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Abstract

The primary requirements for the development of spintronics are its potential for
miniaturization, speed of operation, thermal stability, low power consumption and cost.
It is possible to tailor and fabricate thin film heterostructures with added functiondities
for the improved interface induced phenomena such asterfacial Dzyaloshinskii Moriya
interaction (iDMI, an essential parameter required for the stabilization of chiral spin
texture known as skyrmions), reconfigurable spirwave (SW) nonreciprocity, spin
pumping, spin Hall effect, etcThe framework of this thesis is based on the experimental
and theoretical investigation of SW in ferromagnetic (FM)/nonmagnetic (NM) thin film
heterostructures and nanostructures. Primarily, wave vector resolved Brillouin light
scattering technique (conventionalBLS) and microfocused BLS have been employed to
probe the characteistic behaviour of SW in various combination of thin film
heterostructures, 1D magnonic crystal and 2D artificial spin ice system$he tunability
in the magnetic properties have beenachieved via varying thickness of thin films,
choosing an appropriate ombination of materials, nanostructuring, electric field, etc.

Specifically, the studied systems are classified as follows:

i) Investigation of asymmetric spin wave dispersion in thin film heterostructures

A detailed investigation of pure iDMI in technologically relevantheavy metal (HM)/
ferromagnet (FM) thin film heterostructures, namely W/CoFeB/Si®@, Ta/CoFeB/TaQ,
and TaN/CoFeB/MgO have been carried out by measuring the asymmetric SW dispersion
using BLStechnique. Further, he presence oiDMI in 2D Material/FM interface namely
graphene/NisoFexo have been investigated andbccurrence of sizableiDMI have been
revealed, despite the fact that carbon is a low material. The observediDMI in
graphene/NisoFexo is found to originate primarily from the defect induced extrinsic spin
orbit coupling of the monolayer graphene.A linear correlation between spin-mixing
conductance and surface DMI constant with respect to the defect density in graphemes
been established. Next, we examine the SW nonreciprocity induced by dipolar
interactions in a coupled bilayer consisting of twd=M layers separated by d@\M spacer
(NiFe/lr/CoFeB). The study is carried out by means ofBLS spectroscopy that is
complemented byanalytical calculations. It is revealed that relative magnetic orientation

can be controlled through a biasnagneticfield, and the ensuingmagnon nonreciprocity



can be turned on and off, which lends an important functionality to the couple&M

bilayers paving a wg for reconfigurable SWfrequency nonreciprocity.

i) Magnonic crystals in the form of artificial spin ice and voltage-controlled 1D
magnonic crystal: A comprehensive study of the spirwave dynamics of connected and
disconnected kagome atrtificial spin ice nanostructuremade ofNisoFexo nanobars using
BLStechnique complementedby micromagnetic simulations have been performed The
controllability of the various SWmodes with the magnitude as well as direction of the
applied field has beendemonstrated. The propagating SWs in NoFexo and CoFeB
waveguidehave been studiedusing custom-built microfocused BLS technique. In the case
of NiFe, imaging of the propagatingWsyields essential parameters of the SWs such as
decay length, group velocity etcFurther, the tunability in the magnonic band gap by an
electric field across the CoFeB/MgO interface applied through patterned 1D array of
stripe-like electrodes pave the way to new generation reprogrammable magnonic

devices with minimum Ohmic dissipation.



List of Publications

l. Included in th e Thesis

f p Ympr@ved Magnetic Damping in CoFeB/MgO with an 4doped Ta Underlayer
Investigated using Brillouin Light Scattering Technique

J. Sinha, C. Banerjef. K. Chaurasiya, M. Hayashi and A. BarmarRSC Adv5, 57815
(2015).

[2] Mirect Observation of Interfacial Dzyaloshinskii Moriya Interaction from Asymmetric

Spin wave Propagation in W/CoFeB/Si® Heterostructures Down to Subnanometer
CoFeB Thickness

A. K. Chaurasiya, C. Banerjee, S. Pan, S. Sahoo, S. Choudhury, J. Sinha and A. Baaman,
Rep.6, 32592 (2016).

[3] Mependence of Interfacial Dzyaloshinskii Moriya Interaction on LayeFhicknesses

in Ta/CoFeB/TaQ Heterostructures from Brillouin Light Scattering Technique
A. K. Chaurasiya, S Choudhury, JSinha, and ABarman, Phys. Rev. Appl9, 014008
(2018).

[4] (irect Observation of Unusual Interfacial Dzyaloshinskii Moriyanteraction in

Graphene/NiFe/Ta Heterostructuresd
A.K. Chaurasiya, A Kumar, R Gupta, SChaudhary, PK. Muduli, and A Barman, Phys.
Rev. B99, 035402 (2019).

f L Recobfigurable Spinwave Nonreciprocity Induced by Dipolar Interaction in a

Coupled Ferromagnetic Bilayed
R. A. Gallarado, T. Schneidek, K. Chaurasiya, A. Oelschlagel, SS P. K. Arekapudi, A

Roldan-Molina, R Hubner, K Lenz, ABarman, JFassbender, Lindner, O Hellwig, and P.
Landeros Phys. Rev. Appll2, 034012 (2019).

[6] MMagnetic Field Controlled Transition in SpirWave Dynamics in Kagome Artificial
Spin Ice Structure®

A. K. Chaurasiyaet al. (Manuscript to besubmitted)

[7] GPropagating Spin Waves in Magnonic Waveguides Studied using Microfocused
Brillouin Light Scatteringd

A. K. Chaurasiyaet al. (Manuscript to be submitted




ll. Not Included in the Thesis

[8Y Tudable Spin Wave Properties ifiCo/NiFe]r Multilayer with the Number of Bilayer
2ADAOEOET T 6

C. BanerjeeA. K. Chaurasiya, S. Saha, J. Sinha and A. BarmarPhys. D: Appl. Phy39,
395001 (2015).

[9] Onvestigation of Magnetization Dynamics in Two dimensional NiFex Diatomic

Nanodot Arraysd
A. De, S. Mondal, C. Banerjee, K. Chaurasiya, R. Mandal, Y. Otani, R. K. Mitra, and A.
Barman,J. Phys. D: Appl. Phys0, 385002 (2017).

[10] GDbservation of Skyrmions at room temperature in CéeAl Heusler AlloyUltrathin

Film Heterostructureso
S Hussain, N. Sisodid.K. Chaurasiya, A. Kumar, J. P. Singh, B. S. Yadavk&ngel. K W.
Chae, A. Barman, P. K. Muduli, P. Svedlinaihg S. ChaudharySci Rep. 9, 1085 (2019).

[11Y Ar(Botropic Spinwave Dispersion in Two Dimensional NgoFexo Diatomic Dot

I OOAUG6 ! 8 $A K ChaBrasiydAR. WMapd&A W Htani, R. K. Mitra and A. Barman,
J. Magn. Mag Mater. 491, 165557 (2019).

[12] GBpin Texture Driven Reconfigurable Magnonics in Chains Gonnected NjoFexo

Submicron Dot
A. K. Monda| C Banerjee, A. AdhikariA. K. Chaurasiya, S. Choudhury, J. Sinha, S. Barman,
and A. BarmanPhys.Rev. B 101 ,224426 (2020).

