determined as half of the mini-
mal frequency spacing. It is the parameter which quantifies the strength of interac-
tion between two magnon modes. Depending upon value of g. /27 in comparison to
losses in the system we can describe different regimes of coupling which are weak,
strong, ultrastrong and deepstrong coupling [247, 248]. When the coupling strength
is smaller than losses in the system it is said to be a weak coupling regime. In case
of the strong coupling regime, the coupling strength is increased to the point such
that the rate of coherent exchange of energy between two magnon modes is higher

than their decay rates.

Fig. 5.10 shows the 6 dependence of g./27m where g./27 grows with the out-
of-plane component, with the highest value exceeding 1 GHz. The fit curves are
calculated by solving coupled LLG equation as described below. It can be further
seen that for sample with Ru thickness 0.6 nm, the exchange coupling strength is

very weak.
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Figure 5.10: The coupling strength g. /27 as a function of 0. The results from two samples
with the Ru thickness of 0.5 nm and 0.6 nm are plotted. The 0.5 nm sample
shows sizable g./2m, compared to much smaller g. /27 for 0.6 nm. The red
curves are produced by Eq. 5.6 given below.

5.5 Quantitative Description of magnon magnon

coupling
The magnon-magnon coupling phenomena is described in SyAFs by a 2x2 ma-
trix eigenvalue problem derived from the coupled LLG equations with mutual spin
pumping terms [233] (see Appendix D):

©* — @5, +i(Vo1 +Vo2)®  (i® — Vo1 YBy) Ny 5:5)

(_iw+va2yBs> nmzo w* — w§c+i(val +V32)a)

Here, 1) = 2Bex/Bs, my0 = BocosOg /(Bs +2Bex), Vo1 = (0o + 0p) (1 —m2,) —
op{ 1 —m2, — (B3sin?0p /4B2)} (m2)/m?), Vo2 = aon (1 — B3sin®6g /4B2,), Va1 =
oo (m2, + B3sin®0p /4B2,) and v, = ap(n + 1)(1 — mZ)), respectively, with o
and o), being the standard Gilbert damping constant and one arising from mutual
spin pumping between the two magnetic layers. The real part of the eigenvalues
gives the resonance frequencies and the imaginary part represents the loss rates of
the two modes. The eigenvalue problem was numerically solved with parameters

described above and it was found that the coupled equations can model our experi-
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mental observation well for each experimental set, such as Figs. 5.7 (d-f), Figs. 5.8
(d-f) and Figs. 5.9 (e)-(h) reproducing corresponding experimental results. The 2x2
matrix was simplified by neglecting the damping terms to calculate the eigenvalues
and an analytical expression for the coupling strength was found as below (see Ap-

pendix D):

'}’BexBO

:mCOSOB. (56)

8c

This correctly captures the experimental observation as g. /27 grows with de-
creasing Og. The red curve in Fig. 5.10 is calculated by this equation and there is
quantitative agreement between experiments and theory, despite marginal deviation
at small 0. Eq. 5.6 suggests that the coupling strength can be tuned by B¢x which
is validated by results of measurement on SyAF sample having the Ru thickness of
0.6 nm (green points in Fig. 5.10). For this sample, it was found that By is de-
creased to 30 mT due to a weaker interlayer coupling and accordingly, as expected,
there was a significant decrease of g./2m as summarised in Fig. 5.10. These re-
sults show the tunability of the mode coupling strength in SyAFs by both thin-film

growth engineering (ex-situ) as well as out-of-plane tilt angle (in-situ).

5.6 Magnetization relaxation of magnon modes

Next the relaxation of the SyAF modes is discussed. Figure 5.11 (a-f) represent
plots of the half width at half maximum (HWHM) linewidth (AB) extracted for
individual sweeps for both modes. AB of the acoustic mode increases with increas-
ing magnetic field, with a characteristic anomaly around the field where the two
modes hybridise. AB of the optical mode however shows a different magnetic field
dependence as it decreases with increasing magnetic field. This is primarily due
to the relationship of the magnetic-field-domain linewidth and frequency-domain

linewidth as given by:

-1

d Bopac) 1

ABop(ac) = ‘ dB

(5.7)

Top(ac)
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Figure 5.11: (a-f) HWHM linewidth as a function of magnetic field for g of (a) 90° (b) 70°
(c) 60° (d) 50° (e) 40" and () 25° for sample with Ru thickness 0.5 nm. Solid
lines represent results from the theoretical model discussed in Appendix D.

When the resonance field is low, |d @op /dB| becomes small, which can extrinsically

enhance the observed AB in the experiments.

In order to extract material-specific parameters such as ¢ from the data, the
eigenvalue problem was solved and the imaginary part was compared with experi-
mental results. It was found that the linewidth calculated from the imaginary part
models excellently for the experiments as shown in Figs. 5.11 (a-f) for fields below
the saturation field. The theoretical model is valid only in the canted regime and for
high fields above saturation field it fails to match the experimental results because
at high field the forced ferromagnetic regime is operative. Extracted o and o,
for different Og are plotted in Fig. 5.12 (a). This confirms that there is a sizable
spin pumping component for every angle measured, in consistence with previous
reports [233, 236, 228, 249]. The Ru thickness is much shorter than its spin dif-
fusion length of 14 nm [250]. As a result, when two ferromagnets are precessing

in-phase, according to spin pumping theory [111], spin currents flowing out of the
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Figure 5.12: (a) Extracted values of damping parameters from HWHM fittings for sample
with Ru thickness 0.5 nm (b) Calculated loss rates of each mode at the crossing
point as well as those of the hybridised modes.

two are cancelled out hence developing zero time-dependent spin accumulation in
the Ru layer. However, when two moments precess out of phase, the emitted spin
currents no longer cancel out, leading to the spin-accumulation which induces an
additional damping mechanism for the optical mode. In the experiments, it was ob-
served that both o and oy, are independent of O, which can be understood that the
Gilbert damping components are a material parameter, independent of experimental
conditions. It is to be noted here that the canted angle has been already taken into
account in the expressions.

An interesting observation is that the experimentally deduced AB for both
modes also show "attraction" around the avoided crossing points. This demon-
strates that magnetic relaxation can be modified by mode coupling phenomena. In
the crossing regime, two modes are no longer pure acoustic or optical and there-
fore it is not possible to use the ac spin pumping picture associated with the phase
difference between two moments. Rather, a simple phenomenological picture of hy-
bridised energy losses would be a better one. When two modes with different loss
rates start to couple coherently, their loss rates also start to merge together [251].
This is because the energy transfer mixes the two loss rates since the high (low)-

loss mode becomes the low(high)-loss mode as a function of time. This feature was
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observed in the experiments. This loss rate hybridisation is reproduced by using nu-
merical simulations from the eigenvalue problem as shown in Figs. 5.11 (a-f). This
linewidth averaging is similar to ones discussed in spin-photon coupling systems
[252, 22] as well as magnon-magnon coupling at YIG/NiFe interfaces [214]. To
quantify the loss rates for both modes Eq. 5.7 was used. First of all, the loss rate
of individual modes was estimated at the avoided crossing point (open circles in
Fig. 5.12 (b)), by extrapolating from the values outside the coupling regime. Both
show a very weak angular dependence, which can be understood that the damping
(Fig. 5.12 (a)) has no angular dependence with a subtle change of the mode-crossing
frequency when 0g is decreased. By contrast, loss rates for the hybridised modes
(solid circles in Fig. 5.12 (b)), estimated by our eigenvalue problem, exhibit clear
attraction as the coupling strength is increased by changing 6g. After 6g = 60,
the loss rates of the two modes coalesce into a single number which is exactly the
average of the two rates 1/Tyix=(1/2)(1/Tyc+1/7op) Where 1/7yx is the loss rate of
the hybridised states. Furthermore, through the course of our simulation study, it
was found that ¢, can have an effect on g, suggesting that the magnon-magnon
coupling is partially mediated by spin currents. It was observed that for large o,
the coupling between the two modes can be completely suppressed (see Sec. 5.7).
This highlights that the damping-mediated coupling control cannot be achieved by
simply changing o in our system, something specific for the magnetic relaxation
via spin pumping to the coupling and the energy exchange. Although it is not pos-
sible to control a, in our experiments, it could act as an extra parameter to define
the magnon-magnon coupling strength in SyAFs. Finally, it was seen that the high-
est g./2m achieved (1.0 GHz) outnumbers the loss rates of the individual modes,
indicating that this magnon-magnon coupling starts to enter the strong coupling
regime in our experiments. Although these experiments are just at the onset of the
strong coupling regime, it suggests the potential improvements and control of the
coupling strength against the individual loss rates. Eq. 5.6 can be simplified as
8c/2T o< Bex /Bs, suggesting that a sample with a higher Bex as well as a smaller

B shows a large coupling strength. Achieving similar coupling with low-damping
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Figure 5.13: (a-f) HWHM linewidth as a function of magnetic field for 6g of (a) 90° (b)
25" for sample with Ru thickness 0.6 nm. Solid lines represent results from
the theoretical model discussed in Appendix D.
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Figure 5.14: (a) Extracted values of damping parameters from HWHM fittings for sample
with Ru thickness 0.6 nm (b) Calculated loss rates of each mode at the crossing
point as well as those of the hybridised modes.

materials could be another plausible path.

Figs. 5.13 shows the linewidth plots for the sample with the Ru thickness of
0.6 nm. The same analysis procedure as dicussed above was carried out for this
sample as well and the loss rate hybridization is reproduced using numerical simu-
lations. The angular dependence for damping and loss rate is shown in Figs. 5.14 (a)

and (b) respectively. It can be seen that very weak angular dependence is seen for
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loss rate of individual modes both for regions near the crossing regime and outside
the crossing regime which is apparent from the weaker coupling strength for this

sample.

5.7 Impact of the Mutual Spin Pumping Damping on
the Coupling
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Figure 5.15: Simulated loss rate (left panel) and resonance frequency (right panel) of the
acoustic (red) and optic (blue) modes as a function of applied magnetic field at
an angle of Og = 27° for different multiples of the mutual spin pumping damp-
ing o, = 0.0255. These are produced by solving Eq. D.20 (see Appendix D)
with other parameters of Bs = 1.583 T, Bex1 = 0.14 T, Bexo = 0.0065 T,
v/27 =29 GHz/T and o = 0.0155.

The theory model allows to explore parameter regimes beyond experimen-
tal conditions. In an effort to understand the coupling of the two magnetic reso-
nance modes in a SyAF, the dependence of the damping parameters on the coupling
strength were investigated qualitatively. Especially, the effect of the damping aris-
ing from the mutual spin pumping between the two ferromagnets was studied. This
is because of the derived matrix form in Eq. D.24 (see Appendix D) in which o) ex-

ists in the off-diagonal term, strongly suggesting that this parameter can contribute
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to the coupling of optical and acoustic modes. Figure 5.15% shows the simulated loss
rate and resonance frequency of the acoustic and optic modes as a function of the
magnetic field B for 8g = 27°. Here, 8g = 27° was chosen for simulations because
this corresponded to the experimental data measured at 8g = 25°. The plots show
the results of the full eigenvalue problem defined in Eq. D.20 (see Appendix D) for
several values of 0p. For zero o, the loss rate of the acoustic and optic mode cross
at a lower magnetic field than the point of minimal frequency separation between
the resonance frequencies of the two modes. With increasing op, the crossing of
the loss rates shifts higher in magnetic field until it appears at the same field as the
minimal frequency separation of the resonance frequencies. For the highest o, the
loss rate no longer cross and are separated. The dispersion of the resonance fre-
quencies remains mostly unchanged for &, = 0 and op = 0.0255. It was observed
that for higher o), the coupling strength reduces and eventually goes to zero for the
highest o, we plot. From the change of the coupling strength with o, it can be
concluded that the coupling is partially mediated by spin currents. This change in
the coupling behaviour can only be achieved by changing op. In contrast, a change
of the Gilbert damping o has no influence on the coupling strength and only affects
the loss rate of the modes. Our theory model suggests that the coupling between the
acoustic and optic modes of a synthetic antiferromagnet is not fully described by a

classical coupled harmonic oscillator model.

In summary, the magnon-magnon coupling in SyAF CoFeB/Ru/CoFeB multi-
layers is shown experimentally. Clear magnon-magnon hybridisation has been ob-
served when the optical and acoustic modes are tuned into resonance. The magnon-
magnon coupling strength has been controlled by bringing the moments into the out-
of-plane direction, which breaks the orthogonality of the two modes. In addition, the
interlayer exchange coupling is found to tune the coupling strength. The loss rate of
two modes exhibits an averaging effect upon hybridisation. Our eigenvalue problem
approach serves to provide the analytical expression of the coupling strength as well

as numerical explanations/predictions of the experimental data. It can be envisaged

2The simulations in Sec 5.7 were done by Dr. Zollitsch and the Fig. 5.15 was provided by him.
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that results in the present study will be transferable to other weakly-coupled anti-
ferromagnetic systems since the phenomenological descriptions of their spin-wave

modes should be identical to the model developed.

5.8 Hybridisation and mode coupling in Synthetic

Ferrimagnets

Recent developments in hybrid magnonics have invigorated prodigious interest in
intriguing phenomena of coherent magnonic interactions between different physical
systems [253, 254, 255, 256, 257]. Tunability and flexibity provided by magnons
in coupling to various dynamic systems have made them great contenders for vari-
ous quantum sensing and information processing applications [21, 258]. The in-
tuitive description of interaction in various hybrid systems is essentially depen-
dent on g. which determines the rate of energy transfer. In a broader picture a
larger coupling strength is essential for efficient and faster device operation. Strong
coupling strength in sub-GHz regime has been reported for interaction of magnon
with microwave photon [259, 260]. However, using microwaves for coherent con-
trol at nanoscale becomes challenging owing to Dicke’s scaling law [261], i.e
gc =< VN, where N is number of spins, implying weak couplings in nanomagnets
[262, 263, 264]. This problem is circumvented for magnon-magnon coupling due
to smaller length scale and lower losses in a magnonic cavity [265].

A large magnon-magnon coupling strength reaching strong coupling regime
has been reported in single magnets [210], metal-insulator hybrid structures [265]
and more recently in weak exchange coupled van der waal magnets(vdW) [266]
and SyAF [24]. Recent reports have also shown tunability of coupling strength in
vdW magnets [266] and synthetic antiferromagnets which is achieved by growth as
in SyAF, or rotational symmetry breaking caused by tilting external field [24, 211]
or by dynamic dipolar interaction in case of non-uniform precession [25]. Apart
from this coupling control in multi-layered systems has been demonstrated compu-
tationally [267, 268]. The general difficulty in device fabrication, atmospheric sen-

sitivity and low curie temperatures [266] render the vDW materials less appealing
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and so SyAFs are highly sought after materials for coupling strength engineering.
In most existing works, the tunability of coupling has been reported only for sym-
metrical SyAF structure where the two FM sublayers have the same thickness ()
and magnetization (M) [24, 25, 211]. By modifying either ¢t or M forms a structure
with unbalanced antiparallel moments known as SyF. In SyF an inherent symme-
try breaking between two sub-layers causes hybridization of two magnon modes
and an anti-crossing gap is visible for in-plane applied fields. This is in contrast to
symmetric SyAF where the mode coupling is protected by two-fold rotational sym-
metry [24] and an extrinsic symmetry breaking is necessary to couple the magnon
modes. Thus, SyF offer another approach for tuning the magnon-magnon interac-
tion beyond the use of external-field mediated symmetry breaking. In this study
the mode coupling in SyFs is investigated. The effect of asymmetry achieved by
varying thickness as well as material of two sub-layers, on the strength of inter-
action is described. A large frequency gap reminiscent of mode hybridisation is
clearly seen and the gap increases when two sub-layers are made from two dif-
ferent FM materials signifying stronger coupling. The interaction between ferro-
magnetic and anti-ferromagnetic resonance modes is systematically examined as a
function of resonance frequencies and different magnetic field strength directions.
A macrospin model is provided to describe the mode coupling which accurately re-
produced the experimental observations. Further the coupling strength is calculated
numerically and it is demonstrated how to engineer it by inter-layer exchange field
tunability through growth. The results and demonstration of coupling phenomena
in SyFs will facilitate the research on physics of strong coupling between different
magnonic excitations and their coherent manipulation and engineering for device
applications [215]. Fig. 5.16 shows the schematic for the coupling phenomena in a

SyF structure.
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Figure 5.16: Schematics of magnon-magnon coupling phenomena in Synthetic Ferrimag-
net. Two moments are coupled antiferromagnetically and at certain magnetic
field they enter into spin-flop regime. 0 is defined as shown in the figure where
z is the growth direction of the film. The asymmetry in structure breaks the
rotation symmetry of magnetization and cause the coupling. When the two
moments are in the film plane coupling is weak and can be tuned by varying
0.

5.9 Sample growth and magnetometry characterisa-

tion

The samples were grown using the technique of magnetron co-sputtering® in an
ultrahigh-vacuum compatible sputtering chamber with the base pressure of 1x 107
Pa. The SiO; substrate was used and 5 different samples were prepared. The stack-
ing pattern was Ta(5)/FM(da )/Ru/FM;(dg)/Ta(5) where the numbers in bracket are
thickness in nm. The FM; ,) refer to the ferromagnet and da g, are the thickness of
the two ferromagnets and are summarised in Table. 5.1.

In order to characterise the static magnetic properties, VSM was used. Fig-
ure 5.17 shows normalized hysteresis loops for the samples used in the present

study. Three distinct regions based on magnetization direction of two layers are

3Samples grown by Dr. Suzuki
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(a-e) Normalized M-H loops for different set of samples (a)
Ta/NiFe(5)/Ru(0.4)/NiFe(3)/Ta (b) Ta/NiFe(3)/Ru(0.4)/NiFe(5)/Ta (c)
Ta/NiFe(1.5)/Ru(0.45)/CoFeB(3)/Ta (d) Ta/NiFe(1.5)/Ru(0.5)/CoFeB(3)/Ta
and (e) Ta/NiFe(1.5)/Ru(0.55)/CoFeB(3)/Ta. The field is applied along the
in-plane easy axis. The solid lines are fit obtained by calculating magnetiza-
tion corresponding to equilibrium angles of magnetization for two FM layers
shown in (f-j) obtained by minimization of free energy equation.

fferent colours. In the antiferromagnetically coupled regime (shown in
is an anti-parallel alignment of spins in the two layers. As the field is

the magnetization direction for the two layers enter into the spin-flop

(canted) regime where the two moments tilt from the equilibrium position. Finally

at higher field values the magnetic moments are aligned with each other in the sat-

uration (forced ferromagnetic) regime as indicated by green colour.

The free energy density expression, given in Eq. 5.8 which includes of bilinear

and biquadratic exchange coupling contributions [239, 24, 240, 237] was used to
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describe static magnetization direction.
M2 M2
w = U {—MAH-HA + TA(I’ZZA)Z} + UB {—MBH-nB + TB(I’ZZB)Z}

+ PEnA -ng + pq (na - np)* (5.8)

v A
Here, .uA(B) = ,LL()@, w, H, MA(B), VA(B)» PEQ) = E‘EQ), v = ,/va -vp are the

magnetic permeability for the two layers, magnetic free energy density, applied

external magnetic field, magnetizations for the respective layers, the spatial volumes
occupied by M4 g, bilinear and biquadratic exchange constant expressed in units of
energy density and reference volume respectively. n g represent the unit vector of
magnetization given by na g = MaAg/Map = M A7B|. The film normal was taken
parallel to the Z. For obtaining the ground state, the energy density to be minimised
is considered for the case when na g are in the plane. This can be expressed as
Eq. 5.9 which is minimised reiteratively to obtain the values for cos ¢4 g, the angles
between the applied magnetic field direction and equilibrium direction of individual

moments, for each field value which are shown in the bottom panel of Fig. 5.17.

w = —UAMAH cos s — upMpH cos 9 + Pg cos (95 — 98) + pg cos” (9a — 9p)
5.9

The orange curves in the Fig. 5.17 are the magnetization calculated for each

field value as:

M(H) My Mg
= dacos P +
M My -dp+ Mg -dg My -dp+ Mg -dg

dp cos @p. (5.10)

where, M is the total saturation magnetization for the sample and da g are the
thickness for the two layers. The bilinear and biquadratic exchange constants used

to generate the curves are summarised in the Table 5.1.



5.10. Spin Dynamics Characterisation

161

Table 5.1: Summary of the VSM magnetometry parameters used to obtain the magnetiza-
tion curves shown in Fig. 5.17 according to Egs. 5.9 and 5.10. The left column

represent the sample geometry where ..

99 99

represents the SiO, substrate and the

FM near to the substrate is the second FM layer referred to as B. pg(q) are the
bilinear and biquadratic coupling constants respectively and M s (g),da(s) are the
magnetization and thickness for the two ferromagnetic layers (NiFe/CoFeB).