[13] irect measurement of interfacial DzyaloshinskizMoriya interaction at the

MoS/Ni soFexo interfaceo

A. Kumar*, A. K. Chaurasiya*, N. Chowdhury,A. K. Mondal, R. Bansal, A. Barvat, S. P.
Khanna, P. Pal, S. Chaudhary, A. Barman, and P. K. Muligi. Phys Lett. 116, 232405
(2020) (*Joint first authors)

[14] &/oltage Controlled OrRDemand Magnonic Nanochannefs

S. ChoudhuryA. K. Chaurasiya, A. K. Mondal, B. Rana, K. Miura, H. Takahashi, Y. Otani,
and A. BarmanSci. Adv6, eaba5457(2020)

[15] QAnisotropic Spinwave Propagation in Asymmetric Width Modulated NbFex

Nanostripeso
A. Adhikari, C Banerjee, A. K. Mond&\. K. Chaurasiya, S. Choudhury, J. Sinha, S. Barman,

and A. Barman(Manuscript communicated).

Vi



Acknowledgements
In 2013, 1 joined the S. N. Bose National Centre for Basic Sciences (SNBNCBS), Kolkata as

an integrated PhDstudent. During my B.Scdays in Banaras Hindu University, Varanasi, |
got a little bit of motivation to do research but the real exposurgvasrealized after joining
SNBNCBSHailing from a small town of Kushinagar (the place whereLord Gautam
Buddha attained Pamirvana after his death) in Uttar Pradeshgetting a chancein a
reputed research institute like SNBNCBSor higher studies was indeed a remarkable
achievementfor me. Therehas been a lot ofups and downs during my PhDhandling
those hurdles successfullyhas been an inspiring journeythat | will remember forever.
Firstly, I would like to express my sincere gratitude and deepest respect to my supervisor
Prof. Anjan Barman for his countless effts and constant support throughout my PhD
journey. | am forever indebted to him for making me learn the basic research
methodology to carry out the research and to present the research works as clearly
as possible. It was a great privilege and howo to work under his excellentguidance.
| alsothank him for providing me an opportunity and showing hisfaith in me for my M.Sc.
projects. | remember how difficult was toget that chanceto join his research team and
do research in his world class laborairy. His dynamism, vision, seriousness, discipline
anddedication towards researchhas deeplymotivated me to pursue researchl gratefully
acknowledge his efforts to improve my presentation skillsand allowing me to
communicate my research to the global communities through various national and
international conferences. He has always been supportive and cariimall circumstances.

| am also very grateful to Dr. Jaivardhan Sinha for his enrich understanding and
research experience which helped me quite a lot. He is such a humble person that
everyone appreciates himCoincidently, EA x A0 Al 01 1T Ax ET 0071 £8
joined for my M.Scproject. The stimulating discussion with himspecially in starting years
of my Ph.D. dissertationhas helped me to grow as a researcher. | thank him for making
me learn thevarious sample characterization tools, helping me to interpret the results
and writing the manuscript in a scientific manner

| specially thank Dr. Chandrima Banerjee for her guidance and care during my initial
days inlab. She is the one who first introduced me BLS spectroscopy and taught me to
handle and perform BLS measurement. She trained me to align ttendem FabryPérot
interferometer and other sophisticated optical alignment.Few times, | also got scolded

by her for my mistakes in the lab but in some sense, it helped me a lot to grow myself and

Vii



to developmaturity and seriousness towards my research workl. alsothank Dr. Samiran
Choudhury for his help in sample fabrication and useful discussions on various occasions.

| am also thankful to my senior group members Dr. Arabinda Haldar, Dr. Bivas Rana,
Dr. Semanti Pal, Dr. Ruma Mandal, Dr. Susmita Saha, Dr. Dhé@argjar, Dr. Bipul Kumar
Mahato, Dr. Arnab Ganguly, DrDebanjan Polley, Dr. Kallol Mukherjee, Dr. Rakhi
Acharyya, Dr. Sumona Sinha, Dr. Sandeep Agarwal, Dr. Arpan Bhattacharyya for their help
and support. | am also thankful to my senior colleaguesum-friends Dr. Samiran
Choudhury, Dr. Sucheta Mondal, Anulekha Dend Santanu Parfor the quality time spent
during various conferences in India. | also thank my batchmate Kartik for thaseful
discussions at times | also thank myjunior colleagues Payal, Sreya, Soma, Pratap,
Koustuv, Sayantan, Amrit, Sudip, Surya, Arundhati, Sourav for creating a pleasant
atmosphere in the labs and helping me in many wayshe coffeebreak and evening
snackswith Samiran, Sucheta,Arundhati, Sourav, Sudip and Surya will beemembered
forever. The presence ofNeha, Anuj, Biswa}, Gyandeep, Gaurav and Shubham in the lab
during their projects were quite joyful.

| am very much thankful to my IPhDbatchmates: Neeraj, Ankan, Ritam, Santanu,
Amal, Sourav, DebalinaRiddhi and Sanchifor our group studies and discussion on
various issues. Alsp| would like to express my gratitude to all the colleagues in this
campus.In particular, | had a great time with Rasell, Ravindra, Dhani, Foonam, Shalili,
Tukun, Monalisa, Shishir, BalwantVishal, Shashank, Shubhafar the late-night parties,
birthday celebration, and many indooroutdoor activities. My special thanks to
organizing team of Airtel Run for educationBhumi Indiafor giving me an opportunity to
be marathon enthusiasts. Running kept me full of positivity and healthy throughout my
PhD. | woutl cherish the momentsspentwith my running partners Ransell, Shishirand
Tukun.) APGDPOAOGO 1 U EAAOOEAOO COAOCEOOAAmME&s 3 AT E,
for providing meal. | also thank the institute canteen (Bhagirathi)specially for their
utmost care during the @vid-19 pandemic. Thefood services from the nearbysnacks
point, Siv Sai, Rajballavi sweets, Mio Amoreplice canteen Big Bazaar,Baati Chokha
restaurant, Abcos,City centre, Mani SquargVai da shopetc. were quite helpful.

| sincerely thank Dr. Will Branford and ProfLesley Cohen for hosting me at Imperial
College London during myvisit under Newton Bhabha PhD Placement program. | am
thankful to Dr. JackC. Gartsidefor giving me training regarding nanofabrication. The

other group members Kilian, Alex,Kevin, Sofia, Daan, Elysieand Freya were very

viii



generous to give me a good company and thesuggestionsto explore London. | thank
Jeff, Pierre, Anni, Katherine and Pablor being a part of successful project that won the
award for best students-led project proposal during the IEEE summer school 2@Lin
Quito, Ecuador.l also thank Dr. AkashKumar and Dr. Sajid Hussain for enlightening
discussionsregarding our collaborative work.

| would also like to thank Prof. O. Hellwig (Germany), Prddujeet Chaudhary & Dr. P.
K. Muduli (IIT Delhi), Prof. Y. Otani (RIKEN, Japafgr providing us with samples | thank
Prof. Pedro Landeros for the theoretical support in order to interpret my experimental
results. | sincerely thank Dr. Saswati Barmanfor her support in LLG Mcromagnetic
Smulator. | sincerely acknowledge all the staff of the technical delacademic section,
account & purchasesection etc.at SNBNCBS for theisupport on many occasionsl am
also thankful to my teachersand friends starting from my schoolto university for their
help and support.

| express my heartiestgratitude to my parents, younger brother and elder sistersfor
their unconditional love, encouragementand support. | am indebted forever tahem for
the sacrifices they have made for meo reach at thisstage During my PhD|| could spend
a very little time with them but they never complained The love and affection from my
cute nieces towards me are always mesmerizing.expressmy deepest respect to my
grandparents whose blessings are always with méam extremely grateful to my dearest
friend for supporting me through thick and thin.I shall cherish forever the love, care, and
strength that | got irrespective of whether | stayed near or farl am very much thankful

for thoseadvicesto adopt good habitsfor living a healthy life.