PQ

Sample HoMa HoMp ﬁ e da dg
geometry (T) (T) (T (T) (nm) (nm)
Ta/NiFe/Ru(0.4)/NiFe/Ta/.. 0.951 £ 0.004  0.909 £ 0.004 0.145 4+ 0.001 0.0310 £ 0.0001 5.03 +£0.03 3.02 +0.02
Ta/NiFe/Ru(0.4)/NiFe/Ta/.. 0.951 £0.004  0.909 £0.004 0.1005 £ 0.0005 0.0211 +0.0001 3.02 £0.02 5.03 +0.03
Ta/CoFeB/Ru(0.55)/NiFe/Ta/.. 1.428 £0.006 0.413 £ 0.001 0.0781 £ 0.0004  0.0052 £+ 0.0002  3.02 +0.02 1.51 +£0.01
Ta/CoFeB/Ru(0.5)/NiFe/Ta/.. 1.428 £0.006 0.413 £0.001  0.1055 £ 0.0005 0.0052 +0.0002 3.02£0.02 1.51 £0.01
Ta/CoFeB/Ru(0.45)/NiFe/Ta/.. 1.428 £0.006 0.413 £ 0.001 0.1215 +£ 0.0005 0.0105 + 0.0005 3.02 £ 0.02 1.51 £ 0.01
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Figure 5.18: (a) Sketch of measurement geometry. FMR spectra are obtained by placing
the sample on a CPW. A microwave current is injected into the CPW signal
line that produces a nearly uniform excitation field. On resonance absorption
is measured as shown in (b) for the upper (High frequency) and (c) lower (low
frequency) modes.(d) Microwave transmission as a function of frequency and
applied field for NiFe(5)/Ru(0.4)/NiFe(3) at in-plane direction for 6=90" and
applied field direction (B|) as defined in (a). The avoided crossing appears as
shown for the sample. (e) Fitting results for data as in(d). The solid lines are
fit curves obtained from macrospin model.

5.10 Spin Dynamics Characterisation

To study the dynamic properties, the FMR measurements were done by placing the

sample on a CPW board similar to Sec.5.3 and is shown in Fig. 5.18. The mea-
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surements were performed by sweeping the dc external field with an ac modulation
component at 12 Hz while the frequency was kept constant. The lock-in amplifier
was used to detect the transmission. The asymmetry in the samples results in in-
herent two-fold rotational symmetry breaking in contrast to the symmetrical case.
Since the two modes are coupled as evident from the gap in Fig. 5.18 (d), they have
interchangeable mode character and so they are referred as upper (high frequency)
and lower (low frequency) modes. Next section is focused on the samples where

the asymmetry is caused by different thickness of the two ferromagnetic layers.

5.11 Asymmetric NiFe/Ru/NiFe samples

The resonance curves for lower and higher frequency modes measured at 8 = 90°
and B configuration for the sample NiFe(5)/Ru(0.4)/NiFe(3) is shown in Fig.5.18
(b-c). Both modes can be clearly seen in the color plot Fig.5.18 (d) and a clear
anti-crossing gap is observed around B = 0.25 T in the canted regime. By fitting
the measurement results using the derivative of lorentzian function using Eq. 3.1 the
resonance position was obtained as shown in Fig.5.18 (e). To obtain the solid lines,
the macrospin approach is used and the coupled equation of motions are solved
which can be written in the matrix form. The evolution of the two modes is then

captured by solving the four-by-four matrix eigen value problem:

—0—8A —Ma =G —6
—TI__A o—-8r -5 —& =0, (5.11)
- -6 —w-—Ep —NB
& O m —e-&

where Ex g represents the bare acoustic and optical mode frequency as in synthetic
antiferromagnetic case when the asymmetry parameter given by r is 0. The com-

plete expression for a g is given as:

éa = a),'{—r—l (nooa)ﬁ+{2(noo)2—\eA-n%IZ}a)Q>, (5.12)

& = o —r (nor+ {2(n")" — leg -} } @) (5.13)
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Figure 5.19: Microwave transmission as a function of frequency and applied field for differ-
ent 6 for NiFe(5)/Ru(0.4)/NiFe(3) sample. The coupling gap starts to increase
as 0 is decreased.
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9 are the chirality vectors

senting the resultant frequency at given fields and e g, n
and directional cosines respectively. See Appendix E for more details. The remain-

ing terms in Eq. 5.11 are expressed as below.

M=oy +r " (ea-n3)’ wp, (5.14)
ng =g +r " (ep -ng)sz, (5.15)
¢, = (0p+2n70) eAﬁersz (ea-np) (€5:73) (5.16)
¢, — (©r 210 @g) en-en+20p (ea mj) (e 1z) 5.17)

2
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Figure 5.20: Fitting results for data of NiFe(5)/Ru(0.4)/NiFe(3) sample shown in Fig. 5.19
for different 6 values. The coupling gap, increases as 6 is decreased. The
solid lines are fit curves obtained from macrospin model. The colors red, blue
and green correspond to anti-ferromagnetic, canted and forced -ferromagnetic
regions respectively.

The material parameters obtained from the VSM measurements as summarised
in Table. 5.1 are used to obtain the resonance frequencies by solving the eigen value
problem and the results are shown as solid lines in Fig. 5.18 (e). The results from
the theoretical model matches the experimental data nicely and a coupling gap ~
1.8 GHz is seen. This is in contrast to the symmetric sample when the two layers are
of same thickness and the gap is closed for the in-plane applied field. To show this,
simulations were done for the case with both NiFe layers as same thickness of 5 nm
and the crossing of two modes was observed. As the asymmetry was introduced
by changing the layer thickness we could see the gap opening since the two layers
are subjected to different exchange field strength. The results are summarised in

Fig. 5.18(e).
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Figure 5.21: Microwave transmission as a function of frequency and applied field for differ-
ent 6 for NiFe(3)/Ru(0.4)/NiFe(5) sample. The coupling gap starts to increase
as 0 is decreased.

Further increase of the coupling gap and thus coupling strength (half of the
coupling gap) was done by tilting the moments toward the out-of-plane direction as
shown in Fig. 5.19. When the angle 0 is decreased from 90°, it was observed that the
gap size starts to increase, similar to those reported in synthetic anti-ferromagnets

case in Sec. 5.4. Fig. 5.20 shows the results from the macrospin model.

The theoretical model reproduces the experimental result nicely for all the an-
gles as evident from Fig. 5.20. The maximum coupling gap is quantified from the
well-fit calculation results and is greater than the one obtained for symmetrical case
with identical ferromagnet thickness [24]. This signifies stronger coupling achiev-
able in asymmetrical case compared to symmetrical SyAF. Similar measurement
and analysis was repeated for NiFe(3)/Ru(0.4)/NiFe(5) sample and the results are
summarised in Fig. 5.21, 5.22.
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Figure 5.23:

for different 0 values. The coupling gap, increases as 0 is decreased. The
solid lines are fit curves obtained from macrospin model. The colors red, blue
and green correspond to anti-ferromagnetic, canted and forced-ferromagnetic
regions respectively.

—
[V
-~

9./27 (GHz)

- e@

(9]
09
99

| © NiFe(3)/Ru(0.5)/NiFe(5) |

© NiFe(5)/Ru(0.5)/NiFe(3)

80 60 40 20
0 ()

100 80 60 40 20

0 (°)

The coupling strength g./27 as a function of 6. The results from two sam-
ples (a) NiFe(3)/Ru(0.4)/NiFe(5) and (b) NiFe(5)/Ru(0.4)/NiFe(3) are plotted.
Both samples show similar g./27 and maximum strength achieved is large
compared to symmetrical SyAF case [24].
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Figure 5.24: Microwave transmission as a function of frequency and applied field for dif-
ferent 6 for CoFeB(3)/Ru(0.45)/NiFe(1.5) sample. The numbers in brack-
ets correspond to the thickness in nm. Two modes are visible for the anti-
ferromagnetic regime. (Note- fitting results shown in Fig. 5.27)

The coupling strength, g./2x, calculated as half of the coupling gap for both
the samples is plotted in Fig. 5.23. Both samples show similar values of g./27
as evident from similar exchange field strength. The results signify the effect of
asymmetry on g. /27 and provide a means for tuning g. /27 both intrinsically (layer-
thickness variation) and increasing the strength by modifying the tilt angle of the
two moments (extrinsic symmetry breaking). Also it signifies greater efficiency
in inducing magnon-magnon coupling in asymmetrical SyFs. From Fig. 5.23 it
can be visualised that coupling strength (or coupling gap) shows an increase as
0 is decreased toward out-of-plane direction. Moreover, by designing the layer

thickness ratio of two layers we can tune the gap to achieve larger coupling values.
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Figure 5.25: Microwave transmission as a function of frequency and applied field for dif-
ferent 0 for CoFeB(3)/Ru(0.5)/NiFe(1.5) sample. The numbers in brack-
ets correspond to the thickness in nm. Two modes are visible for the anti-
ferromagnetic regime. (Note- fitting results shown in Fig. 5.28)

5.12 Asymmetrical CoFeB/Ru/NiFe samples

Another way to introduce the asymmetry is by using two different FM layers. In the
previous section we focussed on two FM of same material but different thickness
(da # dp). This section shows the effect of the change in exchange field strength
caused by dissimilar FM as well as Ru thickness on the coupling. Three different
samples were studied with different Ru thickness, dgr, = 0.45 nm, 0.5 nm and 0.55
nm. All the samples had the FM; as CoFeB with thickness 3 nm and FM; as NiFe
with thickness 1.5 nm. The exchange field strength and other material parameters
obtained from VSM data are summarised in Table. 5.1. It can be seen that as the
Ru thickness layer is increased the exchange field strength value decreases signi-

fying weaker interlayer coupling for thicker Ru samples. Fig. 5.24, 5.25 and 5.26



5.12. Asymmetrical CoFeB/Ru/NiFe samples 169

~N -
I s
e 25 =
N Q
125
225
175
75
¥ 3
= a
125
225
175
75
) 3
o 25 <
2 Q

04 0. 02 04 06 08
B(T) B(T)

Figure 5.26: Microwave transmission as a function of frequency and applied field for dif-
ferent 6 for CoFeB(3)/Ru(0.55)/NiFe(1.5) sample. The numbers in brack-
ets correspond to the thickness in nm. Two modes are visible for the anti-
ferromagnetic regime. (Note- fitting results shown in Fig. 5.29)

shows the colorplot for samples with Ru thickness 0.45 nm, 0.5 nm and 0.55 nm
in respectively for B, case. For the case of applied field in-plane 8 = 90°, for the
sample with Ru thickness = 0.45 nm a coupling gap of 6.84 GHz is achieved in the
anti-ferromagnetic regime which decreases to 6.3 GHz and 5.6 GHz for Ru thick-
ness 0.5 nm and 0.55 nm respectively. Compared to the previous case when two FM
were of same material it can be seen that the anti-ferromagnetic region is larger for
these samples which means that a larger field is required to cant the two momemts
and bring these samples into spin-flop regime. Moreover, it is to be noted that in the
colorplot we donot see both modes in canted regime since the measurement is for
B case where due to geometry only one mode is excited. (See Sec. 5.3. Because

of lower SNR ratio the colorplot is shown only for the transverse geometry).

A full angular dependence was carried out for all the three samples by tilting
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Figure 5.27: Fitting results for data of CoFeB(3)/Ru(0.45)/NiFe(1.5) sample shown in
Fig. 5.24 for different 6 values. The coupling gap varies as 6 is decreased.
The solid lines are fit curves obtained from macrospin model. The colors
red, blue and green correspond to anti-ferromagnetic, canted and forced -
ferromagnetic regions respectively.

the applied field towards out-of-plane direction. All of the results are summarised in
Fig. 5.24,5.25 and 5.26. In order to study the effect of rotational symmetry breaking
by tilting the field direction, we have to compare the coupling gap variation in canted
regime. Because of experimental difficulties as described earlier, both modes could
not be seen in the canted regime and so the theoretical model was used for detailed

analysis of g./2m and the gap variation with 6 which is presented in next sections.

By using our macrospin model as detailed in previous section, the resonance
frequency was obtained for the two modes and the results are plotted in Fig. 5.27,
5.28 and 5.29. The resonance position is plotted as a function of field obtained
by the fittings of experimental data for B configuration using Eq. 3.1. For these

samples, the lower frequency mode in canted regime were hard to detect which can
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Figure 5.28: Fitting results for data of CoFeB(3)/Ru(0.5)/NiFe(1.5) sample shown in

Fig. 5.25 for different 6 values. The coupling gap varies as 6 is decreased.
The solid lines are fit curves obtained from macrospin model. The colors
red, blue and green correspond to anti-ferromagnetic, canted and forced -
ferromagnetic regions respectively.

be due to poor signal to noise ratio and broader linewidth at higher resonance field

values and so only a few data points could be extracted. Our theoretical model

matches well with the experimental results for all samples and enable to estimate

the coupling gap efficiently in the canted regime. As the angle 0 is decreased, the

field required to cant the two moments increases. This is also shown in asymmetric

NiFe/Ru/NiFe case where slightly larger field was required to cant the two moments

as 0 was changed. This shows that by choosing different Ru thickness and different

FM we can tune the field strength for canting as well.
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Figure 5.29: Fitting results for data of CoFeB(3)/Ru(0.55)/NiFe(1.5) sample shown in
Fig. 5.26 for different 6 values. The coupling gap varies as 6 is decreased.
The solid lines are fit curves obtained from macrospin model. The colors
red, blue and green correspond to anti-ferromagnetic, canted and forced -
ferromagnetic regions respectively.

5.13 Coupling Strength variation with 0

Fig. 5.30 (b) shows the variation of coupling strength, g./2m, for different sam-
ples as a function of 6. For the asymmetrical CoFeB/Ru/NiFe samples, the cou-
pling gap is extracted in the canted regime from the theoretical model. It can be
seen that for dissimilar NiFe/Ru/NiFe samples the maximum g./27 achieved is
about 2 GHz in the canted regime. This is twice that reported in Sud et. al [24]
for CoFeB/Ru/CoFeB symmetrical SyAF sample. In comparison the samples with
dissimilar FM as well as thickness show a larger g./27 and the maximum value
attained is 9 GHz for sample with Ru thickness 0.45 nm. The large values in sam-
ples with dissimilar FM and thickness show that larger coupling efficiency can be

achieved by both variation in thickness as well as material of FM. Also we find that
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Figure 5.30: (a)The coupling strength g./27 for @ = 90" for five samples. Here,
S1 = NiFe(3)/Ru(0.4)/NiFe(5), S2 = NiFe(5)/Ru(0.4)/NiFe(3), S3 =
CoFeB(3)/Ru(0.55)/NiFe(1.5), S4 = CoFeB(3)/Ru(0.5)/NiFe(1.5) and S5 =
CoFeB(3)/Ru(0.45)/NiFe(1.5). (b) g. /27 as a function of 0 for different sam-
ples. The variation of g. /27 with 6 is more profound for S1 and S2 samples.
For the samples S3, S4, S5 the g./27 is larger but the variation with angle is
much small. Note - The error bars are smaller than the marker on the plots.

gap does not change much with 0 for the asymmetrical CoFeB/Ru/NiFe samples
as compared to asymmetrical NiFe/Ru/NiFe samples. These results thus show the
ability of tuning the gap both intrinsically by varying the layer thickness/material
as well extrinsically by tilting the field. Different thickness ratio and choice of FM
materials can affect the coupling strength, g./2x. It is shown both experimentally

and quantitatively through the model calculations.

Effect of Asymmetry on linewidth of magnon modes - The linewidth of the reso-
nance for the two modes were compared and interpreted as a function of the applied
field in different regimes for the two set of samples as shown in Fig. 5.31. The signal
could be detected only in the canted regime for NiFe(3)/Ru/NiFe(5) sample. In the
anti-ferromagnetic regime for CoFeB/Ru(0.55)/NiFe sample, the mode correspond-
ing to low-frequency shown as lower mode has a significantly lower linewidth at
low field values and increases gradually while approaching the canted regime. This
is due to the change in precession type while going from antiferromagnetically cou-
pled regime to canted regime. Moreover, the difference in linewidth is not constant
and the linewidth for the higher frequency mode decreases with increase in field. In

the canted regime the linewidth for upper mode increases as can be seen for both
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Figure 5.31: HWHM linewidth as a function of magnetic field for 6 = 90 for
(a) NiFe(3)/Ru(0.4)/NiFe(5) and (b) CoFeB(3)/Ru(0.55)/NiFe(1.5). The
coloured regions red and blue correspond to anti-ferromagnetic and canted
regime respectively.

samples and finally saturates at high fields. This can be explained based on change
in mutual spin pumping of two layers along with change in phase of precession in
different regimes [237]. The results obtained are in agreement with previous studies
which see similar behaviour of linewidth in different regimes [237].

In conclusion, we studied the dynamics of asymmetric synthetic ferrimagnetic
structures and experimentally show the magnon-magnon coupling in SyFs with dis-
simlar material and thickness of two FM layers. This allows the control of coupling
strength by intrinsic orthogonal symmetry breaking compared to symmetrical sam-
ples. The coupling strength far exceeds the losses, described by the frequency half-
width at half maximum of the individual modes. By calculating the coupling gap
as a function of external field tilt angle we can putatively claim that both intrinsic
and extrinsic symmetry breaking (SB) can realise strong magnon-magnon coupling
in SyAFs. Further, the strong coupling leads to an entanglement between even and
odd parity modes, making it attractive for coherent information processing applica-
tions. A theoretical model was generalized in the macro spin limit by solving the
two coupled equations to describe the microwave absorption spectroscopy for the
SB induced coupling in SyFs. This study should shed light on the potential of SyFs
for studying and controlling magnon-magnon coherent coupling at room tempera-

ture. Moreover large tunable coupling strengths in this system will provide a novel
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platform for increased control of hybrid magnonic systems.



Chapter 6

Ferromagnetic resonance driven by
current-induced torque in magnetic

multi-layer thin films

Introduction

Static or alternating magnetic fields exert torque on a ferromagnet which induces
magnetization switching or ferromagnetic resonance. This is the fundamental phe-
nomena which is utilised in magneto-electronic applications. As outlined in pre-
vious Chapters 4 and 5, the ferromagnetic resonance (FMR) was induced by using
external fields. However, for device applications a major aim in spintronics research

is to replace the magnetic fields.

One such phenomena which utilises spin polarised electric current for manipu-
lating the magnetization is spin transfer torque (STT). STT is a quantum phenomena
in which the spins polarise on spatially varying magnetization via exchange inter-
action as described in Chapter 2. In thin film ferromagnetic-heavy metal (FM/HM)
bilayers, two mechansims are responsible for generating STT which arise due to
spin-orbit interaction. One is the spin Hall effect (SHE) [269, 270, 2] which gener-
ally has the damping-like (DL) form predicted by Slonczewski and Berger [28, 29]
but it has been shown that a field-like (FL) term can also exist [271]. The other
mechanism is the Rashba-Edelstein effect [272, 273] which can generate both FL
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and DL torques. In this chapter current-induced torque (CIT) excitation of reso-
nance is studied in two different magnetic multi-layer films. The CIT excitation of
acoustic and optical modes in Ta/NiFe/Ru/NiFe/Ta synthetic antiferromagnet stacks
grown on thermally oxidised Si substrates is first described. The two Ta layers serve
as spin torque sources with the opposite polarisations both in spin currents and Oer-
sted fields acting on their adjacent NiFe layers. This can create the odd symmetry of
spatial spin torque distribution across the growth direction, allowing us to observe
different spin-wave excitation efficiency from synthetic antiferromagnets excited
by homogeneous torques. The torque symmetry is analysed by in-plane angular
dependence of symmetric and anti-symmetric lineshape amplitudes for their res-
onance and this confirm that the parallel (perpendicular) pumping nature for the
acoustic (optical) modes in our devices, which is in stark difference from the modes
excited by spatially homogeneous torques. A macrospin model is presented for this
particular spin-torque excitation geometry, which excellently supports our experi-
mental observation. The results offer capability of controlling spin-wave excitations
by local spin-torque sources and we can explore further spin-wave control schemes
based on this concept.

The other half of this chapter is devoted to a study of CIT in Ni/Pt heterostruc-
tures. The effect of interfaces on FL and DL torque efficiencies is studied by sys-
tematic analysis in bilayer and multi-layer films grown on different substrates to

control crystallinity by growth.

6.1 Current induced Spin wave excitation in Syn-

thetic Antiferromagnets

Synthetic antiferromagnets (SyAFs) are an excellent platform to explore novel
spintronic and magnonic concepts with coupled magnetic moments [215, 274].
Unlike a homogeneously magnetised single-layer ferromagnet, coupled magnetic
layers are able to offer rich magnetic states where the competition between in-
terlayer exchange coupling, external-field-induced Zeeman interaction as well as

other magnetic anisotropy terms plays a role. This can expand into their dy-
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namic regimes as the coupled moment nature inherently provides two eigen-
modes, acoustic and optical modes [275, 223, 222], where time-dependent com-
ponents of two coupled moments are oscillating in-phase (acoustic) and out-of-
phase (optical) in a spin-flop (canted) regime (Also described in Chapter 5). These
pure magnetic modes have been studied and discussed already around 1990s,
e.g. by Grunberg et al. [224] and Zhang et al. [225], followed by a number of
more recent reports to investigate magnetic dynamics in SyAFs for various topics
[276, 226, 227, 277, 236, 229, 228, 237, 230, 278, 24]. SyAFs are also a subject of
CIT excitations so far at (or close to) the dc limit [279, 280, 281, 282, 283, 284] and
there has been little in the literature on the use of CITs for exciting SyAF spin-waves

at GHz frequencies.