Finally, I thank the S. N. Bose National Centre for Basic Sciences for giving ame
opportunity to work in such a wonderful environment. | gratefully acknowledge
Department of Science and Technology (DSTINSPIRE for providing meresearch
fellowship. | also acknowledge the financial support fromlIEEE Magnetic Society, DSF
SERB for international travel grant, CSIR, British Council Ugtc. to attend various
national and international school/conferences/visits held in India, Ecuador, USA, United
Kingdom, and Italy.

Avinash Kumar Chaurasiya

S N. Bose National Centre for Basic Sciences
Kolkata, India



List of Abbreviations

AFM : Atomicforce microscopy
(A)FM : (Anti) Ferromagnet

ASI . Artificial spin ice

AHE : Anomalous Hall effect

A : Angstrom

BLS : Brillouin light scattering

BZ : Brillouin zone

BG : Bandgap

CMOS Complementary-metal-oxide semiconductor
CVD : Chemical vapor deposition
CwW : Continuous wave

DC (dc) : Direct current

DE : DamorgEshbach

() DMI  :Interfacial Dzyaloshinskii-Moriya interaction
DOS : Density of state

DPSS : Diode pumped solid state laser
DW : Domain wall

EBL : Electron beam lithography
EBE : Eledron beam evaporation

EM : Electromagnetic

EMF : Electromotive force

EY : Elliott-Yafet

ECMA : Electric field controlled magnetic anisotropy

EDXS : Energy dispersiveay spectroscopy
EFCMWG Electric field controlled magnonic waveguide
e.g. : For example

FDM : Finite difference method

FE : Ferroelectric

FFT : Fast Fourier transform

(FE)SEM : (Field emission) scanning electron microscopy

FEM : Finite element method



FMR : Ferromagnetic resonance

(MFPI : (Tandem) FabrPérot interferometer
FSR : Free spectral range
fs : Femtosecond

FWHM : Full width at half maximum

GMR : Giant magnetoresistance

GSG : Ground-signal-ground

HAMR : Heat assisted magnetic recording
HM : Heavy metal

HWHM  : Half width at half maximum

HWP : Half wave plate

Hz . Hertz

i.e. : That is

IP : In plane

IPA . Iso-propyl alcohol

(DSHE : (Inverse) spin Hall effect

LBO : Lithium triborate

LLG : LandauLifshitz-Gilbert

LED : Light emitting diode

MAMR : Microwave assisted magnetic recording
MSBVM : Magnetostatic backward volume wave
MC : Magnonic crystal

ME : Magnegtastic

MSFVM  : Magnetostatic forward volume wave
MFM : Magnetic force microscopy

MHz : Megahertz

MIBK : Methyl isobutyl ketone

mm : Millimeter

MO : Microscope objective

(TR)MOKE: (Time resolved) Magneteoptical Kerr effect

MPMS : Magneticproperties measurementsystem
MRAM : Magnetoresistive random-access memory
ms : Millisecond

Xi



MSSW
MTJ
mwW
MWG
mm

N. A.
nm

NM

ns
OBD
OOP
OOMMF
()PMA
(P)BS
PSSW
PVD
Py
(P)MMA
RF (rf)
RKKY
RT
SAF
SIA
SHA
SOT
SOoC
SOl
STNO
STT
SW
SQUID
TD
(HR)TEM

: Magnetostatic surface spin wave
: Magnetic tunnel junction

. Milliwatt

: Magnonic Waveguide

: Micrometer or micron

: Numerical aperture

:Nanometer

: Nonmagnetic

: Nanosecond

: Optical bridge detector
: Out of plane

: Object oriented micromagnetic framework
. (Interfacial) Perpendicular magnetic anisotropy
: (Polarized) beam splitter

: Perpendicular standing spin wave

: Physical vapor deposition
: Permalloy

. (Poly)methyl methacrylate
: Radio frequency

: RudermargKittelzKasuya Yosida

: Room temperature

: Synthetic antiferromagnet

: Structure Inversion Asymmetry

: Spin Hall angle

. Spin-orbit torque

: Spinorbit coupling

: Spin-orbit interaction

: Spin torque nano oscillator

. Spin transfer torque
: Spin wave

: Superconducting quantum interference device

: Topological defect

: (High resolution) Transmission electron microscopy

Xii



THz
TMR
TOM
VCMA
viz.

VS.
VSM
XRD
YIG

: Terahertz

: Tunnelling magnetoresistance

: Torsion oscillating magnetometry
: Voltage controlled magnetic anisotropy
: In other words

- Versus

: Vibrating sample magnebmetry
. X-ray diffraction

> Yttrium iron garnet

Xiii



List of Figures

Figure number and caption
Figure 2.1: Schematic of DzyaloshinskMoriya interaction at HM/FM interface 25

Figure 2.2: The schematic representation of magnetization precession around the

effective magnetic field direction 32

Figure 2.3: Semiclassical representation of SWs in a ferromagnet: (a) the ground state,
(b) SW of precessing magnetic moment, (c) SW (topiew) showing a complete

wavelength 36

Figure 2.4: (a) Schematics of PSSW mode cowfil along the thickness of a FM thin film
and MSSW mode. (b) The dispersion relation for different types of magnetostatic SW

modes 37

Figure 2.5: (a) Geometry of the Kerr rotation §) and Kerr ellipticity } w. Schematics of

various MOKE geometries: (a) polar (b) longitudinal and (c) transverse 39

Figure 3.1. Schematic of RBCsputtering . 45

Figure 3.2: Schematic of beam evaporation 46
Figure 3.3: Schematic of the4beam lithography (EBL) proces. 48

Figure 3.4:Schematic diagram of chemical vapour deposition (CVD) process 49
Figure 3.5: Schematic diagram of scanning electron microscape 50

Figure 3.6: (a) Mechanism of Xay diffraction and (b) schematic diagram of XRD 51

Figure 3.7:Schematic diagram of atomic (magnetic) force microscopy 54
Figure 3.8: Schematic diagram of a vibrating sample magnetometer 56
Figure 3.9: Schematic diagram of static MOKE

Figure 3.10: Schematidiagram of Raman spectrometer 59
Figure 3.11: Schematic of the Stokes and af8tokes processes 61

Xiv

58



Figure 3.12: Schematic of the scattering of incident laser beam by surface and bulk

magnons 62

Figure 3.13: Schematic illustration of the interaction between jpolarized incident beam

and precessing magnetization 63

Figure 3.14: The typical DE scattering geometry showing the incident, reflected and
scattered beams, the direction of magnon wave vectors for Stokes and aS8tokes

processes in BLS experiment 64
Figure 3.15: Schematic of conventional Brillouin light scattering (BLS) spectrometer 66

Figure 3.16: Schematic of the tandem Fabifpérot interferometer (TFPI). 68
Figure 3.17: Transmission characteristics of FP1 and FP2 and in tandem operation 70

Figure 3.18: Figure 3.18: (a) Schematic of the microfocused Brillouin light scattering
setup. (b) Schematic illustration of the RF excitation through groundignal-ground (GSG)

type antenna 72
Figure 3.19: Image of the GSG picoprobe during launching on the Au antenna 73

Figure 320: Screenshot of the micreBLS software (TFPDAS4.2) after setting up the

stabilization protocol. 74

Figure 3.21: The screenshot of TFPDAS4.2 software window during the data acquisition
90

Figure 51: (a) Schematic of the film stack along with the BLS measurement geometry. (b)
Magnetization hysteresis loop for film stack 2 W/1 CoFeB/2 SiOwith magnetic field
applied within the film plane. (c) The plot ofKerrt as a function of CoFeB thickness along

with the linear fit to estimate the interface anisotropy 90

Figure 5.2: (a) Representative BLS spectra measured for the 2W/1 CoFeB/2 SHIm
stack for various in-plane applied magnetic fields ak = 0. Digits mentioned above each
OPAAOOOI AT OOAOBITA O OkAb) Plétofifrdgleck versilisAT A O/

magnetic field for 2W/t CoFeB/2 SiQfilm stack at varioust. The value 6t is mentioned

XV



in each panel. Symbols represent the experimentally measured data point whereas solid
curve is the fit using standard Kittel equation. (c) Variation oMett as a function of inverse
of CoFeB thickness 92

Figure 5.3 (a)z (d). BLS spectra measured at waveector k = 2.04 x 10 rad/m for the 2
W/t CoFeB/2SiQ film for two counter propagating directions. The spectrum
corresponding to particular thickness of CoFeB is indicated by mentioning thickness

value in each panel 94

Figure 5.4: Frequency vs. wavgector dispersion curve for (a) 2 W/0.85 CoFeB/2 Si©

and (b) 2 W/1 CoFeB/2 SiQfilms. Symbols represent the experimental data points; red

solid curves show te fit to the data points using Eq. 2. The blue dashed curve shows the
dispersion curve in the absence ofDMI. Plot ofaf vs. k for (c) 2 W/0.85 CoFeB/2 SiQ

and (d) 2 W/1 CoFeB/2 SiQ films. Here, solid line represents the linear fit to the
AobAOEI AT OA1 AAOA OOET ¢ %wN8 o Ol AiodhewinAOA OE

by considering the error from the fitting of the spinwave spectra 95

Figure 5.5: (a) Variation of asymmetry in the frequency and (b) Variation of DMI constant

xEOE OEA ET OAOOA 1 £ #1 & Agshovily doksidéritpde erEA A OO
from the fitting of spectra aswell as the instrumental resolution to determine the peak

frequency and forD it is shown by taking into account the error in estimation ofMs as

x A1 1f. TAedineHr fit to the data in both the cases is shown using red solid line 69

Figure 5.6: Linewidth of the spinwave spectra as a function of wawesctor for 2 W/1
CoFeB/ 2 SIQAO A AEAO /A&BEAperineniainewidtp datd @r¢ denoted by
symbols. Error bars show standard deviation of thespectral linewidth obtained using
Lorentzian function. The solid red line represents the fitted curve using equation (4). Blue

dashed line is the same without considering the DMI in the film stack 98

Figure 5.7: (a) Representative BLS spectra measured at wave vedter 2.04 x 10 rad/m

for the dW/1 CoFeB/2 SiQ sample for two counter propagating directions. The spectrum
corresponding to specific thickness of W is indicated by mentiong thickness value in

AAAE DAT A1 8 311 EA AOOOA EO OEA FEEOWOWET ¢ , 1
thickness. (c) Variation ofD with W thickness. Symbols represent the experimental data

points and solid lines are guide to eyes

XVi



Figure 6.1: (a)Grazing incidence Xay diffraction (GIXRD) pattern for the sample 6 Ta /1

CoFeB/0.5 Ta®@grown on Si (100) substrate. (b) AFM image af Ta/1 CoFeB/0.5 TaQ

(0.5)(where d=1 and 6 nm). (c) Representative BLS spectra measured for 2 Ta/2 CoFeB

/0.5 TaOx for various in-plane applied field atk ® 18 $ECEOO | AT OET T AZ
OPAAOOOI OAEAO O o@pPlofoffiedudndy B ds maghdid fildld @1 4 Tt
for the film stack 2 Tat CoFeB/0.5 TaQwith t = 1, 1.5 and 2 nm. Symbols represent the
experimentally measured data points, whereas solid curve is the fit using Egl1. Inset:

Schematic of the measurement geometry. (e) Plot Merr vs Ta thickness for film sack d

Ta/l CoFeB/0.5 TaQ(left and bottom axes) and CoFeB thickness 2 TaCoFeB/0.5 Ta®@

(right and top axes) 105

Figure 6.2: (a) Representative BLS spectra measured at wave vedter 2.04 x 10 rad/m

for the Ta (2 nm)/CoFeB {)/TaOx (0.5 nm) sample for two counter propagating
directions. The spectrum corresponding to particularthickness of CoFeB is indicated by
mentioning thickness value in each panel. Solid curve is the fit using Lorentzian function.
i AQ 0 vsiGor Ta42 ren)/CoFeB ()/TaOx (0.5 nm) samples with various values of
t. Symbols represent the experimental da points and solid lines are the fit using Eq.

(6.2). Inset: Schematic of the film stack along with BLS geometry 107

Figure 6.3: (a) BLS spectra of Ta (2 nm)/CoFeB (1 nm)/Ta@.5 nm) sample measured
underHE 1 8 @k =417 x 10 rad/m for various in plane angles%. (b) The variation
I £ AOANOAT A § bebnEeft ZidkesfahdadStgkes peak of Ta (2 nm)/CoFeB (1
nm)/TaOx (0.5 nm) sample with in-plane angle%. Symbols represent the experimental
data points and solid curveis the fit using Eq.(6.3). Inset: Schematic of the 180

backscattering geometry 8 1

Figure 6.4:6 A OE A O E(fop parielflanaD (bottom panel) with the inverse of CoFeB
OEEAET AOO8 4 Hsdshohy toasidekidgGhe Erior frem the fitting of spectra
as well as the instrumental resolution to determine the peak frequency and f@, errors

in MsA O x A1ihhve Beén taken into account. The red solid lines in both the cases are

the linear fits. 110

Figure 6.5: (a) Representative BLS spectra{v) measured at wave vectok = 2.04 x 10
rad/m for the dTa/1 CoFeB/0.5 TaQsample for two counter propagating directions. The

spectrum corresponding to specific thickness of Ta is indicated by mentioning thickness