When we excite spin-waves by oscillating magnetic fields, the spatial sym-
metry/profile of microwave excitation determines which spin-wave modes are ex-
cited. In the simplest case, a uniform distribution of microwave excitation fields
across a magnet can excite the uniform spin-wave mode (wavevetor k = 0) as well
as higher-order spin-wave resonance modes (k > 0) with odd index numbers since
the spatial profile of the microwave excitation and spin-wave mode amplitude (with
phase) matches to each other in terms of symmetry. Higher-order spin-wave reso-
nance modes with even index numbers are excluded because the mode overlapping
between microwaves and the spin-waves becomes zero when it is integrated over
the real space. This in turn suggests that it should be possible to control the se-
lection rules of spin-wave excitations by designing the spatial profile of excitation
fields. Accessing hidden spin-wave states as well as tailoring spin-wave excitation

efficiency by this approach has not been much explored in the past.

The following sections describe the study of spin-wave excitation symmetry
control by spatially anti-symmetric spin torques in our SyAF devices. By utilis-
ing local spin excitations due to SHE and Oersted fields from adjacent heavy-metal
Ta layers, the spin-wave excitation nature is controlled in the SyAF devices. The
torque symmetry of parallel (perpendicular) pumping configuration of acoustic (op-

tical) modes is excited and measured in the devices, which is signature of the anti-
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Figure 6.1: Optical micrograph of a 10x40 um” rectangular bar patterned on
Ta/NiFe/Ru/NiFe/Ta sample. Ti/Au bilayer GSG type waveguide is deposited
on top which is connected to bias-tee via RF-Probe to measure the resonance.

symmetric spin torques for the two coupled moments. Analytical expressions for
rectification voltages are calculated based on the Landau-Lifshitz-Gilbert (LLG)
equation for coupled magnetic moments at the macrospin limit. The model equa-
tions fully support the torque symmetry observed in the experiments as well as allow

to quantitatively analyse spin-orbit transport parameters such as the spin-Hall angle.

6.1.1 Sample growth and patterning

Preparation of SyAF films — The SyAF films used in this study were prepared
by magnetron co-sputtering techniques at a base pressure of 3x107 Pa. The
films were grown on thermally oxidized Si substrates with stacking patterns of
Ta(5)/NiFe(5)/Ru(0.4 or 0.5)/NiFe(5)/Ta(5) where the number in the brackets rep-
resents the thickness in nm.

Sample Patterning — A micrograph of a 10 x 40 um? bar with gold pads on
SyAF sample is shown in Fig. 6.1. Standard Photolithography and Ar ion milling
technique were used to pattern the sample into rectangular bars with width (length)
of 10 (40) um. The fabrication steps are described below:

Photolithography — The sample surface was first cleaned with acetone for 3
minutes and then with ethanol for 1 minute in a ultrasonic bath. After drying the
sample surface with nitrogen spray gun, the samples were spin coated with Microp-
osit S1818 at 6000 rpm for 50 seconds followed by baking on hot-plate at 115 ° C
for 1 minute. The samples were then exposed to ultraviolet light via a self-designed

photomask for 5 seconds. Finally the samples were developed in Microposit MF319
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for 1 minute and rinsed in de-ionized water for 1 minute followed by drying with
nitrogen spray gun.

Ion Milling — The developed samples were etched using argon ion milling.
The samples were placed in a chamber filled with argon gas. The hot filament at
the top of the chamber emitted accelerating electrons to ionize the argon gas. The
argon ions were then accelerated under a beam potential of 500 V and bombarded
the sample surface, etching the area not protected by photoresist. The beam current
was set at 25 mA for the whole milling process. The milling time of 20 minute was
enough to remove the SyAF layer and penetrate into the Si substrate. The samples
were then washed with acetone for 3 minutes and ethanol for 1 minute in ultrasonic
bath to remove the resist.

Waveguide deposition — The Ti/Au bilayer were deposited for preparaing a
microwave waveguide on top of each bar. The photolithography steps as above
were followed to define the antenna. The antenna consisted of ground signal ground
(GSG) configuration with width of 150 um and and gap of 10 um to ensure 50 Q
impedance matching. After developing, the samples were loaded into sputtering
chamber. The chamber was evacuated to a 3 x 10~/ Pa or less. A Ti layer was
sputtered for 5 minutes at rate of 0.6 A/s followed by Au sputtering for 6 minutes
at rate of 7.5 A/s. The use of Ti provides improved adhesion. Finally, the lift-off
process was carried out by washing the sample in acetone for 5 minutes in ultrasonic

bath followed by 1 minute ethanol rinse to remove residual photoresist.

6.1.2 Vibrating sample magnetometer characterisation and

inter-layer exchange interaction

Prior to device fabrication, the films were characterised by vibrating magnetometry
techniques to quantify the interlayer exchange coupling strength and to confirm the
presence of spin-flop regimes in the films. Figure 6.2 shows characterisation of two
samples of Ru thickness 0.4 and 0.5 nm by a vibrating sample magnetometer. The
red curves are obtained by minimising Eq. 5.1 iteratively to obtain ¢ (B) and thus
obtain M (B) given by M (B) = Mcos¢(B) [237, 222, 240]. Here, ¢ (B) is the angle

between the applied magnetic field direction and equilibrium direction of individual
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Figure 6.2: (a-b) Magnetization curve of the Ta (5 nm)/ NiFe (5 nm)/Ru (t nm)/NiFe (5
nm)/Ta (5 nm) measured by vibrating sample magnetometer for (a) t = 0.4 and
(b) t =0.5. The black (red) curve is the experimental (calculation) results.

moments. The values of the linear and quadratic exchange fields used to obtain the
red curves are 120 (50) £ 1 (0.3) mT and 4 (2) &= 0.1 (0.02) mT for the 0.4 (0.5)
nm Ru thickness sample, with Mg= 620 (600) kA/m for the 0.4 (0.5) nm Ru sample.
The effective magnetic exchange field is obtained by differentiating the exchange

coupling terms (Fex) in Eq. 5.1 with respect to m ;) which is given by Eq. 5.2.

6.1.3 Microwave calibration

Due to impedance mismatch between microwave lines and the sample (with few
hundreds Q in resistance), it is expected that there is a large amount of power re-
flection from the devices. This results in the amount of power reaching to the sam-
ple is a fraction of power supplied from the source. In order to quantify the actual
power propagating through the device, a bolometric technique [114, 178] was used.
In this method, the resistance change caused by joule heating from either a known
dc current Ipc or microwave power Ppye is compared as current calibration. Figs.
6.3(a)-(d), show the resistance changes by two current excitations. By scaling two
parameters (P,py and Ipc) by the sample resistance, the current flowing through the
device is quantified at GHz frequency. The microwave power at sample (Psample) 18
then calculated and plotted against microwave power at source (Pppyt) as shown in

Figs. 6.3(e) and (f). From this slope, the ratio of 0.06 between Pyample and Ppput
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Figure 6.3: Resistance change as a function of microwave power for (a) 0.4 nm and (b) 0.5
nm. Resistance change as a function of dc current for () 0.4 nm and (f) 0.5 nm.
Power from the source as a function of power in the sample for Ru thickness
(e) 0.4 nm and (f) 0.5 nm.

was extracted, which would be a right value when we consider the refection from

the device and microwave loss in lines and contacts in our microwave circuit.

6.1.4 Torque symmetry of optical and acoustic mode excitations

(Top and Ty¢)

In SyAFs for in-plane field canted conditions, optical and acoustic modes can be
generated by adding two individual magnetic moments by using 7 rotation (C, op-
eration) with respect to the applied magnetic field direction [266]. We can combine
the excitation terms for each moment by following the same manner and produce

the torque expressions for both modes as:

Top = m(l) X (B1 +C2By) +m? X {m? X (81 +Ca82)}; 6.1)
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Tac = m(l) X (Bl —Csz) —|—m(1) X {m(l) X (Sl —CzSz)}. (6.2)

Here, m(l), B, B;, s; and s; are the time-independent component of magnetization
for one of the coupled moments, field-like torque for first and second magnetic
moments and spin polarisation causing spin-transfer torques for first and second
magnetic moments respectively. Full derivations of these two torque expressions
are available in the Appendix C. These expressions represent the torque symmetry
of each mode excitation against the direction of external magnetic field (B). When
both moments are excited by uniform spin excitation, namely with the condition of
B = B, and s| = s, we can arrive at the following conclusions. (i) When B and s
are symmetric for the C; rotation, T, is maximised (B +C>B, = 2B1) and 7, =0,
and (ii) when B and s are anti-symmetric for the C; rotation, Top, = 0 and T is
largest. Here the meaning of By and s; being symmetric (anti-symmetric) for the
C; rotation is the condition of By ||B (B; L B) which is in general termed as parallel
(perpendicular) pumping configuration in magnetic dynamics. Altogether it can be
summarised that under a uniform excitation condition, the optical (acoustic) mode
can be excited by parallel (perpendicular) pumping configuration. In the present
study, it was taken one step further to control the excitation symmetry by designing
the local spin excitation configuration. When m; and m; experience non-uniform
spin excitations, it is found from Eqs. 6.1 and 6.2 that the perpendicular/parallel
pumping nature can be tuned in these experiments. On the extreme case where
B, = —B, and s1 = —s», it is predicted that the optical (acoustic) mode is excited by
perpendicular (parallel) pumping configuration. This is because the odd-even parity
of the spatial spin excitation is changed, leading to the parity change of excited spin-

wave modes with this geometry.

6.1.5 Spin Transfer Torque driven resonance in SyAF

Spin-transfer-torque ferromagnetic resonance (STT-FMR) technique [285, 286] as
described in Chapter 3 was used in order to excite spin-waves in the devices where
the Ta layers are the source of spin torques acting on the adjacent NiFe layers indi-

vidually. Crucially, the spin polarisation direction of spin torques in the Ta layers are
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Figure 6.4: (a) A schematic of the sample geometry used for STT-FMR measurements in
our study. (b) V obtained at different frequencies for acoustic and optical modes
in our device for ¢ = 55" (the values for some frequencies have been scaled to
show them properly). (c) A 2D colorplot of V as a function of applied field
and frequency, measured for ¢ = 55°. (d) Numerical results calculated for the
experimental conditions as in (d).

opposite to each other due to the geometry, which achieves the anti-symmetric pro-
file of these torques (e.g. B; = —B5) that is utilised in this study. A schematic of the
sample geometry is shown in Fig. 6.4 (a). Vector magnets are used to generate B at
various in-plane angles ¢ with respect to current direction to map out the excitation
symmetry in the devices. SHE [287] in the two Ta layers convert electric currents
into spin-currents injected into both magnetic layers where spin torques are exerted
via the STT mechanism, together with FL torques by Oersted fields. These cause
a time-varying magnetization precession at resonance, producing the time-varying
resistance change due to anisotropic magnetoresistance (AMR). The change of rel-
ative orientation between the magnetization, M and electrical current, I affects the
electrical resistivity, p. This fundamental phenomena is known as AMR. To quan-

tify the resistance change due to AMR, angle dependent measurements of resistance
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Figure 6.5: (a-b) Magnetoresistance measured as a function of static magnetization direc-
tion in the sample Ta (5 nm)/ NiFe (5 nm)/Ru (t nm)/NiFe (5 nm)/Ta (5 nm) for
(a) t =0.4 and (b) t = 0.5. The black (red) curve is the experimental (calcula-
tion) results.

as a function of magnetization direction were performed for an external magnetic
field of 60 mT so that the magnetization lies in the canted regime. A DC current was
applied to the sample bar and the resultant voltage was measured simultaneously us-
ing keithley K200 multimeter. The results are presented in Fig. 6.5 which shows a
cos2¢ dependence. By fitting the angular dependence using Ry + ARAMR cOS 29,
ARAMR, the resistance change due to AMR was obtained as 0.5(0.4) Q for the Ru
thickness 0.4(0.5) nm. These values are used subsequently to quantify the spin Hall

angle and symmetry of resultant voltages induced by STT-FMR.

As a result of AMR, the frequency mixing of two time-varying components
(i.e. current and resistance) results in a time-independent voltage component which
is experimentally measured. As discussed later, the experimental results were com-
pared with analytical solutions obtained from a macrospin model with the LLG

equation for coupled magnetic moments.

Both acoustic and optical modes have been clearly identified for different exci-
tation frequencies as shown in Fig. 6.4 (b). The canted nature of synthetic antiferro-
magnets can be observed by the frequency dependence of resonance for both modes
in our sample as shown in Fig. 6.4 (c), indicating the presence of anti-ferromagnetic
inter-layer exchange coupling through the Ru layer. The optical (acoustic) mode

frequency becomes lower (higher) as B is increased, as predicted by the fol-
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lowing solutions of the LLG equation for coupled moments (see Appendix C),

foc = (128 /T (. 282) and fop = (/27), [ 28cupob, (1 (8280,

where ¥, Ms, Lo and Bex are the gyromagnetic ratio, saturation magnetization, free

space permeability and interlayer exchange field respectively. It is noticed that there
is a very subtle non-linear component for the acoustic mode for low frequency re-
gion which cannot be accounted for by our macrospin model. Fig. 6.4 (d), displays
the numerical solutions of our eigenvalue problem (see Appendix C) which shows
good agreement between experimental observation in our device and model calcu-
lations. These demonstrations warrant that it is possible to excite and measure both
acoustic and optical modes in our SyAF STT-FMR devices with dual spin excitation

layers.

6.1.6 Analysis of Rectified Voltages

Individual resonance curves are further analysed by the following Lorentzian func-

tions to decompose their symmetric (Vsyy) and anti-symmetric (V,sy) components.

ABZ +V AB(B_Bres)
(B_Bres)2+ABz asy (B_Bres)2+ABz

Vic = Vsym (6.3)

Here, B..s and AB are resonance field and half width at half maximum linewidth
of resonance respectively. Typical FMR curve fit results are shown in Fig. 6.6 (a)
which represent excellent fit quality that is also the case for other curve fit analysis

throughout this study.

Symmetry of Torques for acoustic mode — Fig. 6.6 (b) displays angular de-
pendence of both Vyy and V,gy measured for acoustic modes while changing ¢.
Both components clearly show sin2¢sin¢ angular dependence which can be ex-
plained by parallel pumping as follows. The angular dependence of observed recti-
fication voltages can be interpreted by the product of the AMR angular dependence
(sin2¢) and torque symmetry [288, 289] (see Appendix C). Both Vi, and V5y were
divided by sin2¢ to reveal the torque symmetry, which is shown as Fig. 6.6 (c) that
strongly suggests the torque symmetry for the acoustic mode excitation being the

form of sing. This is the case of parallel pumping, i.e. the torque is largest when
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Figure 6.6: (a) FMR spectra measured for f = 6 GHz and ¢ = 45, together with fitting

curves produced by using Eq. 6.3. (b) Angular dependence of Viyy, and Vygy
for the acoustic mode measured at 8 GHz. We also add best fit solid curves
using our model. (c) The symmetry of torques obtained by dividing the Voltage
by sin2¢. The dominant sin¢ dependence of torques confirms the parallel
pumping configuration. (d) Veym and Vi as a function of P for ¢ = 45" and
135° for 8 GHz. The solid lines are linear fit to the data.

applied magnetic field and oscillating excitation field are collinear (¢ = 90" in our

case since both B, and s, are along this direction). This is remarkably different

from the perpendicular pumping nature of acoustic modes in SyAFs which gives

cos¢ dependence when they are homogeneously excited as discussed earlier. To

determine the efficiency of spin-charge conversion in our devices, the spin-Hall an-

gle (Bsp) was quantified by using the following expression of Vg, for the acoustic

modes; this is obtained by solving the LLG equation with coupled moments excited
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by opposite spin torques at the macrospin limit as shown in Appendix C:

__—ARAMRC0BSHE c08 29 Sin @
8AB\/1 + (,UOMs/zBex)IORsample

PpputSin2¢ sin ¢ (6.4)

sym

where Bsyg is the field due to SHE and is defined as :int,6suly/2eMswdpmdr,.
Here, 1, Nta, lo, €, w, dpm, dtas ARAMR, @cs Pinputs Rsample and Co refer to the reduced
Planck’s constant, shunt ratio of current in Ta layer, current amplitude in the device,
elementary charge, width of microbar, the thickness of the NiFe and Ta layers, AMR
resistance change, cant angle, microwave power at the source, device resistance
and the microwave calibration factor to convert the microwave power at the source
to that in the device (see Sec. 6.1.3) respectively. This equation suggests linear
relationship between Viym and Pppye, which can be observed in Fig. 6.6 (d). Using
the slope fit by the Vym plot and Eq. 6.4, the magnitude of Osy was extracted for
the Ta layers to be 0.1, which is consistent with previous studies [290, 291]. This
can strongly suggest that the source of generating Vsy, in our measurements is due
to SHE in the Ta layers and it is therefore concluded that the parallel pumping
of SyAF acoustic modes can be achieved by dual spin sources with opposite spin
polarisation. There can be another contribution to Viyy, due to Rashba effect as
explained in Sec. 2.8.1 but its effect is very small in our samples as mentioned

above.

In order to support our claims same procedure as outlined above was followed
for different frequencies. Fig. 6.7 shows the angular dependence of voltages for
acoustic mode, the resultant torque symmetry plots and power dependence at dif-
ferent frequencies for the sample with Ru thickness of 0.4 nm. This supplements
Fig. 6.6 and further supports our observation of the parallel pumping nature of

acoustic mode.

Symmetry of Torques for optical mode — The analysis was expanded for the
optical modes in our devices, which is summarised in Fig. 6.8. The rectification

voltages generated by optical modes have the following forms (see full derivations
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Figure 6.7: Angular dependence of Viyy, and Vg for the acoustic mode measured at differ-
ent frequencies from 7.5 GHz (top) to 4 GHz (bottom) as labelled in Figs. (b).
Solid curves are best fit curves using our model. (b) The symmetry of torques
obtained by dividing the Voltage by sin2¢. The dominant sin¢ dependence
of torques confirms the parallel pumping configuration. (¢) Veym and V,gy as a
function of P for ¢ = 45". The solid lines are linear fit to the data.
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Figure 6.8: (a) Angular dependence of Vi, and V,y for the optical mode measured at 8.5
GHz. The solid curves are obtained using Eq. 6.5. (b) The symmetry of torques
obtained by dividing the Voltage by cos2¢. The dominant cos ¢ dependence
of torques confirms the perpendicular pumping configuration. (c) The power
dependence of Viyy, and Vi in the optical mode measured at ¢ = 55°and 145°
for f = 8.5 GHz, together with linear fit results.

in Appendix C).
AR 2Bex . .
Viym = — 8224R “0;45 IoBsyE sin2@ sin . cos2¢ cos ¢;
AR
Vasy = ﬁ[oBoe sin2¢. cos2¢ cos ¢ (6.5)

Here, Boe = HoMNasylo/2w is the Oersted field due to current flowing in Ta layer
with the parameter 1,5y being the asymmetry factor of electric currents between the
Ta and NiFe layers. AMR symmetry for the optical mode is given by cos2¢ in
these cases and therefore the experimentally-observed Viym and Vs were divided
by this to reveal the excitation torque symmetry which is shown in Fig. 6.8 (b).
Unlike the torque symmetry for the acoustic mode (Fig. 6.6 (¢)), now this confirms
the symmetry for the optical mode is mainly described by cos¢, which in our case
indicates the perpendicular nature of spin-wave excitations, i.e. the torque (hence
spin-wave excitation efficiency) is maximised when the oscillating fields and dc
magnetic field are perpendicular to each other. It should be noted that there might be
some higher-order terms in this angular dependence that our model cannot capture.
However, it is emphasised that the main angular dependence in our experiments is
clearly reproduced by our model, for both acoustic and optical mode excitations.

The sign flip between Viyy, and V,gy for the optical mode, which is predicted by
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our macrospin model i.e. in Eq. 6.5, is also clearly demonstrated in our STT-FMR
experiments. Osy extracted using the slope of our experimental data in Fig. 6.8
is 0.1, showing good agreement with one extracted by using the acoustic mode

resonances.

Similarly results for the optical mode at different frequencies are presented
in Fig. 6.9, which shows consistency of our claims across the frequency region
measured and further supports our observation of the perpendicular pumping nature

of optical mode.

6.1.7 STT-FMR results for sample with Ru thickness 0.5 nm

Similar set of experiments as described above were performed on the sample with
Ru thickness of 0.5 nm where the interlayer exchange field is slightly weaker. Fig-
ures 6.10 summarises the results. Applying the same analysis procedure the resul-
tant plots for experimental data along with theoretical derived curves are shown in
Figure 6.11 and 6.12 for acoustic and optical mode respectively. Very similar results
are observed as those from the sample with Ru thickness of 0.4 nm. This further
supports the validity of our claims. Using the slope fit by the Vyp, plot shown in
Figure 6.13 and Eq. 6.4 and Eq. 6.5 for acoustic and optical mode respectively, the
magnitude of Ogy was extracted for the Ta layers to be about 0.1 which is in good
agreement to the value obtained for sample with Ru thickness 0.4 nm. Figure 6.14
shows the magnitude of Osy of the Ta layer extracted from the measurements for
both samples and different frequencies. As already discussed earlier, the size of
these values is in good agreement with that measured in previous studies [290, 291]

and suggests that Vg, is produced by SHE in the Ta layers in our study.