XVii



OAl OA E1T AAAE DPAT Al 8 3T1EA AOOOA EO OEA £EEO
with k for d Ta/1 CoFeB/0.5 TaQ samples with variousd values. Symbols represent the
experimental data points and solid lines are the fit using E@6.2). (c) Variation of D with

the Ta thickness 111
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Figure 7.4: (a) Raman spectra of CVD grown graphene on a Si/Siéfter the deposition
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Chapter 1
1. Introduction

Human life inthe modern day has changed substantially because of tleger-increasing
technological growthcomplemented by fundamental science. A lot of progress in the field
of electronics and data communication has been made by sc@nand technology which
promises better lifestyle of the human in terms of healthknowledge and security. In the
previous century, an immense development in the physics of charge current wasade
which hasbecomean essential backbone of the modern electronicés we know thatan
electron having a negative electric charge reign over various properties condensed
matter system. Apart from the charge degree of freedom, electromlso has internal
angular momentum, which is analogous to the rotation of a classical particle, named spin.
Although the spin ofan electron was known long ago, the sphnelated exotic properties
have beenunravelled during last few decades only. This has revolutionized the material
research field in terms of technological and fundamentakcience viewpoints. The
development and implementation of this researcHield is growing tremendously by the
hard work and the dedication which are being putogether by the researchersglobally.
According to the international technology roadmap for semiconductors (ITRS), both the
miniaturization as well as the operating speed of semiconductor devices will be reaching
their extreme limits in the next few years[1]. In addition, the translational motion of
electrons in semiconductor devices generate a huge amount of heat waste (due to Joule
heating) leading towards high power consumption. It is the need of the hour to overcan
these challenges to make positive impact on the society.Initial attempts were made by
introducing photonic (phononic) crystals [2-9] which are optical (acoustic) analogues of
the atomic crystal where manipulation of frequency band is done using lighiisound)
waves by periodicallymodulated dielectric constants (elastic constant) and by varying
the geometrical parameters of these artificial structure$10-15]. Thus, photonic crystals
offer a high spectral selectivity which forms the basis for itgpotential application in
optical nanodevices such as photonic waveguid¢$6-23] and integrated circuits[24-28].
On the other hand, lethora of research activities have gainedhomentum in the field of
nanomagnetism where novel andntriguing phenomenaare observed at nanoscale. In the

late 1980s, a considerable interest in the study of magnetic properties of the materials

1



had illuminated and as a result, a new term spintronics which is analogous to electronics
came into the existencd29]. The spintronics (spin + electronics) mainly deals with the
study of the role plays by electron spin in solid state physics and possible device
applications that exploits the spindegree of freedomof electron. The achievement of the
minimal power consumption, high speeé information processing, nonvolatility and giant
storage capacityin magnetic memory based on thin film heterostructured30-36]. The
successfulspintronic device already being utilized in the industry as a read head and
memory storage cell consists of giant magneto resistive (GMR) structurehaving
alternating ferromagnetic (FM) and nonmagnetic (NM) metal layers [37-40]. The
resistance of GMR device (commonly known as magnetoresistance) changes from large
(antiparallel magnetization) to small (parallel magetization) depending upon the
relative orientation of the magnetization in the magnetic layers. The teclutogical
realization of the GMR is evident in notvolatile magnetic memories such as
magnetoresistive randomaccessmemory (MRAM)and magnetic hard dsk drive (HDD)
[30]. Recent progress in GMR technology also includes the magnetic tunnel junctjét-
43] where tunnelling current depends upon the relative spin orientation of the
electrodes. Therefore, the discovery of GMR can be thought of nothing less than a
revolution in the field of data communication and hence ta@ecognizethis work, Peter
Grunberg andAlbert Fert were awarded Nobel prize in 2007A number ofintriguing and
technologically important phenomenaare also observed in thin film heterostructures,
namely perpendicular magnetic anisotropy (PMA) [44], exchange spring effect [45].
(Inverse) Spin Hall effect ((I) SHE)[44-49], RashbaEdelstein effect [49], pin pumping
[50-52], interfacial DzyaloshinskitMoriya interaction (iDMI) [53-54], voltage controlled
magnetic anisotropy (VCMA)55-58], spin transfer torque (STT) [59-60], spin-Seebeck
effect (SSE)[61-62] and spin Nernst effect[63-68]. In recent years, scietific community
has explored plenty of subbranches under magnetism research such apintronics [69-
71], magnonics [/2-76], topological magnonics [77,78], spinorbitronics [79-81],
antiferromagnetic spintronics [82], magnon-spintronics [83], magnetoelectronics
[84,85], magnetophotonics [86,87], magnetophononics [88-90], spin mechatronics

[91], skyrmionics [92] etc.

To harness the spin degree of freedom over the charge, spin wa &Ws) havea potential
to make an impact for energy efficient data transfer angrocessing SWs and their quanta,

magnons (with spin 1 obeying Boséinstein statistics) are the lowlying energy states of
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spin systems coupled by exchange interactiof®3-94]. In 1929, SWs were first predicted
by F. Bloch[95-98]. SWs can bevisualized as propagating phase of precession of
microscopic magnetization vector in a magnetic medium. Interestingly, the frequency of
the SW lies inthe GHz regime which make it suitable for on-chip data communications
at nanoscale. On the other hand, they present a broad variety of linear and rlamear
properties which offers an ample room for fundamental researchBecause of the
intriguing properties shown by SWs propagating througha periodically modulated
magnetic media, the namemagnon crystalwas coined by Nikitov [99]. The main
advantage of the magnonics lies in the fact that the transport and processing of
information by SWs occurs withoutthe movement ofany real particle which makes it
lucrative from the technological point of view. SW in periodically patterned ferromagnets
the magnoric crystal (MC),is analogues to the electromagnetic (EM) waves in photonic
crystals (where periodic structures moulds the flow of plasmon, elastic or acoustic
waves). The MC belongs t@n unusual class of artificial crystalsas it offers tunability in
the magnon band structures not only due to the periodic nature of the crystal but also
due tothe spatial arrangement of the magnetization vectorgvithin it [100 -103]. TheSW
dispersion characteristics can be controlled by the geometrical parameters of thetti@es
such aselementshape elementsize, lattice constanand lattice symmetrycombined with
the magnitude and angle of the applied magnetic field, electric field by modulating VCMA.
This feature offers a remarkable flexibility for tailoring the SW properties in
unconventional artificial structures, such as skyrmion lattice[104-107], artificial spin ice
[108-114], fractal structures [115,116] and quasicrystals [117] In the case of dipole
dominated SWs,SW dispersion is anisotropic and can belassified on the basis of the
relative orientation of magnetic field and the SW wave vectornamely the Damon
Eshbach (DE) [118], backward volume (BV) [119,120] and forward volume
characteristics[121] . Further, perpendicular standing SWYPSSW)with dif ferent nodal
planesacross the thickness of FM thin filntan be foundThe comprehensive control over
the fundamental properties of SWs like frequencygispersion [122-123], amplitude[124],
phase[125], group velocity[126], anisotropy [127], nonreciprocity [128] is undoubtedly
necessary to pave the way for the next generation S¥ased multifunctional devices. It is
also worth mentioning here that hybridization of magnonics and spintronics withvarious
other research fields is also growingsteadily. For exanple, the interplay of the intriguing

properties of magnonic, photonic and phononic crystalgives rise to newer emerging
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artificial crystals called as magnetophotonics or magphonic crystals [129].
Furthermore, the spin orbit coupling induced interface related phenomena such as
(inverse) SHE iDMI, Rashba effegtspin pumpinghas grown tremendously in the recent
years. The investigation and precise control of theseffects are necessary for the

technologicalrelevance.