6.1.8 Frequency dependence of the torque symmetry

In order to quantitatively discuss the frequency dependence of the torque symmetry,
the torque symmetry data (e.g. Fig. 6.6 (c)) was fitted by Asin¢+Bcos¢ to capture
both parallel and perpendicular natures of spin-wave excitations. Using the pref-
actors A and B, the angle ® = arctan(A/B) is defined which indicates the degree to

which spin-waves are excited by parallel or perpendicular pumping configuration; ®
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a function of P for ¢ = 55°. The solid lines are linear fit to the data.
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for ¢ =55 for sample with Ru thickness 0.5 nm (b) V obtained at different
frequencies for acoustic and optical modes in our device for ¢ = 145" (the
values for some frequencies have been scaled to show them properly).

close to £90° (0°) suggests the parallel (perpendicular) pumping nature in this def-

inition. ® was extracted from the angular dependent measurements and results are

shown in Fig. 6.15 (a) and (b) for the acoustic and optical modes respectively. Con-

sistent behaviours of the torque symmetry is observed for both modes as a function
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Figure 6.11: (a-b) Angular dependence of Viyy, and V,y for acoustic mode measured at a

frequency of (a) 3 GHz and (b) 4 GHz for Ru thickness 0.5nm. Solid lines are
the fitting curves using our model. (c-d) The symmetry of torques obtained by
dividing the Voltages by sin2¢ for different frequencies. The parallel pump-
ing configuration is confirmed by the dominant sin ¢ dependence of torques.
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Figure 6.12: (a-c) Angular dependence of Viyy, and V,sy for optical mode measured at a
frequency of (a) 4 GHz (b) 4.4 GHz and (c) 4.6 GHz for Ru thickness 0.5nm.
Solid lines are the fitting curves using our model. (d-f) The symmetry of
torques obtained by dividing the Voltage by cos2¢ for different frequencies.
The perpendicular pumping configuration is confirmed by the dominant cos ¢
dependence of torques.

of frequency. This confirms the robust parallel (perpendicular) pumping nature of
acoustic (optical) modes excited in our SyAF devices with dual spin torque sources

using our parity control.

In summary, it is demonstrated in this study that local spin torque excitations
can convert mode excitation symmetry between perpendicular and parallel pump-
ing configurations in SyAF STT-FMR devices. It is shown by using two spin-wave
modes, acoustic and optical, both clearly exhibiting the torque symmetry change

from the ones expected in spin-wave excitations with homogeneous fields. Full
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Figure 6.14: The magnitude of spin-Hall angle |6sy| in the Ta layer extracted for different
frequencies with the two samples.

expressions of rectification voltages in SyAF STT-FMR devices with dual spin ex-
citations are also presented, which supports our experimental observation as well as
allows parameter extractions such as the spin-Hall angle using the rectification volt-
ages. It is envisaged that the control of spin-wave excitations in STT nano-devices

will be useful for future spintronic and magnonic nano-devices.
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Figure 6.15: O extracted as a function of frequency for (a) acoustic and (b) optical modes
for different frequencies, in two samples with different Ru thicknesses (0.5
or 0.4 nm). Ogyp(asy) Tepresents the parameter extracted from the angular de-
pendence of Viyy (Vasy) for each frequency. These figures confirm that the
acoustic and optical modes are excited by the torque symmetry of parallel and
perpendicular pumping configurations respectively.

6.2 Spin Orbit Torques and Spin-Transport in Ni/Pt
multi-layer films

In FM/HM bilayer systems with large spin orbit coupling, an efficient way to manip-
ulate the magnetization is provided by spin-orbit torques (SOTs) [2, 292, 293, 178,
294]. SOTs can originate both in the bulk as well as the interface of FM/HM bilay-
ers due to the transfer of orbital angular momentum from the lattice to spin system
[292]. The first mechanism originates in the bulk due to the SHE [269, 64, 270] and
causes spin current to exert a torque expressed as, Tpr. = Tpr.(m x (¢ x m)) which
manipulates the magnetization of ferromagnetic layer. Here, m is the unit vector of
magnetization, o is the spin polarization in direction of spin-current and Tpy. is the
magnitude of torque. More details are given in Chapter 2. This torque is referred to
as DL torque and follows the form predicted by Slonczewski[28] and Berger [29]

however a FL non-adiabatic spin transfer torque can also occur [295, 271, 296].

The second mechanism of generation of SOTs occurs at the interface due to
interfacial spin-orbit coupling in FM/HM bilayer. Due to structural inversion asym-

metry, the spin orbit hamiltonian lifts the degeneracy and causes a spin momen-
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tum locking, a charge current begins to flow parallel to the interface creating a non
equilibrium spin accumulation. This process called Rashba-Edelstein (Inverse spin
galvanic effect), exerts a torque due to exchange coupling at the interface and the
resulting effective field causes rotation of spin accumulation [293]. This can result
in both DL torques [293, 178] as given above and FL torque [272, 297] which is

expressed as Trr, = Tr.(0 X m) as already described in Chapter 2.

Since the origin of SOTs is in the bulk or interface, it is possible to manipulate
them by interface engineering or electronic structure modification by growth [298,
299]. Earlier works have reported such manipulation in Pt-based structure [300,
301] however a clear picture about its origin is still missing for example there has
been wide disparity in magnitude as well as sign of FL torques in the same system
[299, 302, 303] thus implying the role of electronic structure in modifying the SOTs.
Moreover, spin relaxation mechanisms are dependent on crystal morphology and
structure. Both Elliot-Yafet (EY) [304, 305] relaxation(due to scattering in presence
of impurities) and Dykanov-Perel (DP) relaxation [306] (due to spin precession
around effective spin orbit field at interface) can be modulated by structural changes
and thus produce different SHE. This implies the role of crystal structure as well as

interfaces in SOTs generation.

In this work the SOTs and spin-transport is studied in [Ni/Pt], multi-layer
stacks (where, N is taken as 1 and 5) exhibiting either a polycrystalline grain struc-
ture (for films grown on SiO; substrate) or a epitaxial (111) oriented film. The
dependence of CITs on the interface modification as well as crystal structure is
investigated. This systematic study elucidates the importance of growth on SOT

efficiency and also its effect on various magnetic parameters.

6.3 Sample Growth, Patterning and characterisation

The samples used for this study were grown by Dr. Takeshi Seki at Tohoku Uni-
versity, Japan. Four different types of samples were grown using the technique
of magnetron co-sputtering in ultrahigh vacuum system with base pressure below

2 x 1077 Pa. The Pt layer was first deposited on top of substrate followed by Ni
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Table 6.1: Summary of the sample notation used, stacking pattern, deposition temperature
and substrate. The RHEED and XRD measurements were done by Dr. Seki.
The numbers in brackets represent thickness in nm and the blanks in the table
indicate those measurements were not done for the samples.

Sample Substrate  Deposition Stack RHEED, Easy
Temperature XRD Axis
K-01  Sapphire 400°C [Pt (1)/Ni(3)]x5|Al,03(5) (111)epi. In-Plane
K-02 SiO, Room Temp. [Pt (1)/Ni(3)]«s|Al,O3(5) Poly. In-Plane

K-03  Sapphire 400°C [Pt (1)/Ni(3)]|ALO3(5) - In-Plane
K-04 SiO, Room Temp. [Pt (1)/Ni(3)]|Al,O03(5) - In-Plane
On Sapphire (0001) Subs. On Si-O Subs.

Pt 1st layer Ni 1t layer Pt 1stlayer Ni 15t layer

Figure 6.16: Reflection high-energy electron diffraction images for samples K-01 and K-
02 grown on sapphire and SiO; respectively. The diffraction patterns were
observed just after the growth of first Ni and Pt layer.

layer. The thickness of Ni and Pt layer was kept fixed as 3 and 1 nm respectively
for all samples. The sample notation as defined in the Table. 6.1 is used throughout
the thesis. The samples K-01, K-03 and K-02, K-04 were grown on Sapphire and
S10; substrate respectively. The stacking pattern for the samples [Ni/Pt], y is also
defined in Table. 6.1. The total thickness of superlattice was approximately 20 nm
for N =5

To achieve the epitaxial growth on Sapphire, the deposition temperature was
optimized to achieve successful formation of layered structure and also achieve the
epitaxial growth. These conditions were met at temperature of 400° C which was
maintained constant throughout the deposition process. Finally a 5 nm thick Al,O3
capping layer was deposited on top. The magnetic anisotropy induced at the in-
terface of Ni/Al,O3 was negligible and was tested by using a reference sample of
Ni single layer film with Al,O3 capping layer. Similar process was followed while

K-02 and K-04 were grown on SiO; substrate.

In order to monitor the crystal orientation and morphology, in — situ observa-
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tion using reflection high-energy electron diffraction (RHEED)' was done as shown
in Fig. 6.16. The rings in pattern show polycrystalline growth while sharp periodic
streaks correspond to epitaxial growth on sapphire substrate. Structural characteri-
sation was done using x-ray diffraction (XRD) with Cu- K¢ radiation 2. As men-
tioned above from RHEED observation, the sample grown on SiO, substrate were
non-epitaxial and similar is seen in XRD results showing no preferential orientation
whereas the one grown on sapphire substrate show (111) preferential orientation.
This can be explained as the Pt (111) diffraction peak was clearly observed for epi-
taxial samples. An important point is that in order to discuss the details of epitaxial
growth, we need to consider the data of both XRD and RHEED. In case of polycrys-
talline Ni/Pt samples probably Pt (111) is the only peak observable because in the
Pt bulk diffraction profile Pt (111) is the strongest peak. In order to quantitatively
discuss the magnitude of Pt (111) peak, the intensities of other peaks are needed.
However, this was difficult for the polycrystalline samples because those peaks were
hidden by the noisy background. Although quantitative discussion is impossible,
the fact that RHEED patterns show rings for epitaxial growth implies that the poly-
crystalline Ni/Pt do not exhibit remarkable preferential orientation. Thus from both
RHEED and XRD data it is confirmed that the samples grown on sapphire substrate
showed epitaxial growth. The XRD profiles for sample K-O1 and K-02 are shown
in Fig. 6.17.

Fig. 6.18 shows the magnetization curves for the four samples measured at
room temperature . The red curves are for the measurements with in-plane applied
magnetic field. It can be seen that all samples have in-plane easy axis of magnetiza-
tion. The saturation magnetization values obtained from the curves are summarised
in Table. 6.3 below.

In order to study the spin transport and for SOT measurements the samples

were patterned in shape of bars. The rectangular bars of width Sum and length of

400 pm (K-01 and K-02) and 200 um (K-03 and K-04) were defined by standard

'Measurements done by Dr. Seki
ZMeasurements done by Dr. Seki
4Measurements done by Dr. Seki
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Figure 6.17: X-ray diffraction profiles for K-01 and K-02 samples grown at 400° C and
room temperature respectively. The blue and red lines correspond to position
of Pt and Ni peak respectively.
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Figure 6.18: Magnetization curves for the samples measured using vibrating sample mag-
netometer (VSM). The red curves are measured with in-plane magnetic field
(IP) while the black curves denote the measurements with out-of-plane mag-
netic field (OPP). The measurement was done at room temperature.>
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Figure 6.19: Angle dependent magnetoresistance measurements in the samples (a) K-01
(b) K-02 (c) K-03 and (d) K-04. The solid lines are the fitting results.

lithography techniques and Ar-ion milling. The device circuitry and bar pattern is

shown in Fig. 6.21.

6.4 Magnetoresistance measurements

In order to calculate the current induced effective field in STT-FMR measurement
(Eq. 3.8, 3.9) it is essential to quantify the resistance change AR which determines
the anisotropy in resistance. Moreover, this helps to calibrate the angle 6 (angle be-
tween applied external field and bar direction. see Fig. 6.21) and also identify mech-
anisms behind the anisotropy in resistance. The AMR measurement was carried by
using an external field, Bex; of 0.1 T and rotating it in-plane direction. Fig. 6.19
shows the measurement in the four samples. Clearly the bars show anisotropy in
resistance when By is applied in-plane. The data is fitted using Eq. 3.3 and the

value for AR is obtained from the fittings which are summarised in Table 6.2.
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Table 6.2: Summary of the resistance change due to anisotropy obtained from angle depen-
dent magnetoresistance measurements. Note - The uncertainty values reported
here are the standard error of the fitting parameters obtained from curve fitting.

Sample K-01 K-02 K-03 K-04
AR/R(%) 0.47+0.01 0.35+0.01 0.21+0.02 0.14 £0.02

6.5 Microwave Calibration

Using similar procedure as outlined in Sec. 6.1.3, actual power reaching the de-
vice was quantified using the bolometric technique by comparing the resistance
change caused by joule heating from a known dc current, Ipc with that caused by
microwave power, Pnpy. Figs. 6.20, show the resistance change by two current ex-
citations. The current flowing through the device is quantified at GHz frequency by
scaling two parameters (Ppye and Ipc) by the sample resistance. The microwave
power at sample (Pgample) 1s then calculated and plotted against microwave power
at source (Pppy) as shown in Figs. 6.20 (¢). It can be seen that that power input at
the sample is fraction of the power from the microwave source. For samples K-03
and K-04 which had higher resistance, the current reaching the sample is smaller as

compared to K-01 and K-02.

6.6 Characterisation by ferromagnetic resonance

STT-FMR technique was used to investigate the SOTs in Ni/Pt multi-layer films.
The measurement setup is as shown in Fig. 6.21 (a). The RF current at a frequency
f 1s applied to the sample and the external field is swept at different angles from
the bar direction. The resultant DC voltage is measured using bias-tee. The RF
current is converted into pure spin current in the Pt layer by SHE and also generates
Oersted field (bulk) and interfacial Rashba-like field. Both of these fields and spin
current act on the magnetization of the FM layer and exerts out-of plane and in-
plane SOTs driving the magnetization into precession. The resultant magnetization
change causes change in resistance of sample due to AMR and produces a DC
voltage due to frequency mixing (see Chapter 3). Fig. 6.21 (b) shows the typical
voltage signal obtained from SOT in the sample K-02 and K-04 on SiO; substrate.

The current non-uniformity is negligible in our samples because the wavelength of
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Figure 6.20: (a) Resistance change as a function of microwave power for four set of sam-
ples. (b) Resistance change as a function of dc current and (c) Power from
source as a function of the power in the sample for different samples.

the RF current with frequency range 3-12 GHz is much larger than the length of

device which is few hundreds of um [307] and the phase is almost constant.

The voltage signal V is fitted using sum of symmetric and anti-symmetric
Lorentzian given by Eq. F.12 (see Appendix F). Fig. 6.22 shows the spectra for
the samples grown on sapphire substrate measured at 8 GHz microwave frequency.
It can be seen that as compared to the samples grown on SiO; substrate the linewidth
is much broader which can be due to inhomgeneities and so in order to quantify the
damping constant and inhomogeneous broadening contribution, the frequency de-
pendence of linewidth was performed at @ = 45" for all the samples and is shown

in Fig. 6.23.

By fitting the data using Eq. 6.6, the values of the inhomogeneous broadening,
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Schematic illustration of the experimental setup used for STT-FMR experi-
ments. The microwave current, Irr is injected into the bar with width Sum
through a bias-tee. 0 denotes the in-plane angle between the external field B
and the microstrip. (b) Magnetic field dependence of the DC voltage V for the
samples K-02 and K-04 measured at 8 GHz and 7 GHz respectively. The data
is fitted (solid black line) with a combination of symmetric (dashed red line)
and anti-symmetric (dashed blue line). A clear anti-symmetric component is
visible for multi-layer sample as compared to bilayer sample (K-04).
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STT-FMR spectra for the samples K-03 and K-01 grown on sapphire sub-
strates. The multi-layer sample KO1 shows a antisymmetric peak shape com-
pared to bilayer K-03 which has more dominant symmetric component. The
additional small peak is observed for K-O1 which is the spin-wave resonance
mode.
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Figure 6.23: STT-FMR spectra measured at different frequencies from 3-9 GHz for K-04
sample at @ = 45", (b) Frequency dependence of the HWHM linewidth at
6 = 45" for all samples. The inhomogeneous broadening is obtained from
the intercept by fitting the data with linear-fit and the slope gives the Gilbert
damping component, .

ABg and intrinsic gilbert damping, & are obtained which is summarised in Table. 6.3

2na
AB = AB( + Tf

(6.6)
The value of « is fairly constant and very large ~ 0.1 for all the samples as can be
seen from Table. 6.3. The reported values for & in Ni films is ~ 0.02-0.05 [308].
The enhancement of the damping constant in the measured films can originate from
several mechanism and one such mechanism can be due to spin pumping as given
in Eq. G.7 (see Appendix G). This equation is valid when the non-magnet (NM) is
a perfect sink and thickness is much smaller than the spin diffusion length of the
material. Pt is known to act as a perfect spin sink. The spin-pumping term given by
O was calculated for obtaining the enhancement of damping due to spin-pumping.
The value of glﬁf was used as 3 x 10®m~2 [309] and the Op Was obtained as ~
0.08 for the samples. This corresponds to intrinsic damping being about 0.02. Thus
there is a sizable spin pumping component in all samples which leads to very large
damping value being observed for these samples. From Fig. 6.23 (b) it can be seen
that the inhomogeneous contribution for samples grown on sapphire is larger than

that grown on SiO; substrate which shows strain induced magnetic inhomogeneity.

Moreover similar damping value amongst all sample suggests that spin pumping
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Table 6.3: Summary of the anisotropy constants obtained from fitting of frequency depen-
dent resonance field and linewidth data. Note - The uncertainty values reported
here are the standard error of the fitting parameters obtained from curve fitting.

Sample HoH> HoHy HoH> | HoMege HoMs o ABy
(mT) (uT) (T (T) (T) (T)

K-01 19.6 £ 0.1 650 £+ 1 -0.261 £ 0.006 0.622 +0.006 0.362 £0.005 0.11 £0.01  0.0439 + 0.0005
K-02  3.154+0.01 1.11+0.01 -0.504£0.005 0.835+£0.005 0.331 £0.005 0.093 +£0.005 0.0092 + 0.0004
K-03 -13.84+0.2 -198+02 0.141 £0.002 0.237+£0.002 0.377 £0.002 0.115 £+ 0.005  0.065 % 0.001

K-04 -6.144+0.04 -34+04 -0.014=£0.004 0.317+0.004 0.298 +0.004 0.096 £ 0.003 0.0093 £ 0.0007

Table 6.4: Summary of the anisotropy constants obtained from fitting of angular depen-
dence of resonance field. Note - The uncertainty values reported here are the
standard error of the fitting parameters obtained from curve fitting.

Sample HoH> HoHy HoH> | HoMete HoMs
(mT) (uT) (T) (T) (T)
K-01 19.1 £0.1 650 + 1 -0.35 £ 0.01 0.716 £ 0.006 0.362 £ 0.005

K-02 3.01 £0.01 1.35+0.05 -043 £0.01 0.765 £0.005 0.331 £ 0.005
K-03 -8.1£0.1 -20.1 £0.1  0.142 £0.002 0.241 £0.002 0.377 £ 0.002
K-04 -424+01 -323+£0.06 -0.0114+0.004 0.314 +0.004 0.298 £+ 0.004

contribution is fairly constant for all samples.

In a polycrystalline films there is no preferential orientation and in macroscop-
ical sense it can be counted to be isotropic. However, in the presence of spatial ori-
entation of crystalline lattices of separate constituents of a polycrystalline film can
give rise to some presence of the allocated (preferred) directions. This is referred
to as textures. The epitaxial growth occurs when new crystalline layers are formed
with a well-defined orientations with respect to the seed layer. When the film grown
on substrate is different then such growth is called hetroepitaxy and such growth can
induce the strain component [195] due to the lattice mismatch. In our films there
is a lattice mismatch between Pt (lattice constant a = 3.93A) grown on sapphire
(lattice constant a = 4.75A [310]) which can cause strain induced anisotropy. The
anisotropy components were calculated by fitting the frequency dependence of res-
onance field using Eq. 4.3 and the anisotropy constants obtained are summarised
in the Table. 6.3. It can be seen that the uniaxial anisotropy (H;) component is
dominant in comparison to biaxial (Hy) for all the samples. For the epitaxial sam-
ples which are (111) oriented it is expected that the anisotropy should show 3-fold

rotational in-plane symmetry. However, the dominant 2-fold component can be



6.6. Characterisation by ferromagnetic resonance 207

K-02
n o 1 N
0.0 0.1 0.2 0.0 0.1 0.2
Bres (T) Bres (T)

© 12} K-03

0 . . 0 . .
0.0 0.1 0.2 0.0 0.1 0.2 0.3
Bres (T) Bres (T)

Figure 6.24: Resonance field, B as a function of frequency at an angle 8 = 45" for all
samples. The solid lines are the fittings obtained using Eq. 4.3
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Figure 6.25: In plane angular dependence of resonance field, Bes obtained from fitting the
FMR scans for different set of samples measured at 8 GHz.
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Figure 6.26: The symmetric and antisymmetric components of the STT-FMR spectra as
a function of in-plane magnetic field angle 6 for (a) K-01 (b) K-02 (c) K-03
and (d) K-04 films at f = 8 GHz. The bilayer samples show negligible anti-
symmetric component while the anti-symmetric component is comparable to
symmetric component for the multi-layer samples.

due to the symmetry lowering caused by lattice mismatch strain [172]. Also the
polycrystalline samples show very little anisotropy compared to epitaxial grown
samples which confirms growth induced strain in epitaxially grown samples. The
multi-layer samples exhibit large perpendicular anisotropy (H» ) which can come
because of strain [311] and the negative sign shows that the magnetization lies in
the sample plane. The value of anisotropy components was estimated by fitting the
angular dependence of resonance field and the values are summarised in Table. 6.4.

The values match fairly well with those calculated from frequency dependence.

6.7 Spin torque fields

The effective magnetic fields (hy, hy,h,)e®t are induced when the microwave cur-
rent Ipel®" is injected into the bar. This drives the FMR precession and to quantify

the values of the effective fields, complete angle dependent measurements were per-
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formed. The values of symmetric and antisymmetric components of voltage were
obtained by fittings of FMR lineshape at a given microwave injected power and fre-
quency. Fig. 6.26 shows the magnetic field angular dependence of the symmetric,
Vsym and antisymmetric, V,sy components of the voltage where the external field
was applied in-plane at an angle 6 with respect to the current direction where, Viym

and V4 are given as:

Vsym = VmixAsymhz sin26, (6.7)

Vasy = VmixAasy (hy cos 0 — hy sin0)sin20, (6.8)

Here, Viix = %IOAR, and Agym,Aasy are related to scalar amplitudes of the ac mag-

netic susceptibilities given by A;; = ;;j/Ms. Their values are given as :

Asym _ \/Hres(Hres +Meff) : (69)
AI'](zl_lres +Meff)
(Hres +Meff)
Ay = 6.10
Y AI'I<2I_Ires =+ Meff) ( )

In the Eq. 6.7 and 6.8 it is found that Viyy, Vasy o< I% where h;, (i=x,y,z) o< I and
this can also be see from the linear dependence of rectified voltage V on microwave

power as shown in Fig. 6.27 which is consistent with our model.

In all films the symmetric component is proportional to sin26 cos 8, consistent
with other results [312]. A comparative study of angular dependence of SOT in
the bilayer and multi-layer samples was done and it can be seen that the antisym-
metric component is very small in the bilayer samples. This means DL torques are
dominant in these samples. Moreover the sign of antisymmetric component (FL
torque) is opposite compared to the multistacks. This indicates that the Oersted
torque is opposing FL torque and its origin is thickness and material parameter de-
pendent along with quality of interfaces [3] since the sign reversal is observed only
in bilayers. The presence of DL torque in multi-layer samples indicates that there

is no complete cancellation of spin current from opposite Pt layers. The large FL
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Figure 6.27: Plot of magnitude of the voltage for the symmetric and antisymmetric com-
ponents as a function of injected microwave powers for different set of sam-
ples. All the samples show linear dependence for the given regime of injected
power.

Table 6.5: SOT effective fields for different samples. All of them have been scaled by a
current density of j = 10'°A/m?. Note - The uncertainty values reported here
are the standard error of the fitting parameters obtained from curve fitting.

Parameter sample
K-01 K-02 K-03 K-04
hy (mT) -0.072 £ 0.002 -0.051 £ 0.004 (92+0.)x1073  (2.7£0.5x 1073

hy (mT) (28 £02)x 1073 (-32+£04)x 1075 (-3.5+£0.)x 107* (-25+0.5)x 10~*
a(mT) (091 +0.04)x 1073 (-1.9+0.1)x 1073 (1.6+0.1)x 1073 (5.6 +0.1)x 1073

b (mT) -0.131 £ 0.001 -0.133 £ 0.002 -0.106 £ 0.002 -0.121 £ 0.002
c(mT) (414 +0.07)x 1073 (-42+02)x 1073  (5.4+02)x 1073 (2.7+0.2)x 1073
I (mA) 4515 £ 0.001 2.162 =+ 0.004 1.741 £ 0.003 0.429 = 0.001
AR(Q) 4.694 £ 0.001 4.821 £ 0.001 10.751 % 0.002 11.062 % 0.002

torque can be attributed to interfacial Rashba origin but we cannot rule out the non-
adiabatic STT. By fitting the angular dependence of voltage using Eq. 6.7 and 6.8
(solid lines shown in Fig. 6.26) the values of hy, hy and, h, = a+bcos 6 +csin 0 are
extracted and summarised in Table. 6.5. The value of Ay and b is dominant which
is consistent with sin26 cos @ symmetry as observed in the angular dependence. As

can be seen from the values, the DL components (b)are similar for the multi-layer
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samples and the FL. components (hy) are negligible in bilayer films and also the
magnitude of DL components is smaller in the bilayer films. This indicates that
presence of interfaces in multi-layer stacks has caused the enhancement of the FL.
components but the DL torques are almost similar which is consistent with effect of
Rashba field and also indicates the SHE origin of field-symmetric components of the
FMR signals. The field-like components are about 7 times smaller in bilayer films
and the DL-components are slighlty larger in polycrystalline films as compared to
epitaxial films. These results highlight the importance of crystal orientation effects
in bilayer structures. As the DL-SOT (damping like spin-orbit torque) is predom-
inantly given by the SHE, which results from the spin-dependent scattering in the
bulk of HM layer, we associate the difference in DL-SOT in polycrystalline and
epitaxial bilayer samples to the difference in crystal orientation of Pt, which result
in different scattering characteristics. Similar behaviour is not seen in multi-layer
films which hints that bulk effects are less pronounced in them. This highlights the
effect of crystal structure of the non magnetic Pt layer on SOTs. In case of bulk
Pt the main relaxation mechanism is considered to be EY [313]. However, when
Pt has single crystalline growth the DP mechanism also becomes significant. Since
the spin relaxation mechanisms are induced by spin-orbit interactions (SOI) so the
difference in SOT in case of epitaxial and polycrystalline growth indicates the effect
of crystal growth of Pt on SOTs. Moreover, large FL torques in multi-layer stacks
also hints at large DP relaxation in these samples which is induced due to Rashba
SOI on the interface. Thus, due to different scattering properties of Pt originating

from different growth induced crystal orientations can lead to difference in SOT.

It has also been shown by Ryu et. al. [313] that by modifying the thickness as
well as crystal structure can lead to different spin relaxation rate. This occurs as a
result of both EY and DP type of relaxation mechanism. This has also been seen
in our study where the effect of crystal morphology was evident from difference in
value of SOT. Thus, it suggests that it is important to consider the crystal orientation

effects for engineering SOT-based devices for spintronic applications.
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Figure 6.28: The change of the FMR linewidth as a function of injected current Ipc at
frequency of 8 GHz for different set of samples.

6.8 Current induced linewidth modulation

To check the spin current density absorbed by the FM layer, the FMR linewidth AB
was measured as a function of dc current, similar to technique used in [2] and the
results are shown in Fig. 6.28. A clear linewidth broadening is seen for 6 = 45°
and vice versa for 0 = 225° as the current, Ipc is ramped from negative to positive
values. Eq. 3.12 is used to calculate the effective spin Hall angle given as Osya =
Js/Je where Jg is the spin current density in the platinum layer and J; is the charge
current density. The bulk resistivity of platinum layer is 10.6 uQcm and that of
nickel is 7u€2 cm and using these values the Ogsy4 is calculated as given in Table. 6.6.
These values are much larger than reported in the literature [313]. Such large values
can be due to the bulk resistivity values used for calculating Osga. Along with this
another reason for such large values can be due to the interfacial contribution caused
by spin-orbit fields and has been reported in earlier works [314, 315]. In general,
the measurement of Osya is correlated with another important material parameter,

the spin diffusion length, Ag, which quantifies how the pure spin current decays
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as well as its propagation. For a perfectly transparent FM/HM interface and for
HM layer much thicker than Ay, the quantities Js/J. and 6sya should be equal.
There has been a large difference in reported value of Ag of Pt in literature even
for the same technique. The values reported showed variation from 1 nm [316] to
10 nm [317] likewise the values for Osya show a variation from 0.01 to 0.20. It
has been shown by Tao et. al [318] that interfacial spin loss caused at different
FM/HM interfaces can lead to difference in values of Agr. More specifically, when a
number of interfaces are present, the spin current can get depolarized at these multi-
layer interfaces [319] and can thus effect the estimation of Osya and Ag. The spin
memory loss (SML) occurs due to interfacial dissipation of spin polarized current
and so a careful consideration needs to be given regarding the correct method for
estimation of Osga. Tao et al. [318] considered the effect of SML and provided
a self consistent method for estimating Osgs. This was based on the theory that
at the interface the conduction electrons experience an abrupt change in scattering
potential and the spin-orbit interaction (SOI) at the interface. Moreover, in materials
with large SOC, a larger SML occurs and this can cause a variation in calculated
values of Osya. The disparity in calculated values of Osga was also studied by
Roy [320]. The theoretical approach followed in his paper accounts for a thickness
dependent Ay to be required for correct estimation of Osys. Two different spin
relaxation mechanisms were considered in this study. They are EY which considers
a thickness dependent A and DP mechanism in which A is considered constant.
The conductivity of a sample varies depending on the growth, thickness as well as
presence of interfaces. Thus in case of EY relaxation, a higher conductivity which
is thickness dependent leads to larger Ay and thus explains a thickness dependent
contribution to Ag;. Moreover, interfacial Osya can be different from bulk value
which has been thought to be one of the reason of the overestimation of Ogya in
our samples as explained earlier. Thus, his work highlights the sensitivity of the
estimated parameters to the variation in interface conductances. Rojas-Sdnchez et
al. [319] proposes to use a trilayer spin current diffusion or relaxation model so as

to account for the spin-depolarization at the interfaces. The larger values estimated
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Table 6.6: Osya for different samples calculated using Eq. 3.12.

Sample K-01 K-02 K-03 K-04
Osua  221£0.02 092+0.01 126+0.02 091 +0.03

from our multi-layer samples can be due to neglect of various terms like SOC at
the interface. The degree of spin momentum locking by SOC at the interface also
determines the spin current density. When the electrons pass through an interface
layer, the SOC at interface causes the electrons to be absorbed or rotated and even
cause spin -flip. Thus, the interface affects the resultant current and can also create
diffusive spin current. The presence of disorder as well as SOC at the interface need
to taken into account for correct calculation of Oy, [321].

Moreover, because the Ni/Pt interface is likely not perfectly transparent and
since Pt layer thickness is not >> A, our results might not give a good calculation
for Osga. For a transparent Ni/Pt interface there should be no spin accumulation
transverse to the Ni moment at the interface but due to SML at interface and using
the drift diffusion theory [322], the spin Hall current density in Pt should be re-
duced from the bulk value by Js(d)/Js(eo) = 1 —sech(d/Asf), where d corresponds
to thickness of platinum. Using this expression and considering Ags as 1.5 nm [313],
it is estimated that the value of J should be reduced by 0.2. This corresponds to the
value of Ogpa to be reduced to 0.18. Thus, this can account for reason of larger spin
Hall angle quantified in our samples. In conclusion it can be said that interfacial
SML effects as well as interfacial SOC need to be carefully addressed for calculat-
ing Bsya. Moreover, we need to separate the bulk and interfacial contribution to
Osua appropriately. Spin current generation mechanisms in FM/HM systems need
to be properly explored to address the above issue.

In summary the effect of substrate induced growth morphology on the SOT is
demonstrated. This allows to determine the effect of interfacial contribution on type
of torques. Osga was also estimated using the technique of linewidth modulation.
The relatively large efficiency of spin current generation that is observed is promis-
ing for applications that utilize SHE to manipulate ferromagnetic dynamics however

careful quantification of the value of Osga needs further research to account for the
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actual mechanism.



Chapter 7

Summary and Outlook

This thesis has presented the experimental studies of spin dynamics in non-
centrosymmetric bulk ferromagnet (NiMnSb) and magnetic multilayer (synthetic

antiferromagnet (SyAF), synthetic ferrimagnet (SyF), Ni/Pt) systems.

NiMnSb, a material with broken inversion symmetry and half metallic struc-
ture is known to have very high spin polarization, high Curie temperatue and low
value of Gilbert damping. We investigated the intrinsic and extrinsic contribu-
tions to magnetization relaxation by performing broad band ferromagnetic reso-
nance (FMR) experiments. The anisotropy of intrinsic Gilbert damping was realised
and its dependence on ferromagnet (FM) thickness was studied. The symmetry of
damping anisotropy changed from two-fold to four fold as thickness is reduced
while thickest sample did not show any anisotropy. This characteristic is important

for tuning the damping through growth.

In Chapter 5, the magnon-magnon coupling in SyAF and SyF systems was
investigated. Hybridisation of acoustic and optical modes in symmetrical SyAF
structures was clearly observed and the strength of coupling was tuned by break-
ing the orthogonality of two modes by tilting the magnetic moments. The effect
of damping parameters on coupling strength was studied theoretically indicating
that coupling is partially mediated by spin currents. The highest coupling strength,
gc/2m, achieved is 1.0 GHz and the system starts to enter strong coupling regime.
This work is amongst one of the first works of experimental demonstration of tun-

ability of magnon-magnon coupling at room temperature. We also show the tun-
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ability of coupling due to the effect of inherent orthogonal symmetry breaking by
using either two dissimilar FM or thickness variation in SyF samples. The largest
coupling strength achieved in canted regime is 9.0 GHz which signifies greater ef-
ficiency in inducing magnon-magnon coupling in SyFs. Our theoretical model in
macro spin limit obtained by solving two coupled equations provides numerical ex-
planation and predictions of experimental data. The tunability of coupling strength
in asymmetric SyF structures has not been shown experimentally till now and our
work nicely demonstrates the coupling phenomena in both SyAF and SyF structures

and their coherent manipulation and engineering for device applications.

In Chapter 6 we use the technique of spin transfer torque (STT) to study spin
dynamics in two different multilayer structures, SyAF and Ni/Pt multistacks. By
local spin torque excitations we can convert mode excitation symmetry between
perpendicular and parallel pumping configurations in SyAF which has been demon-
strated for the first time through our work. We see a change in torque symmetry in
acoustic and optical modes compared to the spin-wave excitations through homo-
geneous fields. The theoretical model supports the experimental observations and
different material parameters such as spin Hall angle are extracted. Finally, we show
the manipulation of spin-orbit torques (SOTs) in Ni/Pt multi-layer structures by in-
terface engineering and electronic structure modification by growth. By changing
the growth from epitaxial to polycrystalline the inhomogeneous linewidth broaden-
ing was observed. The bilayer structures had dominant damping-like (DL) torque
components indicating the spin Hall effect (SHE) as the main mechanism of torque
injection. However the mulitlayer stacks show both DL and field-like (FL) torques
and there was no complete cancellation of the spin currents also evident from large
spin Hall angle. These large spin Hall angle values can have more interfacial con-
tribution rather than bulk and need further work to find out the mechanism involved

but it is beyond the scope of the work presented in Chapter 6.

In response to the experimental work carried out in this thesis, further future
efforts are required to realise the full potential of the four magnetic systems, men-

tioned above, in the field of spintronics. The control of damping offers a strong
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avenue for realization of efficient magnetization reversal in memory devices. There
are several things that need to be investigated which can expand the understanding
of anisotropy in damping. Investigating the effect of temperature on linewidth and
damping anisotropy can provider deeper insight into mechanism behind the damp-
ing anisotropy. It is also important to understand the effect of stoichiometry i.e
changing from Ni-rich to Mn-rich sample. Such changes can effect magnetody-
namic properties and possibly their effect on relaxation is yet to be explored. Other
materials from half-Heusler alloy family can potentially be studied like IrMnSb,

CoTiSb which can offer more flexibility for future device buildup.

In terms of SyAF magnetic systems, potential improvement and control of
coupling can be achieved in materials with low damping as suggested from our
theoretical model. Further investigation need to be done in materials with larger
exchange field B.x and smaller demagnetisation field Bs. Our results suggested that
an increased damping due to spin pumping can also lead to frequency crossing and
loss rate splitting similar to cavity magnonics [323]. To fully confirm this we need
more experiments to be done varying thickness of FM material since the damping
term due to spin pumping is dependent on the thickness of the FM. For SyF samples
we studied the effect of asymmetry in thickness as well as thickness along with dis-
similar materials on mode coupling. However, the effect of only dissimilar material

with same thickness still need to be explored which is the future work.

Another work which is yet to be explored is the Neél vector switching by DC
current injection. Work has been started but not presented in this thesis. Switch-
ing by charge currents has been reported in SyAF structure earlier [324] however
the study of dynamics with current injection has yet not been investigated. When
dynamics are excited in the system in the presence of external current, it causes
change in spin-orbit field (SOF) and acts as an effective field to cause rotation of
the Neél vector which rotates oppositely for top and bottom layers and at certain
current density it is enough to cause the two moments to switch thereby causing the
change in sign of respective voltages detected as shown in Fig. 7.1. This can act

as another way to probe the switching current density. To prove that switching is
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Figure 7.1: Symmetric and antisymmetric components of voltage as a function of applied
DC current. The measurements is done for the sample in NiFe/Ru/NiFe sample
as in Ch 6 using the technique in Sec 3.3

caused by SOT and not due to Oersted field or FL torques we will systematically
do measurements for resistance applying current pulses and then reading them. The
read write operation should cause opposite resistance change (high and low) for ap-
plied opposite direction of write current. We aim to show the spin torque switching
seems to occur in a portion of the antiferromagnetic bit at a time, leading to the

memresistive behavior which may be useful for the neuromorphic applications.

Another future work is the study of optical mode dynamics induced by spin
orbit torque. By parametric pumping we can excite the optical mode dynamics.
When the input threshold current is sufficiently large, at frequency where acoustic
mode frequency is half the frequency of optical mode, it can create condition of
three magnon confluence and an increase in amplitude of acoustic mode will occur.

From our theoretical calculations we obtained this value as :

2 2
hoy 2(7)(%)
Osy— oJ. =P 7.1

where, 8Jc0,Ms,drMm, Tac, Top, @ac, P, yo are the current density, saturation mag-
netization, thickness of two FM layers, relaxation time for acoustic and optical
mode, resonance frequency for acoustic mode, ellipticity value and vector com-

ponent respectively. This is the respective threshold value to obtain the condition
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of parametric amplification. By using the SyAF parametric effect, spintronic and
magnonic computing systems beyond von Neumann architectures can be fabricated
at nanoscale. In case of SyAF, the inhomogeneous field excitation caused a change
in torque symmetry. This concept can be extended where we can create the asym-
metric excitation by using material with opposite spin Hall angle on two sides of a
ferromagnet. Finally, the large spin Hall angle obtained in case of Ni/Pt multistacks
implies that at certain current density the STT can become antidamping and exceed
the intrinsic Gilbert damping, o, thus implying negative damping. This can lead to
auto-oscillation of the magnetization precession and is another topic to be explored

in these systems.
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Appendix A

Ferromagnetic Resonance in NiMnSb

In this appendix the resonance condition is derived. Using the Coordinate system
as shown in Fig. A.1, the internal fields can be evaluated in terms of in-plane and

out-of-plane angles as follows:

My - My M,
_ Mx _ —_Z A.l
Ol M. cOos @1 sin Oy M. sin Qv M. cos P cos Oy (A.1)
M. M M.
ay:ﬁ:sin(pMsinQM—f—ﬁZcosq)M—ﬁzsinqucos(-)M (A.2)
M. M.
o, — ﬁzCOSGM+ﬁzSin9M (A.3)

[100]

Figure A.1: Coordinate system used to describe motion of magnetization and Ferromag-
netic resonance in NiMnSb.
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A.1 In-plane configuration

For in-plane configuration the out-of-plane angles By = 8y = 90°. Using this in

Eq. (A.1) to Eq. (A.3), the equations for in-plane configuration becomes:

: M M, .

o = ﬁ: COS Py — ﬁ: sin gy (A.4)
: M. M.

o) = ﬁ): sin g + ﬁi oS P (A.5)
: M.
ip z

a, =— A.6
© = (A.6)

A.1.1 Anisotropy in NiMnSb crystal

Due to the presence of spin-orbit coupling, the ferromagnets with crystalline struc-
ture exhibit energy minima and maxima. In NiMnSb both cubic and uniaxial
anisotropies are present whose magnitude is dependent on the thickness [170]. The
crystalline energy can be expresed as:

Kl

KJ_
Ecrystal = —71 (o + ) — 71a;‘ — Ko (A7)

Here, o are the cosines of angle with respect to the crystal axis [100], [010], [001]
for i = x, y, z respectively and K y, K ﬁ, KuL refer to the biaxial in-plane, biaxial out-
of-plane and uniaxial out-of-plane anisotropies. An additional in-plane uniaxial

anisotropy 1s present in NiMnSb which can be described by another term, namely:

(iuniM) ?
M?2

N

uniaxial in-plane energy = KIU (A.8)

A

Here, 1,,; represents the unit-vector along the in-plane uniaxial axis. The effect
of interfacial symmetry breaking induced anisotropy is accounted for by adding
another term. The anisotropy constant for a film with thickness # and two interfaces

can be represented as:

K; K;
K = Kpuik + TI + % (A.9)
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Here, x stands for total anisotropy constant which is sum of bulk (Kpyx) and inter-

facial contributions (K ).