In the following, an overview of the potential systems related to thespintronic and
magnonic based research will bepresented in order to set a motivation of this thesis.

Finally, the layoutof the thesiswill be given.

1.1. Thin Films for Information Storage

The development in the growth facilities of highquality thin film heterostructures and
nanostructure fabrication has led to the exploratory realization of many new physics in
the recent years. The discovery of the GMR l&althe revolution in the magnetic recording
industry and the scope for demonstrating high density magnetic storage along with the
controlled and fast magnetization switching ha caught significant attention of the
scientific community. Initially, the magneic drum, tape, bubble memory and disk were
being used to store the data in the form of magnetic domains where the orientation of
magnetization in each grain/domainwere used aghe single bit of information. The read
and write of the data was done using GMR or tunnelling magnetoresistanCEVIR) based
read head[130-135]. After this, longitudinal recording media[136,137] came into the
picture where grain ofa granular film was thought of as individual domain with in-plane
magnetization. The shortcomings of thesemedia were their thermal instability
predominantly due to superparamagnetic effecand inadequacy for the higher storage
capacity [138]. This repercussion happened dueotthe combined effect of the reduced
size of the grains and the increased possibilities of the cross talk between the magnetic
bits. The possible wayout of this problem was observed in magnetialloys (such as CoPt,
CoCrPj and multilayers (such as Co/PtCo/Pd, Fe/Pt, Co/Ni) with highPMA[139-141].
A higher areal density of about 340 GB/inch[142] was achieved in PMA media which
are thermally and magneically more stable at room temperature(RT). Therefore, a great
effort is needed tosearchfor material for tailoring PMA by introducing defectadatoms
and tuning thickness of the FMayer. Also, the doping of highly electronegative elements
(like nitrogen) affects the strength of PMA leading towards the different characteristic

behaviour of the thin film heterostructures [143].



On the other hand, despite of having the improved thermal stability in PMA systems, they
still require a very high magnetic field to switch the magnetization. To solve this issue,
heat assisted magnetic recording (HAMRhas been proposed by tuning the magnetic
anisotropy locally by applying heat preferably using focused laser sourc§l44].
Consequently the search for the thin film heterostructures exhibiting favourable
properties like tunable magnetic anisotropy, nonreciprogy due to RudermargKittelz
Kasuya Yosida(RKKY) mediated interlayer interaction, chiral spin texture, topologically
protected and stabilizedskyrmions due to iDMI had begun. To this end, we have studied

the SWproperties of various class of FM thin filmheterostructure s as described below

1.1.1. Systems with Structure Inversion Asymmetry

As mentioned abovethin film heterostructures of FM with a heavy metal (HM)having
large spin-orbit coupling (SOC)ives rise to the fascinating phenomena such as PMBE
spin pumping, RashbaEdelstein (RE) effect andDMI. Specifically, the effect of structure
inversion asymmetry (SIA) in low dimensional systems of the type HM/FM/Oxide leads
to DMI which is atype of indirect exchange interaction & predicted by Levy andFert in
1980 [145]. However, because of the massive potential to explore new physics such as
chiral domain walls and skyrmions (topologically protected magnetic solitons)
experimentally, it has atracted huge attention recently. In the following, abrief

description of the ongoingresearch based on these systems will be presented:

1.1.1.1. Heavy metal/Ferromagnet Interface

From the very beginning, HM/FM thin film heterostructures have shown tremendous
opportunities for the advancement of the magnetic recording industry. In general, the
pivotal role played by HM possessing large SOC leads to the occurrence of various
phenomera as mentioned above Interestingly, these spinbased phenomena are robust
to defects,disordersand room temperature fluctuations making them appealing for room
temperature spin-based device application. HM/FM-based heterostructures have
emerged as a powdul entity to generate chiral magnetic structures, spin-charge
interconversion under electric current and control over the magnetization dynamics. The
switching of the magnetization has been possible via current induced spin orbit torque
(SOT) by transferring the spin angular momentum from lattice to spin. As mentioned
earlier, the broken inversion symmetry at HM (with large SOC)/FM interface leads to

iDMI. The resulting spin textures due to large iDMI were first observed in ultrathin



epitaxial film structure Mn/W (110) [146] and skyrmions were observed n Fe and Fe/Pd
on Ir layer [147-148]. Mae recently, the demonstration ofskyrmions induced by iDMI
has been possible at room temperature in magnetic multilayers grown by technologically
relevant sputtering technique [149, 150]. TheselDMI stabilized skyrmions are potential
candidates for next generation information storage and logic devices. Different
experimental tools like current induced domain wall motion [151], spin polarized
scanning tunnelling microxopy [152], high resoltion spin-polarized electron energy
loss spectroscopy[153], scanning nitrogen vacancy magnetometdi54], synchrotron-
based xray scattering[155], asymmetric hysteresisloop-basedmeasurement[156] have
been used to characterize the strength of DMI. It is worth tmention here that magnetic
field and current driven domain wall measurements were definitely linked to the PMA.
Hence, at present, an independent measurement by employing Brillouin lightattering
(BLS) is widely being used t@accurately explore iDMI in theseSIAsystems[157-167].In
most of the studies, Pt/FM heterostructures have been used. Since the Pt is an expensive
material and also induces interface anisotropy, so the search of othaternative HM/FM
suchas W, Ta, Ir, TaN [160,161] systems with significant and pure iDMI is of high demand.
Also, both W and Ta can show a thickness dependent structural phase transition from
b to a phase andmay affects thestrength of iDMI. Therefore,it would be interesting to
investigate how iDMI is affected by this phase transitionFurthermore, the investigation

of iDMI in N-doped-Ta/CoFeB/MgO thin film heterostructures is important because it
offers a unique opportunity to tune the magnetic propeies as a function of nitrogen
doping. Another important parameter is the magnetic damping, which is greatly
influenced by the extrinsic contributions such as twemagnon scattering, spin flip
scattering, spin pumping, etc, and iis important to explore the effect of Gilbert damping
of an FM layeron the doping concentration of its adjacent HM layer and the ensuing
magnetic inhomogeneity [168]. Hence, the manipulation and control of DMI, which plays
a vital role in the context of chiral domain walls andskyrmions, offers a novel route to

design spintronics devices for data storage and newolatile logic.

1.1.1.2. 2D-Material/FM Interface
Two-dimensional (2D) materials aregenerally crystalline materials in nature formed by
single layer of atoms.These materials areeither 2D allotropes of various elements or

compounds.The widely known 2D material made up of a single layer of graphitic carbon



is the graphene.The observation of spin transport with unprecedented spin diffusio
lengths ofthe order of severalmicrometers at room temperature make the graphene a
very favourable spin channel materia[169]. The tunability of the carrier concentration
and high electron mobility in graphene by application of gate voltage has alsctraicted
significant interest recently [170,171]. There has been significant development in the
field of graphene spintronics that includes defect induced magnetism in graphene [172],
efficient spin injection [173,174], intrinsic and extrinsic SOC [175], eémancement of SOC
in the graphene achieved via hydrogenation [176], fluorination [177], the presence of
adatoms [178] etc. The presence of SOC in graphene leads to many other intriguing
phenomena such as SHE [176], topological quantum SHE [179], quantum aradous HE
[180], Rashba effect [181], spin dependent Klein tunnelling [182], weak antocalization
[183] and modification of plasmon spectrum at large scale [184]. Hence, the tunability
and controllability of SOC in graphene by gating and functionalizatio offers a very
versatile route in pursuit of spintronics application. A major part of the graphene
research is also being carried out to underpin the rich physics involved in graphene/FM
interface making them useful candidate for magnetic memory deviceg.or example,
recent observation of sizable iDMI at graphene/FM interface originating from Rashba
effect when investigated using first principles calculation [185] and spin polarized
electron microscopy [186] have not only ignited the research to explore #himpact of it
on the chiral spin texture but also to tune the strength of iDMI with thickness, localized
defects etc. It also motivates to employ the direct measurement tools to asses iDMI in
more industrial friendly graphene/FM systems [187]. Despite othe fact that graphene
has very low intrinsic SOC, graphene induced iDMI should be adequate to stabilize
skyrmions in graphene/FM-based heterostructures.

On the other hand, owing to the presence of larger intrinsic SOC in transition metal
dichalcogenides (TMDs, e.g. Me&than graphene, the possibility to enhance the DMI in
the 2D-TMDs/FM-based heterostructures is more promising.Most importantly, the
absence of the inversion centres in TMDs [188] bestows considerable advantage for

generating unconventional SOT in TMDs/FM heterostructureEL89-191].

1.1.1.3. Synthetic Antiferromagnet
Synthetic antiferromagnets (SAFs), which are artificial antiferromagnets consisting of
two or more thin FM layers separated by NM spacers, are potentially impant for

applications in spintronics. The FM layers in SAF are coupled by thin NM spacer via

7



interlayer exchange coupling widely known as RKKY coupling [19294]. In addition, by
tuning the thickness of the NM spacer between two FM layers leads to the Fparallel
alignment) to antiferromagnet (AFM;antiparallel alignment). However,the quantitative
comparison of theinterlayer exchange couplingreveals that synthetic antiferromagnets
possess a rather weak interlayer exchange coupling as opposed to thgeuexchange
coupling in antiferromagnetic crystals. Nonreciprocal properties of SWs can be
introduced into FM materials by the intrinsic dipolar interactions. Recently, SOT induced
magnetization switching has also been demonstrated in devices consists 8AFs
[195,196]. Moreover, the dipolarly coupled arrays of magnetic nanopillars [197], FM
nanotubes [198], 1D FM periodic structure [199],and trilayers based of antiferromagnets
[200] exhibit SW nonreciprocity which make SAFs desirable for applications in magnetic
field sensing, MRAM and nanoscale nonreciprocal magnonic devices [2BQ3]. A
detailed study regarding the reconfigurability of SW frequency nonreciprocities

investigated using BLS &s been carried out recently [204].

1.1.2. Magnonic Crystals

As mentioned earlier, here have been extensive research on the photonic crystaiwvhile

its magnonic @unterpart have not beenvery thoroughly studied from all possible angles
Owing to the contollability of the magnon frequency, band structure andband gapby
internal structure and external stimuli and the presence of inherent anisotropy fields in
magnetic systemsMCs derive more advantage ovgrhotonic or soniccrystals. Thanks to
the combination of advanced nanofabrication facilities and advanced experimental tools
to probe the dynamics of SW, a massive upsurge in the research activities based on the
MCs has been seen over the last few years. Because of its very low dagpyttrium iron
garnet (YIG, an insulating ferrimagnet) [205] has been heavily used to study the SW
propagation. However, YIG suffers from the difficulty of nanopatterning and very low
magnetic moment, and to overcome these problems several metalk®lsand their alloys,
e.g. Ni [206], Fe [207], NFe1-x (low magnetic moment and negligible magneterystalline
anisotropy) [208] have proved to be efficient. On the other hand, Co [126], CoFe and
CoFeB (having relatively higher magnetic moment) have been usetdthe spin valves and
magnetic tunnel junctions (MTJs) to obtain high GMR or TMR values [208]. Magnetic
multilayers with high PMA are also prospective for fabrication of MCs. Categorically, one

can classify the types of MCs depending upon how the parameet like saturation



magnetization and magnetic anisotropy [210] or external stimuli such as magnetic field
[211], electric current [212], stress [213], electric field [214], etc. vary. Arrayof
nanostripes, nanowires, chains of nanoparticles etc. are clasified as 1D MCs while 2D
arrays of nanodots [215], antidots [216,217]artificial spinice structures[112], magnetic
solitons [218] and skyrmions lattices [219,220] can be classified as 2D MCs. Extension of
MC in the 34 dimensions can offer huge flexibility functionality. Conventionally,
investigation of spin dynamics of 2D lattices of narelements by varying the element
shape and size as well as the latte parameters have been conducted by usingne-
resolved magnetooptical Kerr effect (TRMOKEBE magnetometry, ferromagnetic
resonance (MR) technique and BLSspectroscopy [221-228] and a plethora of
knowledge base on the spirwave propagation, confinement,dcalization, hybridization,
mode splitting, line broadening, mode hopping, crossover, dephasing, etc. have been
found. In order to further improve the ultra-high-density data storage and memory
devices several new research avenues are being explored inethtthird dimension of
magnetic system and a new sub area of research known as 3D nanomagnetism and 3D

magnonics have emerged [22230].

1.1.2.1. Artificial Spin Ice

Artificial spin ice (ASI) is a kind ofartificial magnetic structure designed by strongly
interacting single domain nano islands in a geometrichl frustrated array [231].
Frustration in a physical system emerges from inability of simultaneously minimizing all
interactions [232]. In 2006, Wang et al. carried out pioneetng experiments on
lithographically defined arrays of interacting nanomagnets and explored physics
analogous to spin ice materia (Pyrochlores, Dy:Ti2Or etc.) [112]. Following this work,
immense research interess have emergedn the study of ASI because of the fundamental
physics involved as well as considerable application potential such asprogrammable
memory, logic and more recently reconfigurable magnonics [114,23335]. The
guasiparticle monopolez anti monopole pair in these systems are often manifested as
topological defects (TDs) and are separated by Dirac string36,237]. In addition, a lot of
attention is being paid by the scientific community to address the emergence of tunability
in the high frequency dynamics dueo TDs in these ASIZ38]. These high frequency
responses are somewhat closely related to the microstate which leads to further
functional design of these ASls for the tunability in their magnan response R39]. To

further enhance the knowledge base regding the TDs, novel mechanisms are being
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proposed. Recently, the ground state in the kagome ASI has been realized via topological
magnetic writing [240]. In the context of experimental probing of the spin dynamics, FMR
technique has been mostly employed hich is based on the global excitation of a large
area ASI subject to an external swept field2B5]. The optical technique such as Brillouin
light scattering (BLS), which is a powerful tool for probing spin dynamics, has been
recently employed for the investigation of kagome AS[241]. Subsequently,the chiral
control of magnetic charg can provide an interesting tool leading to a new architecture

for parallel computation, reprogrammable magnonics in both 2D and 3Bystems.