A.1.2 Resonance condition for in-plane configuration

Using the Eq. (A.7) and Eq. (A.4) to Eq. (A.6), the anisotropy field can be obtained

as:

SM,

[

K
— 2Ml 7 (M3 (cosdgn +3) — 3M; My sindn + MyM; (3 — 3cos4g)
S

+M; sindgy) (A.10)

; O&nni ” Ki
H)E(IIIISO:_ amso:_6 ( +(Xy> —L o _KJ_ 2 /5M

H™® = — 5?&”"——6< > L ( f+a§‘) 2loc — Ko | /My
y

1%

2M4 (M3 sindgn — MMy (3 — 3cos4dn) — 3M M, sindgy
S
— M (3+cosdéy)) (A.11)
2K} 2K+
H™° — _47DM, 4 M, L3 A.12
DM, + — M, + M (A.12)

S

Expressing the external field in terms of ¢y and ¢y.

Ho = Ho (cos (ui — 0u) £ — sin (9 — 911) ) (A13)

The effective field H¢ acting on the sample is the sum of RF-field, external and
anisotropy fields. Considering a small RF-field k() which is in the film plane, H g

can be expressed as:
H.i = Ho+ H™° 4 hy (A.14)

To calculate resonance condition we use the small angle approximation (My >>

M,) for the field applied along [100] direction.

M= Msx—i—myy+m Z (A.15)
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The dynamics of the damped magnetic motion is described phenomenologically by

the Landau-Lifshitz-Gilbert (LLG) equation:

oM o oM
St —YuoM x (Hegr) + A7s (M X W) (A.16)

Using Eq. (A.14) and Eq. (A.15) in the LLG equation we get the coupled equations
for magnetization. Linearized solution of system of equation is obtained as below

considering the components mgy << M.

0= z%m;f + (Beff+ ia%) ! (A17)

) ®
hM, = —i?mﬁf+ (Heff+ia?) m}r/f (A.18)

Here, the effective fields Besr and Hegr are defined as:

2KL I
Begt = Hycos (v — @) +4nDMg — M: +21Vlfs (cosddm +3)
Ki
+ 7 (14cos2(gm — 9u)) (A.19)
S

|| Skl

2K| |
Hegr = Hocos (v — Pur) + i cosddv + 17 oS 2(om — dU) (A.20)

The effective magnetization can be expressed as:

2K

4nMegr = 4TDM — (A.21)

S

Here, D is the demagnetization factor. Using Eq. (A.17) and Eq. (A.18), the RF

susceptibility can be calculated for a given frequency o as:

m Y

_My .
& h (Beff—l—ia%) (Heff—i—ia%) — <$>2 (422

Eq. (A.22) is valid for thin films with skin depth much larger than film thickness

f M; (Beff-l-iOCQ)

which gives a uniform RF field. The resonance condition is obtained by setting
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denominator to zero. For the case of undamped motion this leads to the resonance

condition as below:

2
(%) — BoHetr (A23)

Due to component of field dragging as explained in Chapter 2 the external field
is not aligned parallel to magnetization i.e ¢y # @p.@p can be found from static
equilibrium condition assuming M = (M, 0,0). Using Eq. (A.10) to Eq. (A.13) the

expression for calculating ¢y is obtained as:

HoM, (¢1 — ¢n) + K sin2 (¢u — dw) + %Kl sin4n (A.24)

The lineshape of imaginary part of susceptibility Im()) is lorentzian in shape and

can be described as:

Beff AH

Im|y,] = M.
%] * Begr + Heft " AH? + (Hy — Hrvr )2
FMR

(A.25)

Here, AH = a% is the half width at half maximum (HWHM) and Hgpmpr is the FMR

peak position.

A.2 Resonance condition for Out-of-Plane Configu-
ration

For out-of-plane configuration the out-of-plane angles Oy = 6y = 0" and ¢y = Py =
0°. Using this in Eq. (A.1) to Eq. (A.3) , the equations for out-of-plane configuration

becomes:

ol = —ﬁz (A.26)
S
M
== A27
&= (A.27)
My

o — X (A.28)
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Using the Eq. (A.7) and Eq. (A.26) to Eq. (A.28), the anisotropy field can be ob-

tained as:
[
. - K K
H;msoz_‘sgz;so :—5( =h (o + o) - 3-af — K e 2) /8M,
M; M,
— 2K X v ) T (A.29)
i 0 Eaniso Kll 4 4 KJ_ 1 2
H)z/mlsoz_ 5My =—-95 _7 (ax+ay) > OC - K, /5M
1My
= 2K, i (A.30)

Kl 1
. : K
Hy™ = — 5M, =-8 (——2 (o + o) — 2‘ af—&faf) /M,

— _4nDM, + 2k M (A.31)
_ ,+2k| T ,

S

Expressing the external field and saturation magnetisation as:

Hegr = H™° + hj+ H 2 (A.32)

M = mii 2+ mif$ + Mz (A.33)

Using Eq. (A.32) and Eq. (A.33) in the LLG equation we get the coupled equations

for magnetization for which linearized solution is obtained as below:
0= —i%mlf + (Hefer i y) ff (A34)
M = i$m;f+ (”H;’Eer ia%) it (A35)
Here, the effective field Hg& is defined as:

x|

S

(A.36)
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Using similar procedure as outlined in Eq. (A.22), the RF susceptibility can be

calculated for a given frequency ® as:

mf M (MG +ial)

" () - (3)

Setting the denominator to zero in Eq. (A.37), the resonance condition for out-of-

plane configuration is obtained as:

%:Hﬁ (A38)



Appendix B

Point group symmetries of NiMnSb

We consider NiMnSb thin films grown on the (001) surface of a GaAs substrate.
Both NiMnSb and GaAs have bulk point group 7; and NiMnSb is expected to grow
in the [001] direction. Due to the lattice mismatch, there will be a tetragonal strain
(compression of the lattice in [100] and [010] directions) that removes the three-fold
rotations and lowers the point group symmetry of NiMnSb to D,,;. The presence
of the interface, however, further disqualifies the in-plane two-fold axes Cpy as
symmetry operations, reducing the group down to C,. For the rather intermediate
values of the thickness used in the experiment, i.e.15, 20, 50 and 100 nm, it is not
clear whether the tetragonal strain and/or the presence of the interface would lead
to observable consequences. Note that symmetry analysis is incapable of predicting
under what circumstances these symmetry breaking effects would be significant.
Therefore, we here present symmetry constraints of relevant tensors for all the po-

tentially relevant point groups, i.e. Ty, D>y and C»,,.

B.1 Magnetic anisotropy tensors

The magneto-crystalline anisotropy energy can be phenomenologically written as a

power series expansion with respect to the magnetic moment M

1 | o
W =K MM ZLi M MMM - (B.1)

where the terms of higher than fourth order in the components of M are not



B.1. Magnetic anisotropy tensors 231

discussed here. We note that terms of odd powers in M are precluded because of
the time-reversal symmetry. The task here is to constrain the tensors K;; and L; jy;
by point group symmetries. Without any symmetry considerations, we can restrict
ourselves to completely symmetric tensors, namely K;; = K;; and L;j; = Ljji; =
Lyji = ---. For the second rank symmetric tensor K;; that is even in inversion, the

results are readily available and we just quote

1 00 a 00 a 00
Kij Td:a O 1 O 5 Kl] D2d: 0 a 0 3 Kl] CZVZ O b O
0 01 0 0 b 0 0 ¢

(B.2)

where a,b,c are arbitrary real constants. In words, there is no quadratic
anisotropy for 7y, and the anisotropy is uniaxial and biaxial for D,; and C,, re-

spectively.

Some works are required for the fourth rank tensor Z; ;. While not absolutely
needed, we first place upper limits on the number of independent constants appear-
ing in L;j; by the decomposition of product representations. Let Dy be the axial
vector representation of the full rotation group. Its decompositions in terms of the

irreducible representations of 7;, D>y, Co, are given respectively by

D1|Td:r47 D1|DZd:r2+F5a D1|C2V:F2+F3+r4 (B.3)

The tensor L;j; belongs to:

(Dl X Dy x D X Dl)sym C (Dl X Dl)sym X (D1 X Dl)sym (B.4)
sym

Again from the standard tables, we note
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(D xDl)Sym‘T — T, 4T3 +Ts (B.5)
d

(D1 X D)y ‘D =2y + T3+ +Ts (B.6)
2d

(D1 % D)y ‘C — 30 + T+ T3+ Ty, (B.7)
2v

so that
(D1 X D1)gym X (D1 X D)oy ‘T =301+ 2] + 213 + [Iy] + T's
d

+ 23+ 205+ 2 (T4 + 1), (B.8)

(D) X Dl)sym x (D X Dl)sym ‘D =5T1+ 3] +T3+Ty
2d

+2(I +2I'3+ 20y +2Is + ', 4 2Ts)
(B.9)

(Dl XDI) X (D] XDl)sym ‘C :6F1

sym
y 2v

+2030 + 3+ 33 +30y + I +I3+1y),
(B.10)

where the first lines arise from squaring representations while the second lines
are cross terms. Symmetrisation between the two (Dj X Dl)sym factors eliminate
[X] and factor 2 in the second lines so that we have at most 3,6 and 9 constants for
1;,D;,4 and Cy, respectively. Note that there is still one more symmetrisation left to

be used which might further reduce the number of independent constants.

For Ty, the most efficient way to get the actual form of L;j; is by the method
of invariants as presented in Sec. 4.7. in Lax [325]. Let r = (x,y,z) be components
of a generic axial vector. The basis functions of (D; x Dl)sym in the irreducible

decomposition are given by
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A=x>+y*+7?, E= |- (=) |, T=livz,zx,ixy].

SRS
2 72

(B.11)

The three invariants are simply A-A,E -E and T - T. Note that unlike for the
elasticity tensor exemplified in Lax [325], we here do not have to distinguish be-
tween the left and right factors. Therefore, the quartic anisotropy energy is directly

obtained as

M2+ M2\’
Wi=a (Mf—%) —|—§(M$—My2)2 +b (MIMZ + MM +MM)
e (v?)’

=a(M{+M;+M;) + (b—a) (MM +M;MZ +MM?) (B.12)

where in the second equality, M> = const has been used to reduce the number
of independent constants. In fact, the a and b terms can also be combined together
by the same constraint so that there is in fact only one independent constant which
we take tobe a: Wy = a (Mf —i—M;1 +M? ) This is the well-known formula of the

cubic anisotropy.

The method of invariants also works well with D,,;. In this case, we have five

basis sets

A:x2+y2, A/:zz, Blzxz—yz7 By =ixy, E =/{zx,2)] (B.13)

The six invariants are again obvious: A-A,A’-A’A-A’" B\ -By,B, -B,,E - E.

One obtains
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Wy = a(M2+M2)" 4 bM? + cM? (M2 +M2) +d (M2~ M2)” + eM>M?
+ M2 (M7 + M)
= (a+d) (M{+M;) +bM; + (c+ [)MZ (M} +M;) + (2a —2d + e)M;M;
(B.14)

Note that we ended up with fewer than six terms, which is a consequence of
the extra index symmetries. The third term can be eliminated by using M? = const

and the final form is

Wy = a (M} +My) +bM; +cMM; (B.15)

For (3,, the method of direct inspection is probably faster since the generating

elements in D are simply

-1 0 O 1 0 O
Gy, = 0O -1 01, ox=]0 -1 0 (B.16)
0 0 1 0 0 -1

Denoting the number of times x,y,z appear in ijkl by n, , , respectively, one

obtains the constraints

Co: (Lijur) = (=1)"™Ljis, 0k (Liji) = (1) Lyjuy. (B.17)

Noting ny + ny +n, = 4, one can conclude that all the terms that contain odd
numbers of x and z vanish. This automatically excludes terms odd in x too, and
the order of the indices does not matter. Therefore, the possible combinations are

(ijkl) = (xxxx), (yyyy), (zzzz), (xxyy), (yyzz), (zzxx). One can eliminate the terms
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quadratic in z by the constraint M? = const, yielding

Wy = aM;} +bM; + cM;} + dM:M; (B.18)
Again the number of independent terms is a lot smaller than nine.

B.2 Gilbert damping tensors

Characterisation of Gilbert damping anisotropy by point group symmetries is far
less frequently carried out in the literature. To fix the requirements for the tensors,
we take the strategy explained below.

We regard the phenomenological Landau-Lifshitz-Gilbert equation to be a La-
grangian dynamical system extended to allow for dissipative forces by Rayleigh.
This in practice means that the Gilbert damping is derived from the Rayleigh dissi-

pation function expanded in powers of M and M :

R= %a,. MM+ }15,- MM MM, 4 - (B.19)

Note that we ignore terms of higher than second order in M since they are
irrelevant in the linearised dynamics. A major question is whether terms odd in M
are allowed or not. The dissipation function R generically breaks the time reversal
symmetry by its nature so that it is not clear whether the time-reversal constraint
should be applied here or not. We do not consider the odd terms in the following.
Another point to remark is that this definition precludes certain types of damping
tensors, for example anti-symmetric part of @;; cannot be included.

With these caveats in mind, the symmetry analysis can be carried out anal-
ogously to the magnetic anisotropy. The form of the quadratic tensor ¢;; is con-
strained in exactly the same way as K;;. Differences appear for the quartic tensor
Bi jx: however since the indices ij and k/ refer to different quantities. Individual pairs

have the symmetries iy = Bijur, Bijix = Bijii» which means we can use Egs. B.8 to
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B.10 to see the upper limits of the number of independent constants as before, which
are 3,7 and 12 for Ty, D4 and C»,, respectively. For T, the method of invariants can

be applied without modification and yields

MM [, MI+M;\ 3 P
R4:a{<MZZ—%> <M§—% + 5 (M3 —M7) (M - M)

+ b (M MMMy + MyM MM + MM MMy) + cM* (M +M; +M?)
3a

2
+ b (MMM My, + MyM MM, + M, M.M_M) (B.20)

(M2ME + Mszy2 +M2M2)

where the terms reduced to quadratic by the constraint M? = const have been

dropped. Similarly for D,,, but A-A” and A’ - A must be distinguished now:

Ry =a (M7 + M) (M7 + M) + bM2MZ + cMZ (My +M;) +d (M7 +M;) M?
+e (M} —M}) (M — M) + fMMMMy + gM M. (M My + MyM,)
=(c—a)MZ (M} +M}) + (b—d)MZM: + e (M7 — M)

+ fMMyM My, + gM M, (MM + MM, ) (B.21)

Again those reducible to quadratic terms have been discarded. Finally, the
index constraint for C, is the same; the number of times x, y, z appear in i jkl in S j;
must be even. But the combinatorics generates more possibilities since ij and kl are

not equivalent;

(ijkl) =(xxxx), (yyyy), (z2222), (xxyy), (yyxx), (xyxy),

(vyzz), (z2y), (vzyz), (zzxx), (xx22), (2x2x) (B.22)

Therefore one obtains
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Ry =aMM; + bMIM + cMZMZ + §i MM + GMM; + GM MMM,
+ E\MIM? + EsMEM + EsMMMyM; + 1 M2 M} + oMM
+ N3M, M MM,
= (ByxMyz + BoM? ) M+ (BzyMzz + ByM; ) My2 + (ﬁszf + Bszy2 ) M

+ BMyM MM, + .MM MM, + v-M,M,M,M, (B.23)

In summary, the quartic Gilbert damping tensor has 2,5 and 9 independent

components for 7;, D», and C»,, respectively.



Appendix C

Spin wave Mode Analysis in

Synthetic Antiferromagnets

C.1 Parity and symmetry analysis of spin-wave

modes in synthetic antiferromagnets

To discuss the parity of spin-wave modes in synthetic antiferromagnets (SyAFs), we
start with Landau-Lifshitz-Gilbert equations with coupled magnetic moments (m1

and my) by the antiferromagnetic exchange interaction with the strength of Bey:

dm
d_tl = —ym; x (B — Bexmy — My(my - e,)e,) + T (C.D
dm
d_t2 = —yYmy X (B — Bexmy — Ms(my - e;)e;) + Ts. (C.2)

Here, t, v, B, M;, e, and 7)) are time, the gyromagnetic ratio, the external mag-
netic field vector, the saturation magnetisation, the unit vector along the film growth
direction and excitation torques for my(my) respectively. For the sake of simplicity,
we ignore the damping term to discuss the symmetry and parity of spin-wave modes
in this section. We now substitute the static and dynamic components of m; and m,
asmy = m? +8my e and my = mJ + Smye’® respectively. Substituting these into
iot

Egs. C.1 and C.2 and focusing on the first-order terms of ¢'“’, we have:

iodmy = —}/m(l) X (BeqOm) — BexOmy — M(Smy - e,)e,) + 11 (C.3)
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iodmy = —}/mg X (BeqOmy — Bex6my — M(Smy - e,)e,) + T2 (C4)

Here, B.q for mq(my) is represented by B — Bey - m? Using the parity of

2(1)°
optical and acoustic modes where the former (latter) is even for 7 rotation (i.e. C;
operation) about B, we can select mq, = 6my +Cr0my and myc = 6my —Cr6my
as new bases of the above coupled LLG equations to describe the optical and
acoustic modes, respectively[266]. These modes are excited by the correspond-
ing torque terms which can be obtained also by the linear combination of origi-
nal torques acting on my and my. These linearly-combined torques are given by
Top = T1 + 2T and Ty = T1 — (T, respectively. We now examine these torques
to associate with our experimental observation. The individual torques can be writ-
ten as T; = m? X B; + m? X (m? X 8;) (1 =1, 2) where the first and second terms
are field-like and damping-like torques acting on each moment with B; being the

effective field and s; being the spin polarisation of the spin-transfer torque. Using

these we write:

Top = m(l) x By -|-m(1) X (m? X 81) +C2{m(2’ X Bz-l—mg X (mg X 82)}; (C.5)

Toe = m(l) x By +m(1) X (m? X 81) —Cz{mg X By +mg X (mg X 8§2)}. (C.6)

Anti-ferromagnets with two identical moments has the even parity under C, oper-
ation for the static regime, i.e. m(l) = szg. Using this property, Eq. C.5 can be

re-written as:
Top = m(l) X (B1 +C2B3) +m(1) X {m? X (81 +Ca82)}. (C.7)
Likewise, we can obtain the torque expression for exciting the acoustic mode as:
Tae =m x (B) — C2B;) +m? x {m? x (s — Cas,)}. (C.8)

These two expressions represent the torque symmetry of each mode excitation

against the external magnetic field direction which is the axis of the C; rotation.
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When both moments are excited by uniform spin excitation, namely with the con-
dition of B; = B; and s| = s>, we can arrive at the following conclusions. (i) When
B, and s are symmetric for the C; rotation, Ty is maximised (B| +CoB, = 2By)
and T,. = 0, and (ii)) when When B; and s; are anti-symmetric for the C; rotation,
Top = 0 and T, is largest. Here the meaning of By and s being symmetric (anti-
symmetric) for the C; rotation is the condition of B;||B (B, L B) which is in general
termed as parallel (perpendicular) pumping configuration in magnetic dynamics.
Altogether we can summarise that under a uniform excitation condition, the optical
(acoustic) mode can be excited by parallel (perpendicular) pumping configuration.
In the present study, we take one step further to control the excitation symmetry
by designing the local spin excitation configuration. When m; and mj experience
non-uniform spin excitations, here we show that the perpendicular/parallel pump-
ing nature can be tuned in our experiments. On the extreme case where B = —B;
and s; = —s3, we can predict that the optical (acoustic) mode is excited by perpen-
dicular (parallel) pumping configuration. This is because the odd-even parity of the
spin excitation is changed, leading to the parity change of excited modes by the spin

torques with the spatial symmetry.

C.2 Rectification voltages arising from acoustic and

optical modes

Using the Kittel and Neel vector definitions (m = (m; +my5)/2 and n = (m; —my)/2),

we rewrite the LL.G equations as:

d
d—l? =—-Qmxu+Qp{(mx (m-e,)e,]+[nx(n-e,)e,]}
dm dn
+a[me+nXE], (C9)
dn
7 —Qnxu+Qp{[nx (m-e,)e,]+[mx (n-e,)e,]}

d d
+2Qex(n><m)+oc{n><d—1?+mxd—ﬂ. (C.10)
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Here, Qp = yB, Qp = yBs (where Bg = UgM;) and Q¢ = YB., respectively and u
is the unit vector along the direction of B which in our case is applied along the
in-plane x direction (# = ex) as shown in Fig. C.1 - e; is the unit vector expression
for each axis i. Vector components of m and n can be linearized as the following

equations:

my () = myo + Omyx (1) +---

= cos @ + Smx(t), (C.11)
my (1) = myo + &my (1) +---

= Omy(1), (C.12)
my(t) = myo~+ 8my(t) + -

= Omy(t), (C.13)
ny(t) = nxo + Ony(t) + -

= Sny(t), (C.14)

ny(t) = nyo+ Ony(t) + -

Figure C.1: A schematic of the coordinate system used in our macro-spin model. In this
geometry, we have two Cartesian coordinate systems defined by the current
flow (x) direction and the external magnetic field (x) direction. The angle
between the two is defined by ¢ and the cant angle is defined by ¢..
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— sin e + Sny (1), (C.15)
ny(t) = ngo+ 6ny(t) + -
_ sny(1). (C.16)

By using the linearization of Eqgs. (C.9) and (C.10) and solving the first order term,
where (6my, dm,, 8ny) and (8my, Ony, 6n,) are coupled and representing the mo-
tion of acoustic and optical modes respectively, we find the matrix form of two

equations by using the Fourier transformation (f(¢) = [~ dQf(Q)exp(iQt)/27)

as:
iQ iaQcos @ + Qp cos P + Q. 0 omy
—iQcos . — Q. iQ iaQsin . om, | =Tm,
0 —iaQsin @, — (2Qer + Qp) sin P iQ Ony
(C.17)
iQ 0 —iaQsin @ — Qp sin @
0 iQ i00Q.cos @ — (2Qex — Qp) cos ¢ + Q1.
iaQsin @, +2Qeysin e —it2cos ¢ — Qp + 2Qe, cOS P iQ
Smy
3ny =Ty
on,
(C.18)

The right hand side of the equations (T, Tn)are magnetic torques on each coupled
moment to excite magnetisation dynamics. The complex resonance frequency for
both modes (Q,. and Qop) can be obtained by using the determinant of the 3 x 3

matrix in the left hand side as,

Que =/ Q7 (1+ 2 )+i L o +Qp +2Q (C.19)
= I+ = .
o L0, 27\ 2Q¢ " <)

~ Qp o1 1 2 2
QOP = \/Z-Qex (4ng - 'Q‘%,) +1- Ea (QB + 200, (4Q‘ex - QL)) ) (C.20)

Here, the relation cos ¢, = Qr /2Q., is used. The real part of these equations repre-

sents the resonance field for each mode of SyAFs that we show in our main text. We
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note that these equations are consistent with earlier work by Chiba et al. without

considering the spin-pumping effect [277].

Now we consider current-induced torques and rectification voltages in the
SyAF devices. We assume that an electric current I flows along the x’ direction
as defined in Fig. C.1. B is applied along the x direction from which we define ¢
with respect to the x" direction. In this coordinate, an Oersted field is generated

along the y' direction, exerting torques (Te,1(2)) on my and my as

T0e,1(2) = YBoe,1(2)M1(2) X ey

= YBoe,1(2) cos(gc +¢)e,. (C.21D)

Here Boe, 1(2) can be approximated as toNasy/ /2w with py and w being the perme-
ability of free space and the width of the wire respectively. The parameter 1,5y can
be obtained by estimating currents flowing above and below the magnetic layers.
When the stacking structure is symmetric, we have Boe | = —Boe, 2. Therefore, the

torques acting on m and n in Egs. (C.17) and (C.18) are obtained as:

0
Tm =Y | —Boesin@:sing |, (C.22)
0
0
Th=Y% 0 . (C.23)
Boe cos ¢ cos ¢

In addition to these torques, spin-transfer torques can be generated by the spin-Hall
effect (SHE) from an adjacent nonmagnetic layer. Using our current direction which
defines spin polarisation & of the spin currents generated by the SHE as 6 = e/, we

write the spin-transfer torques acting on two moments (i = 1,2) as:

TsHE, i = YBsug, i [m; X (e xm;)] (C.24)



C.2. Rectification voltages arising from acoustic and optical modes 244

where Bsyg, ; is an effective magnetic field proportional to both / and the spin-
Hall angle (6sy) with its magnitude Bsyg given as Bsyg = ifytaOsul /2eMswdpyvdra
where 7, Nta, €, Ms, dpv and dt, refer to the reduced Planck’s constant, shunt
ratio of current in Ta layer(I,/I), elementary charge, saturation magnetisation and

thickness of the NiFe and Ta layers respectively.

In the symmetric sample stack case, the relationship of Bsyg,1 = —BsHE 2 18

established, giving the torque expressions for both vectors as

—BsyE sin ¢ cos @ sin ¢

TSHE,m =7 0 , (C.25)
Bshg sin? O sin @

—BsHE sin @ cos ¢ cos @

TSHE.n =V BsHE c0s? ¢ cos ¢ : (C.26)

0

By using Egs. (C.17), (C.18), (C.22), (C.23), (C.25), (C.26) the expression for ém,,

ony, Omy and dny can be written as:

Y[(QBshg sin ¢ cos @ sin @) +i - Q(Qr + Qpcos @) (Boe sin @ sin ¢ )]

3 pu—
y IO (— Qe+ Oae — Q) (Que +i- 00 — Q)
(C.27)
Sny = Y[— QL (Qp + 2Qex) BsHE sin” @ cos P sin ¢ — iQ - Boe (Qp + 2%, ) sin? ¢ sin ¢]
* —iQ(—Qac i+ 8o — Q) (Qac +i+ Gac — Q)
(C.28)
5 ¥[Q?(BsHg sin @ cos @ cos ¢ + iQ - BoQp sin ¢ cos @ cos ¢ )] (C.29)
myx = .
b —iQ(—Qop+i - Sop — Q) (Qop + i+ Sop — Q)
—Q’B 2 —iQ - BoeQg cos?
Sy — Yl SHE COS” . cOS @ — i 0e£2B cOs” @ cos @ | (C.30)

Here, Qqc = £Quc + i+ 8ac, Qop = £Q0p +1i - Jop are used. The above equations

can be simplified by calculating residue at two poles (—Qac(op) +1i- 6ac(0p)) and
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(Qac(op) 1 i - Gac(op)) Using the residue theorem given by:

Thus, we obtain the simplified form which can be expressed as below:

Res(f,c) = lim (z—c)f(c).

Z—+c

Y . Y
omy(Q) = . -b
my( ) Qac+i‘5ac_Q- (aMY+l my)+_Qac+i‘5ac_Q
Y . Y
Ong(Q) = . -b
nX( ) Qac+i‘5ac_Q (anx+l nx>+_Qac+i'5ac_Q
Y . Y
omy(Q) = . -b
) = G T Gy T T g s T
Y . Y
ony(Q) = . -b
l’ly( ) Qac‘f’i'éop_g <any+l ny)+_Qac+i'6op_Q
The components a and b are given by,
1 Q
am, = EBer_ic sin¢.sin¢@,
1
by, = _EBSHE COS P sin P sin @,
1 Y
ap, = ———B0oe(QB +2Qcx) sin” P sin P,
2Q.¢
1 Qr (Qp +2Q
b,, = =Bsug L(Q +2Qc,) sin’ O CcOSP:sin @,
2 Q2
1 Q
am, = EBOGQ_Z sin @. cos ¢ cos @,
1
by, = _EBSHE sin @ cos ¢ cos P,
ap, = _EBOG Quop cos” . cos P,
1
by, = EBSHE cos? (PcCcos .

245

(C.31)

M (_amy +i' bmy),
(=an, +i-by,),
’ (_amx +lbmx)7

(=an, +i-byy).

(C.32)

(C.33)

(C.34)

(C.35)

(C.36)

(C.37)

(C.38)

(C.39)

Egs. (C.32) — (C.35) are the amplitude for acoustic mode, which are proportional

to sin¢g. Egs. (C.36) — (C.39) are the amplitude for optical mode, which are pro-

portional to cos ¢. These essentially represent the torque symmetry we focus on our

study.

The components Bge and Bsyg are both proportional to an injected current / into our
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devices, which has the time-varying form of /(r) = Iycos(wt). This time-varying
current in our device produces magnetisation dynamics which causes another time-
varying component in resistance due to AMR. As a result, there is a time-averaging
component<< AR(t) - I(¢) > when these two are mixed, which we measure in our ho-
modyne detection approach [285, 288, 114]. A resistance change due to AMR has
the following general form and we expand these for finding first-order time-varying

components in both m and n:

AR(t) = %ARAMR [(m, -ey)” + (my - eX’)z]

1 .
= EARAMR (cos® ¢ (m3 +ny) +sin® ¢ (m +ny)

—2sin ¢ cos @ (mymy + ”lx”y))
= ARAmR (c0s” ¢ cos ¢ Sm (1)
5in? 9sindny (1) — sin ¢ <05 (cos Gedmy (1) + sin s (1)) + -+
(C.40)

Equations (C.32) to (C.40) allow to find the analytical expression of rectification
voltages we measure in our SyAF devices. The anti-symmetric amplitude for the

acoustic mode (V,g,) can be derived as,

AR d
Vi = %I& o (amy cOs P sin ¢ cos ¢ + ap, sin P sin cos @)
ac
yARAMR ) dBOe .2 'Q'ac '
e I . _ Sdac
4ABo(dQ0c/dB) ° dI sin” ¢ cos ¢ o sin ¢ cos
Qp +2Qex . 3
+ o, °n e
AR
= SA%MRIOBOG tan ¢, cos 2@ sin2¢ sin @. (C41)
ac

Here, the linewidth &, is converted to field-swept linewidth AB,. using the relation
Oac = (dQqc/dB)AByc, where dQ,. /dB is given by Y1/ 1+ Bs /(2B ). The relations
cos P = Qr./(2Qex), Qac = QL \/ 1+ Qp/(2Q¢y) are used. Likewise, the symmetric
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amplitude for the acoustic mode V{5, is given as:

YARAMR » d

Vac :—I L

W28 O dl

__ YARamr 2 dBshE
4ABqc(dQqc/dB) °  dI

AR
= AVR IoBsHE sin ¢ cos 29, sin2¢ sin ¢. (C.42)

8AB,c\/1+ Bs/(2Beyx)

(b, 08 @ sin ¢ cos @ + by, sin @ sin ¢ cos @)

sin’ ¢ cosd (sin Oc cos? Oc — sin’® ¢C)

Using the relationships of Bs = toMs and Py = IOZRsample /Co, we can find Eq.
(4) in the main text. The symmetric and anti-symmetric amplitudes for the optical

mode (Vs(;%l and Va(él;) are:

d
Toplg > (bmy cOS Pe cOS” @ + by, sin P sin” )
___ YARAmr » dBshE

4ABop(dQqp/dB) °  dI

ARAMR 2 dBshE .
8ABop (2B - €08 @ /Qop) 0 M ¢ cOS P cOs2¢ cos @

AR 2B
— _Wiﬂﬁ,/ BSCXIOBSHE sin2@. sin @ cos 2 cos . (C.43)

ARAMR
v, = ¥

cos? ¢ sin @ (cos3 ¢ — cos ¢ sin’ ¢)

AR d
¥ 26‘:‘2” I3 7 (my €08 @ cOS* ¢ + ap, sin @ sin® @)

_ YARAMR » dBo. Qs
" 4ABop(dQ0p/dB)°  dl  Qqp
B ARAMR 2dBo. QB
 8ABop(Qp o8P/ Qop) 0 Al Qop
_ ARamr
~ 8ABop

op __
Vasy =

cos? . sin @ (cos3 ¢ — cos ¢ sin’ (Z))

sin2¢. cos @, cos 2¢ cos @

IoBoe Sin2¢. cos2¢ cos ¢. (C.44)

Here, we used the relation Qqp = \/ %‘; (402, — Q?) to convert frequency swept

linewidth &, to field swept linewidth ABp,.



Appendix D

Solutions of the coupled LLG

equation

D.1 The eigenvalue problem and analytical expres-

sions

In this section, the two-coupled Landau-Lifshitz-Gilbert (LLG) equations at the
macrospin limit are employed to model magnetic dynamics of optical and acoustic
modes in SyAFs. We recognise that similar approaches have been taken by others
previously [228, 233, 211] but not specifically for magnon-magnon coupling phe-
nomena in SyAFs as we detail below. We consider a canted regime of two individual
moments (m; and m,) which are coupled antiferromagnetically by the exchange in-
teraction with the strength of Bex. These two moments reside in thin-film magnets
subjected to a demagnetisation field By and we apply an external magnetic field B
within the x-z plane with angle 6g from the z axis which is the sample growth di-
rection in our case. Following convention, we first define Kittel and Neel vectors
asm= (m;+my)/2 and n = (m; —m;) /2, respectively. Dynamics of these two

coupled moments are given by [233]:

dm
E:—Qmeu+QB[(m-z)m><z+(n-z)n><z]+1:m, (D.1)
dn
i —Qnxu+Qp[(m-z2)nxz+(n-z2)mxz]+2Qxnxm+1,. (D.2)
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Here, Qp = yBy, Qp = VBs, and Q.x = YBex Where ¥ and By are the gyromag-
netic ratio and the resonance field, respectively; u = sinOgx + cosOgz represents the
applied field direction in the x-z plane, given that x and z are unit vectors for the cor-
responding axes. The last terms in Egs. D.1 and D.2 account for damping torques

which are expressed as:

d d
‘cm:oq)(mx—m—i—nx—n), (D.3)

dm\ m dn\ n
—asp[m'(nXE)m—zﬂ‘n'(mXE)n—z], (D4)

where o and oy, are the standard Gilbert damping constant and one arising
from mutual spin pumping between the two magnetic layers. With approxima-
tion of small angle precession, we can separate the equilibrium (mg and ng) and
time-dependent (dm (¢) and On(z)) terms as: m(t) = mg+ 6m(t) and n(r) =
nyg+ on(t) and here we define each vector component in a standard manner, e.g.
mg = (mox,moy,mo,). Substituting m (1) and n (r) into Eqs. D.1 to D.4 and keeping
the first order of the time-dependent and damping terms, we obtain the following

six coupled equations:

1 démy
Q_ dt - l/l()y6nz —on (m(z)z +”(2)y) 6mx - anZSmY + 050(77 + l)mOXmOZSmZ7
y/
(D.5)
1 dom
Q_B =~ y QoM 1oy On, + Nimo, 6m, — Oconm(z)émy — (N + DmoxSmy, (D.6)
1 dém
Oy ar = ConmoxmoySmst NmoxSmy — ao(1 +1) (m3,+n3,) dm,.  (D.7)
1 dong
o ar (0o + Qisp ) moximg, 8n, + CoNngymox Smy + (1 + 1)ngym,
2
mo,mox
+ g 8, (D.8)
my
1 dény
o dr —mox On, + 0o Nmoxnoy Sy + oto(N + 1)mo,noy Omy, (D.9)
1 don,

oy ar = (o0t osp) (i +moy) Sy — Moy S+ comoznoy Smy
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2 2
mas.n
0z"*0y
+osp—— on,,

0

(D.10)

where the equilibrium conditions and a new parameter 1) are introduced: mgy =
(mox,0,mo,), ng = (0,npy,0) and N = 2Q,,/Qp. Further simplification has been

made by using additional parameter definitions as well as time derivative treatment:

Mo, 1,
Vot = (00 + Gsp) (o + 1) — Osp— 5= (D.11)
0
Vo2 = a1 (M, +15,) | (D.12)
Val = QoTmj, (D.13)
var = ao(n +1) (mgs +ngy ) (D.14)
1 d W
- = —ig— =~ D.15
Qudr | 'Qy (D-15)

These produce the following equations of motion for émy, dmy, dm, and dn,:

—iQd8my = noydn, — Vordmy — Nmo,8my + 0o(N + 1)moxmo, 0my, (D.16)
—iQ8émy = Qgmo,noy On, + Nimo, Ony, — Va1 0my — (N + 1)moxSmy, (D.17)
—iQ0m, = N moxmo, Sy + NmoxOmy, — Va2 Omy, (D.18)

—iQdn, = — Vo101, — Nngy Omy + OlgNmo,noy Omy. (D.19)

We write these as a matrix form as follows.

on, —Vol —MNnoy QT mozngy 0 on,
) 6mx . noy —Vo2 —nNmo; O(()(T] + 1)n/l()x”nOz 5mx
. =1
Smy Olpmoznoy nmoy —Val - (n +1 )mOX Smy
om, 0 CoNmoximo, — Mimox —Va2 om;
(D.20)
We can obtain the eigen mode frequency @, /.. and relaxation time 7, . by solv-
ing the complex eigenvalue problem, which can be expressed as,
1 1
'Q'op(ac) = E(wop(ac) - lfop(ac))' (D.21)

y



D.1. The eigenvalue problem and analytical expressions 251

If we neglected damping terms in the off-diagonal components, we obtained the

following relations:

__Mnoy
on, v Omy. (D.22)
Sm, ~ —10x (D.23)

~N————__—om
—iQ+ Vv Y2

Using these relations, we reduced Eq. D.20 into an eigenvalue problem with a 2-by-

2 matrix form given by:

.Q.Z—.Q%p-I-i(VOl-I-VOz).Q. —(—iQ.-I—VOl)T]m()Z Omiy
(—iQ—l—Vaz) nmyoy 9% —Q§C+i(val —I—Vaz)Q 5my
(D.24)

During this process, we disregarded higher-order terms in the diagonal elements,
such as Vo1 V2. This is the matrix we show in the main text after converting € into
o using Eq. D.21. Here, Q,p and Q,. are the eigen frequencies for optical mode

and acoustic modes given by:

1

Qop = noyy/M — 15 (Vo1 + Vo2), (D.25)
1

Que = VN> + Nmox — iz (Va1 + Va2) - (D.26)

Egs. 5.3 and 5.4 in Chapter 5 can be obtained by the real part of these two equations
by using the equilibrium conditions: (moy,moy,mo,) = (BosinBg /2Bex, 0, BocosOg /(B +
2Bcx)) and (nox,noy,no,) = (0,4/1— m(z)x — m(z)z, 0) with 8g = m/2. We note here
that our numerical solutions of Eq. D.20 and D.24 are almost identical. In order to
find the expression for coupling constant g. , we further take out the damping terms

and solved the following eigen problem.

Q2 Qgp iQnmy, Onmiy

—0 (D.27)
—iQnmgy, Q> —Q2 omy
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(Q*-Q2) (@7 - Q%) — Q*(nmp,)> =0 (D.28)

By defining the crossing (dimensionless) frequency as Qqp = Q,c = 0, we can find

the energy gap (A€g,p) using Eq. (S32).

Q
AQgap=2(2—Q) = imnmm ~ 1 myy, (D.29)
Therefore,
1 ’}/BexBO
= -AQun VB = ——— — D.30
8c ) gap YDs 2B, +4BexCOSOB ( )

Note that this is only valid when A€,y <€),



Appendix E

Dynamics in Synthetic Ferrimagnets

In this appendix we investigate the classical dynamics of multilayer synthetic fer-
rimagnets (SyF). We consider two ferromagnetic layers coupled through a metallic
spacer layer via RKKY exchange interactions. The two magnetic layers are allowed
to have different thicknesses. In SyFs due to large intralayer nearest neighbour ex-
change the macrospin model is employed to study the dynamics. Let M g be the

magnetizations for the respective layers, and normalised magnetization is given as

nag =Map/Map = |Mag|

E.1 Ground state

We consider the following total magnetic energy:

d3l’{—,LL0H -Mp + @(Mé)z}

_ 3 . . @ zZ\2
W—/VAdI’{ ‘LL()H MA+2(MA) }+/v 7

B

‘|—/ d3rA/ d3rB {/IE(rA,rB)nA(rA)-nB(rB)
VA VB

+/VAd3rk/vBd3rfle(rA7r§x,rB,ria){nA(rA)-nB(rB)}{nA('Q\)'”B(’fs)}]'

(E.1)

Here H is an applied magnetic field, the film normal has been taken to be 2, va B
denote the spatial volumes occupied by M 5 p respectively, and Ag q characterise the
first and second order interlayer exchange interactions. Since we focus on spatially
uniform dynamics, it is sufficient to approximate the dipole-dipole interactions by

the effective easy-plane anisotropy. We have kept the variations of the exchange
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terms in order to clarify the effect of having two different thicknesses. By assuming

na g do not depend on r, the total energy reads

M2
W:VA{ HoMaH - nA+'uO A( )}+VB{_IJOMBH‘”B+NO B(”ZB)Z}

2 2

+ Agna -ng+Ag (na -ng)?, (E.2)
where

AE_/ d3rA/ d®rgAg(ra,rg) (E.3)

AQ /d3rA/ / d3 /d3rB)LQ(rA,rjx,rB,rig). (E4)
VB Y VA

VB

Eq. E.2 can be expressed in terms of energy density by dividing with respect to

reference volume v as:

w M2 M3
— =k {—MAH~nA+—A(nZA)2} + g {—MBH~nB +—B(n]Z3)2}

2 2
+ PEnA -ng 4 po (1A -nB)?, (E.5)
where
% % A A
IJA:.UO_A» .UBZIvlo—B, PEZ—E, PQZ—Q (E.6)
1% 1% 1% 1%

Here, vp and vp are the volume of two layers. Thus the net effect of thickness
difference, (only in the present context), can be expressed as different permeabilities
between the two layers. When the magnetic field is in the plane, H = HX,H > 0.
Without loss of generality,uaMa > upMp is also assumed. The ground state occurs
when both n g are also in the plane. Thus the energy density to be minimised using

Eq. E.5 reads.

w = —UAMAH cos ¢ — upMpH cos ¢ + Pg cos ($a — PB) + P cos” (Pa — Ps) -
E. 7

Using the Eq. E.7 we can define three regions:

Forced ferromagnetism This corresponds to the case ¢§p = ¢p = 0, for which the
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energy density is given by
wif = —UAMAH — upMgH + pg + pq- (E.8)

This state can be realised only under a sufficiently strong applied field.

Collinear antiferromagnetism In the low field limit, 5 = 0, ¢g = 7 is expected

to be the ground state with the energy density
wir = — (UAMAH — ugMg) H — pg + pg. (E.9)

It requires pg > pgq, but it should usually be satisfied considering the higher-order

nature of pq.

Spin-flop state In the intermediate field range, ¢o # 0 and one needs to solve the

algebraic equations.

E.2 Resonance frequencies

We next consider the classical dynamics of na g, dictated by the variational princi-

ple with respect to the following Lagrangian:

vaMa
YA

don veMp

dop
1 —cos@s)—2 —
(1 —cosBy) I

L=— (1—00393)7—W (E.10)

The kinetic term depends on the choice of polar coordinates, but the difference is
always a total derivative. We work with linear perturbation around the ground state
n&B determined by minimising w. In general, there is no simple relation between
H and n&B, so we choose H = H(£sin0 + Zcos 0). In this coordinate system, we

parameterise n% B as

sin 6 g COS A B
ndp = | sinOspsingan (E.11)

CcOS GAB
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The lack of symmetry between A and B means there is no preferred coordinate
system in general. Therefore it is sensible to introduce separate (right-handed) co-

ordinate frames {ng, ng, nﬁ} and {n%, ng, ng} for the two layers where

sin 6z g COS @A B —sin@a B
0 . .
nap = | sinBapsingas |- "ﬁ,B = | cosgasp (E.12)
—sin 9A,B 0

With these bases, one can define the perturbation up to second order by

12 2

na ~ (1— AzmA>ng+lAng—l—mAnﬁ (E.13)
12 2

ng ~ <1 — Bsz> n+ lgnf + mpn’) (E.14)

The rational behind the rotation is that in the polar coordinates

InB=00aB, maAB=00ABSINOAR (E.15)

We shall substitute them into L and extract only the second order terms in the per-

turbation. Note

I3 +m3 + [5+mj
00 A A""'B B
nj-np n ( >

) + lAnGO + mAn¢O + anOG + mBnO¢
+ lAan96 —I—mAmBn¢¢ + lAmBn9¢ + leAn¢9,
2
Ry N~ ZnOOnA -ng+ (lAneo + mAn¢0 + anoe —|—m3n0¢> , (E.16)
where

n®F —piPh b 0 =0,6,0. (E.17)

The second order Lagrangian reads

(2) . VAMA dmA VAMB de
L = - Ia - Ig
YA dt Y8 dt
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li —}-mf‘
2

) i 1123 —I—m%
— vpUoMpH (sin O sin O cos ¢p + cos 6 cos ) =——=

—valloM4H (sin O sin 64 cos ¢4 + cos O cos H,4)

vatoM3 vploM3

(lﬁ c0s20, + mf‘ cos? GA) + (112; cos20p + m129 cos? 63)

124+ m2+12+m
_ (AE+2nOOAQ) (_noo A A . B B—|—neelAlB+n¢¢mAmB

2
+ ne‘PlAmB + n‘PeleA) —Ag (lAneo + mAn¢0 + anoe + mBn0¢> .
(E.18)

At this point, it is helpful to note that v4M,7ys has the dimension of angular mo-
mentum and indeed represents the total angular momentum of the macrospin vaMy.
This suggests that the correct normalisation for the Holstein-Primakoff variables

should be (taking now into account ¥ p<0)

vaMy VAMB
— o [AA (1 E.19
27 mod gz, (AT ima) 2hly| BT M) (E.19)

In terms of a, b, after discarding total derivatives, one obtains the Lagrangian

L® jida _da' o db dbf
—a+b
dt  dt dt  dt

3cos?0y —1) a T
— |7alto {H(sin@sin@Acosq)A+c0s9cosGA)_MA cos 2A }a a—;aa

3cos*0p —1) bTb+bb'
— |v8|Ho {H(SinesiHGBcos(])B+COSQCOSGB)_MB cos 23 } _;_
in’ Tt : .
sin“ 04 aa+a'a AN 0 d'ataa
N M, Ap +2n"°Ap) ——
[YalHoMa— S AL L0 (a1 20000) 4
' f 02 atat
a a+aa e n aa+ e n a'a
—Ag? s ) N (ex-n9) aa+ (eq-n3)
2 2
in’ Tt : .
sin“Op bb+Db'b 78] [ o0 0 b'h+ bb
- M, Ap +2nPAp) ———
WBL“O B 3 3 +VBMB n ( £ +2n Q) :
2
b'b+bb" (n)-eg) bb+(n pipt
—AQ{|ng-eB|2 5 +( A B) 2( )

T _ _ - B
ol [no{(enen) ot (en-n) o'} { 05 -em) o+ ()
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(eA @) a'b + (a . eB) ab’ + (eA . eB) ab+ (eA . eB) a'bf
2

+ (Ap+2n"Ap)

(E.20)
where we have introduced chirality vectors
ens =€ p+ie] (E21)

This form suggests that the reference volume should be taken v = /vavp if the
priority is to maintain the symmetry of the expression in A and B. Thus we choose
to introduce exchange energy densities pg o, exchange fields Bg ¢ and exchange

frequencies wg o by

Ag AE,Q Ya¥s
L, s B = 5 [0} = A E22
Pro= "y BT ity 0T\ vyt B2

The resulting equations of motion read in the original variables

M, dl
VA’}’ A d_? = vaUoMy {H (sin O sin B4 cos @4 + cos O cos 64) — My cos’ 04 } ma
/A
+ (AE + 2nOOAQ) <—n00mA + n¢¢mB + n¢913)
+ 2n¢OAQ <neolA + n¢OmA + noelB + nO‘PmB) , (E.23)
Myd
VAY A % = valoMa {H (sin O sin 64 cos ¢4 +cos O cos O4) — My cos26,4 } s
/A
~ (A +20™Ag) (=1l +n®lp +nmp
+2n%A, (lAn“’O Fman® 4+ 1gn0 1 mBn0¢> : (E.24)
Mp dl
VBY B d—f = vplioMp { H (sin 0 sin B cos ¢ + cos 6 cos O) — Mp cos? 6 } mp
B

+ (AE + 2n00AQ) (—nOOmB + n¢¢mA + ne‘PlA)

+2n% A <lAn90 Fman® 4+ 1gn00 + mBn0¢‘) , (E.25)

’
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Mp d
VB}/ B % = vpUoMp {H (sin 0 sin O cos @p + cos O cos Op) — Mpcos26p} Ip
B
— (AE + ZHOOAQ) (—nOOlB -+ I/LGGZA —+ n¢9mA>
+21% A (1An9° Fman®® + 15n%0 + mBn°‘7’> : (E.26)

They motivate the following notation

BXB = UpH (sin 0sin 64 pcos P4 p + cos 6 cos 6A7B) — UoMy pcos26, g, (E.27)

BX,B = UoH (sin 0 sin B4 pcos P4 g+ cos O cos GA’B) — oMy g COSZGAJ;, (E.28)

and w/?,B = ]}/A,B|Bg’3, wXB = |1 BXB. This form will be used later, but for cal-

culating eigenfrequencies, the following BdG form is more convenient:

ic;_‘; ——wfa—wa +r [(nOOwE—F{Z (n00)2_ |eA-n%|2}a)Q>a— (eA-n%)szaT]
en T
— { (O)E —|—2n00a)Q) () —|—2(I)Q (eA n%) ng‘} . eBb%Bb’ (E29)
.db + —t 4 —1[(,,00 00\ 2 012 012 ;
ZE:_wBb—wBb +r |:<n wE+{2(n ) —|eB-nA| }wQ>b—(eBnA) wa:|
€1 T

2 Y

where cogt’ B= (a)z gL wf, B) /2 and the asymmetry parameter r is defined by

r= | At (E31)
YavpMp
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We do not write the corresponding equations for a', b' since they are obtained by

complex conjugation. In the matrix form, the eigenvalue problem is defined by

—0—8 —Ma —G —& a
N A a T
— w— — — a
a Sa & G _o, E32)
-G & -—o-& -np b
& -4 - —e-&) \b
where
Ey=f —r! (nOOwE + {2 (n%)* — e -n%]z} a)Q) , (E.33)
Ep = (o; —r (nOOwE + {2 (n00)2 —les -n2|2} a)Q> , (E.34)
— ] 0)2
Na=0, +r (ea-np) 0y, (E.35)
_ 2
ng =0y +r ' (es-ny) vy, (E.36)
g, = et 20 en '5;20@ (ea-np) (€5-13) (E37)
o +2n%wp) eq -ep +2wp (e4-n%) (e -nd
CZZ ( E & Q) A B2 Q(A B)(B A)’ (E38)
Using the determinant formula
A B 1
det =det(A)det(D—CA™'B), (E.39)

C D

one can derive the secular equation as

I I L I R T R N
M ©—& & & M —o0-&) \& &

< (&~ ImfP - o)
= 0 — (&1 + & — mal — s +2101F ~21&) 0 + (& = mal) (&3 — Insf?)
~2(J0 P +1EP) &s+28 (M6 + L1 62) +288 (MO G+ TREiC2)

_ =2 —2 . 2
—Tanell —MaTsG —mansl —Mamels + (161 —1&7) " (E.40)



E.2. Resonance frequencies 261

The roots are given by

2
o2 54—l + &5 — s +2[Gi[* — 2| &P i{ (éﬁ—%— mal®+ !ns\z)
2 2

162 (6 +En) ~ 10 (84— &) — 260 (ML G2+ TBGIC2)
N _ _ 1/2
—28p <nACI G+l Cz) — MG =i P+ (Ml +%Cz|2}

2
& ImP+ & - ImslP +216 P 2150 i{ (éﬁ—éé— mal* + !nBP)
2 2
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Appendix F

Angle dependence of CI-FMR

Lineshape

In this section the expression for angle dependence of FMR lineshape detected by

spin rectification is derived using Landau-Lifshitz-Gilbert (LLG) equation:

M
ot

XM (F.1)

= — oYM X (Htot+heff)+M P

where the first term is the field torque and second is Gilbert damping term. M, and
H,, are the vectors representing the magnetization and total static magnetic field
including both the external field (Hex;), demagnetization field and anisotropy fields;
hetr = (hx, hy, hz) e/® is the current-induced effective field at microwave frequency
which drives the magnetic moments; ¥, and M, are gyromagnetic ratio, Gilbert
damping coefficient and the saturation magnetization. A new righthand coordinate
system is defined as (x' —y’ —z') with respect to the Hio as shown in Fig. F.1. In
this new system, with small-precession angle approximation, we can assume that
magnetization component along x’-axis is my ~ M. Using this we can write it in

the form as:

M hy hx cos 6 + hy sin 6
M= mye® | her=| hy | =| —hxsin6®+hycos6 e (F2)
mZ/ej“’t hz’ ]’lz
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> X

Figure F.1: The two coordinate systems defined with respect to the charge current direction
(x-y-z system) and the total static magnetic field (x’-y’-z’ system).

Solving the LLG equation to the first order [326], the following set of linearized

equations are obtained:

0]

— iy + (iAH + Hex + Hy) my = Mh; (F3)
HoY
10]
(iAH + Hex, + Ha) my — hmz, — M, (—hysin®+hycos8)  (F4)
0

where UoAH = a®/y is the resonance linewidth; H; and H, are the terms

including the anisotropy which are defined as follows: [178, 114]:

Hy = My [Ny cos*(8) —Nysin?(8) +N,| — Hy
1
—|'H2H sin2 (9 — %) + ZH4|| (3 +COS49) (FS)

Hy = M (Ny —Ny) cos2(6 + @) — Hy)|sin26 + Hyj cos 46 (F.6)

Here, H| and Hy| are in-plane uniaxial and biaxial anisotropy fields respec-
tively and H, | represents the out-of-plane anisotropy field. 8 is defined as the angle
between H;y and the x direction; ; is the demagnetization factors in i-axis.

By solving the Eq. F.3 and F.4 the expression for m,, and m, is obtained as

y
follows:

(Hext + Hy +iAH ) (—hysin  + hycos 0) + 12 h, ] M,
"= (E7)
(Hext +Hi +iAH) (Hext + Hp +iAH) — (ﬁ)
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(Hext + Ha +iAH ) hy — (—hysin 6 + hycos 6) ﬁTwy} M;

my = 3 (E.8)
(Hexe + Hi + iAH) (e + Ho +i6H) — (12)
The DC voltage from spin rectification is given by:
1 . 1 myr
Vic = —=I0ARO.sin(20) = ——Ih)AR—-sin(20) (F.9)
2 2 M

where 6. describes the deviation of M from its axis of rotation (referred to as the
“cone angle” of the precession). To derive the lineshape near the resonance field

H,es , we consider the profile of V. at a small perturbation 0 H << Hyeg , i.€
OH :| Hext — Hres ’ (F-IO)

Substituting Hey; in Eq. F.7 as Hyes + 0 H and only keeping terms linear in 8 H and

AH, the following simplified expression is obtained:

M, (Hyes +Hy) 0H (—hxsin9+hycos 9) —l—“%,AHhZ
" 2Hies+H|+Hs SH? + AH?

my (F11)

Finally the expression for DC signal from spin rectification is obtained by replacing
OH with Hey; — Hres and substituting Eq. F.11 in Eq. F.9 as:

AH? Hoyi — Heos) AH
5 2 + Vasy—SR ( Xt rezs) )
(Hext - Hres) + AH (Hext - Hres) + AH

(F.12)

Vac = sym—SR

where Viym.sr and Vgy.sr are the Lorentzian components in symmetric and

antisymmetric lineshape:

ToAR o , ToAR ,
Veom_SR = hysin20 = 2= Agmhy sin26
Wm=SR = T 0 YAH (2Hyes + Hy + Hp) 2 p  Ooym/28I
(F.13)
IOAR (Hres + Hl ) . .
Visy SR = —hy sin @ 4 hy cos 0) sin 28
asy—SR > AH(ZHreS T H, —|—H2) ( x SN0 + hy cos )sm
ToAR
= 07 Ausy (—/iy$in 0 + fy cos 6) (F.14)

2
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The terms Agyy, and Aggy are the scalar amplitudes of the magnetic susceptibility
(Aj = xi/Ms). These terms are also angle-dependent, as they depend on the mag-

netic anisotropy of the device.



Appendix G

Analysis of the DC voltage in
Ferromagnet/heavy-metal bilayer

system

In this appendix we discuss the dependence of DC resonance signal on Osy, fpv, and
Q.. It has been shown in [1] that there are at least four components that contribute
to the DC resonance signal, namely spin rectification and spin pumping at ferro-
magnetic resonance (FMR) condition induced by either Oersted field or spin trans-
fer torque (STT). We denote these four components as Vst.sr , VsT.sp , Voe-sk and
Voe-sp respectively. The FMR driving mechanism is described using the Landau-
Lifshitz-Gilbert (LLG) equation. In the Ferromagnet (FM)/heavy-metal (HM) bi-
layer systems the spin pumping contribution leads to increase in effective damping.

The resultant equation can be described as:

dM Q, dM
= HoYetr (Hext +hoe +hst) x M+ ;Ifsf M x o (G.1)

where [y is the vacuum permeability; M is the saturation magnetization; Y.¢ and
Q.fr are the effective gyromagnetic ratio and the effective Gilbert damping factor

respectively including the effect from spin pumping. The term ho, and hgt are the
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Figure G.1: The two coordinate systems defined with respect to the charge current direction
(x-y-z system) and the total static magnetic field (x’-y’-z’ system).

effective magnetic field created by Oersted field and STT respectively, given by:

hoe =y - Jetam/2 (G.2)
h& OspJ,
hg=—""—"(Mxo G.3
ST 2el.toMstFM( ) (G.3)

The mechanism for generation of these effective fields is explained in detail in
Chapter 2. In the above Egs. G.2 and G.3 y is the unit vector along the y -axis,
as shown in Fig. G.1; v, Osyg and J.. are the thickness, spin Hall angle of heavy
metal (HM), and the charge current density in it respectively. M and gy are the
saturation magnetization and the thickness of ferromagnet, & is the spin absorp-
tion efficiency[1] ; e, Up and & are the elementary charge, vacuum permeability and
reduced Planck constant respectively; o is the unit vector of the spin polarization
created in HM due to flow of charge current by spin hall effect. From Eqgs. G.2
and G.3 it can be seen that STT-induced effective field hgt is proportional to Osy
and inversely proportional to tgy;, while the Oersted field is independent of both of

them.

The magnetization dynamics causes a time varying change in bilayer resistance
due to spin Hall magnetoresistance (SMR) [178]. Mixing of the applied microwave

current and oscillating resistance produces a dc voltage that is referred to as spin
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torque diode effect [115] given by[114]:
V(t) = Jownmtum cos(27ft) - {Ro — ARcos® [0 + O.cos2mft + )]} (G.4)

where wyy is the width of HM layer; Ry and AR are the bar resistance and the
change in resistance due to SMR; 6. is the cone angle of magnetization precession;
f and r are the microwave frequency and time and ¢ is the phase difference between
magnetization precession and current. In the case of small cone angle precession,

the expression can be simplified by Taylor’s series expansion up to first order[114]:

- Jeowumtam - ARG,

Vsr 5 ©sin26 cos ¢ (G.5)

Assuming the inhomogeneous linewidth is very small, the maximum preces-

sion angle can be determined by the expression:

0 _ Dt Yefr Holest
CTHTUAH T 27 fQlegr

(G.6)

where hegr 1s the effective driving field that is either STT-induced effective field or
Oersted field. As mentioned earlier due to the effect of spin pumping the damping
factor includes additional term, Qsp, resulting in effective Gilbert damping factor
given by [117]:

2
Yh 10

— G.7
22 Mtem 8eff ( )

Ceft (tFm) = O + Olsp = O +
where g;ff is the effective interface spin-mixing conductance [117]. The de-
pendence for AR on spin hall angle, Osy can be determined from the expression of

SMR as given in [66]:

AR ~ R 62, 2 (G.8)
+ 2; LA glfif coth )’LH—M
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where Ay and oy is the spin diffusion length and conductivity of HM; This
shows that AR o< GSZH while it is independent from tgy;.. Putting Egs. G.2,G.3,G.6
and G.8 in Eq. G.5 the expression for rectified dc voltage signal can be obtained as:
VsT-sR o< 9531{/ (Otefr tpnm) and Voe-sr o 952H/ Oleff -

The DC voltage created due to Inverse Spin Hall effect (ISHE) is described by
symmetric Lorentzian component Vgym—sp, being independent of the phase between

microwave current and the precessing magnetisation and is given by [117]:

2e I§ 0 -
Veym—sp = ROWHM%GSHAHMTI tanh (ﬂ) josin®

Y. (G.9)

where, 1 is a correction factor for the ellipticity of the magnetization preces-

sion. jg is the spin-current density at the interface given by [63]:

helie v (Hohetr )? [.uOMeff v+ \/(queff 7+ 16(7rf)2]

8m0Zy [(.UOMeff 7%+ 16(7Ff)2}

= (G.10)
where M.g 1s the effective magnetization. Putting Eq. G.2,G.3 and G.10 into
G.9, it can be found that Vgp_gp o< 983H/ (aefftFM>2 and Vpe_sp o< GSH/aesz
A summary about the resonance DC signals and their dependence on Oy, frm

and O,¢r s given in Tab. G.1.

Table G.1: Summary of resonance DC signal components driven by Ast and hge

Driving field | Spin rectification | Lineshape (SR) | Spin pumping | Lineshape (SP)
hst Cisin260 cos 6 Symmetric C»sin260 cos 6 Symmetric
hoe C3sin260 cos 6 Asymmetric C4sin260 cos 6 Symmetric
where, C; = —Cstsr[03y/(Ceritim)], C2 = Cst.sp[03y/ (Cefitem)?], C3 =

—COe_SR(GSZH / ®egr) and Cq = Coe-sp(Osu/ agff) are the constants.




Appendix H

FMR setups

In this appendix, pictures of the ferromagnetic resonance (FMR) setup used for the
experiments are shown, along with the sample holding stage. Fig. H.1 shows the
in plane and out-of-plane setups used in experiments and the sample holding stage
used for out-of-plane measurements. The magnet used for out-of-plane measure-
ments was GMW3473 which can provide high field upto 1.2 T. A motor at the
bottom of electromagnet allows 180° rotation of the magnet. The sample holder is
made from aluminium and is 22 cm in length and 3.6 cm in diameter. The sample
holder is placed between the poles of the magnet such that the sample is always in

the centre of the magnet that is in the region of uniform field.

Figure H.1: (a-b) Magnet setups used for measuremens. A field upto 1.2 T can be reached
and the motor assembly allows for the rotation of the magnet. (c) Coplanar
waveguide with sample mounted on it. (d) Sample holder used for mounting
the coplanar waveguide so that sample can be placed in region of uniform field.
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