1.1.2.2. Magnonic Waveguide

The vital concept to guide and manipulate SW propagation and miniaturizatioof SW
conduits toward submicron dimensions has triggered a huge interest among the
researchers. The direct imaging of the propagatin§Wwith improved spatial resolution

is imperative for emerging magnonic deviceg242-245]. In this context, the micreBLS
technique has been proved to be a webstablished technique to investigate the
propagating SW in various microstructure elements such as stripeg246], spin torque
nano oscillators (STNOs)[247-248], rhomboid shaped nanoelement$249], curvedring
waveguide [250] etc. However, the advanced nanofabrication techniqueto make
integrated antenna along with nanostructuresnable us to think beyond the conventional
structure and propose to utilize electric fieldcontrolled SW propagation adding an extra
control parameter for guiding the SW. Hencethe search for new MCs wih provision of
an energy efficient stimuli such as strain, electric field etc. may hold a key promise in the

development of magnonic circuits with minimal powerutilization.

1.2. Objective of the Thesis

The framework of this thesis is based on the expemental and theoretical investigation
of SW in FM thin film, FM/NM heterostructures and nanostructure. Primarily, wave
vector resolved Brillouin light scattering technique (conventional) and microfocused BLS
have been employed to probe the characteristic baviour of SW in various combination
of thin film heterostructures, 1D magnonic crystal and 2D artificial spin ice system$he
tunability in the magnetic properties have beenachievedyvia varying thickness of thin
films, choosing an appropriatecombination of materials, nanostructuring, electric field,

etc. Specifically, the studies systems are classified as follows:
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I. Investigation of Asymmetric Spin Wave Dispersion

(A) Heavy Metal/Fe rromagnet/Oxide Heterostructures: A detailed investigation of
pure iDMI in technologically relevant HM/FM thin film heterostructures, namely
W/CoFeB/SiQ, Ta/CoFeB/TaQ, and TaN/CoFeB/MgO have been carried out by

measuring the asymmetric SW dispersion using BLS technique.

(B) Graphene/Ferromagnet System: The presence ofDMI in 2D Material/FM interface
namely graphene/NisoFexo have been investigated anaccurrence of sizableDMI have
been revealed, despite the fact that carbon is a lod material. The observedDMI in
graphene/NisoFex is found to originate primarily from the defect induced extrinsic spin
orbit coupling of the monolayer graphene. Furthermore, dinear correlation between
spin-mixing conductance and surface DMI constant with respect to the defect density in

graphenehas beenestablished.

(C) Synthetic Antiferromagnet ic System: The experimental investigation of SW
nonreciprocity induced by dipolar interactions in a coupled bilayerinvolving two FM
layers separated by ahin NM spacerlayer (permalloy/Ir/CoFeB) is carried out by means

of BLS spectroscopy complemented bgnalytical calculations.

II. Magnonic Crystals in the Form of Atrtificial Spin Ice and Voltage

Controlled 1D Magnonic Crystal

(A) Artificial Spin Ice System: Acomprehensive study of theSWdynamics of connected
and disconnected kagome artificial spin ice nanostructuemade of NisoFexo hanobars
using Brillouin light scattering technique complementedby micromagnetic simulations
havebeen performed The controllability of thevarious SWmodes with the magnitude as

well as direction of the applied field is demonstrated.

(B) Voltage Controlled 1D Magnonic Crystal: The propagating SWs in NbFeo and
CoFeB microwires are imaged using microfocused BLS technique. In the case of NiFe,
imaging of the propagating yields essential parameters of the SWs such as decay length,
group velocity etc.Therole of the electric field applied across the CoFeB/MgO for tuning

the magnonic band gaphas beenrevealed
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Chapter 2
2. Theoretical Aspects

2.1. Introduction

The molecular and electronic structure of a material are thenajor deciding factors for
exhibiting magnetic properties. The interaction between spin and orbital angular
momenta determinesthe magnetic behaviour both in microscopic and macroscopic level.
Onthe basis of their interactiors, the materials can be broadly categorized into diamagnet
[1], paramagnet [2], ferromagnet [3-6], antiferromagnet [7] and ferrimagnet [8].
Ferromagnetic (FM) materials possess spontaneous magnetization [9fhe transition
metals (e.g.iron, cobalt and nickel) are characterized by partially filled internal electron
shell corresponding to the 3l levels.Owing to the high density of states (DO%nd narrow
3d band, ferromagnetic materials possess magnetic ordering as a result of exchange
interaction. According to the Weiss theory [10,11], first introduced in 1907, thexchange
interaction has to compete with the dipolar interaction caused by th&ree magnetic poles
on the surface (i.e. demagnetizing field), whickesults in the FMmaterial to break up into
small domains for the minimization of the free energyThis chapter addresses magnetic
interactions, starting with a brief introduction to the origin of ferromagnetism through a
discussion of the exchange interaction arising between electron sping particular
emphasis will be given to the FM and antiferromagnetic (AFM) systemiSollowing that,
the spin-orbit interaction will be introduced and the antisymmetric exchange, namely
Dzyaloshinski-Moriya interaction will be discussed which forms a major part of this
thesis. Further, an overview of different aspects ospin waves will be presented.

The individual moments of an FM material collectivelycontribute to a volume
magnetization M, which is maximum when the moments are fully aligned under a large
enough external magnetic field. In presence of the magnetic field, the coupled moments
precess about the field direction, which is called the ferrongnetic resonance in case of
uniform precession (the moments have same frequency and phase)2Jl When the
precession is not uniform, each individual dipole precesses slightly oof phase with its
nearest neighbour. This produces a propagating wave, knovas SW 1 3] with its energy

and momentum related by characteristic dispersion relations. The parameter that
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describes the rate of energy loss of precessing magnetization, is called magnetic damping,
which can be intrinsic (e.g. due t&OQ or extrinsic (e.g due to twomagnon scattering)
depending upon its origin. Another exotic property observed in FM materials ithe
magnetic anisotropy, i.e.the dependence of magnetic energy on the direction of the spins

w.r.t. the crystal lattice, or, in patterned structuresw.r.t. the geometrical axes.

2.2. Magnetic Energies

The static and dynamic behaviours of magnetic materighre strongly dependent m the
relative contribution of different energy terms, e.g. Zeeman energy, magnetostatic self
energy (demagnetizing energy), exchange energy, and magnetic anisotropy enerd][
Different energy contributions in a magnetic system can be given as follows:

2.2.1. ZeemanEnergy

The interaction between the magetization (M) and the externally applied magnetic field
(H) can be given as [15]:

Ezeeman= ' . 48 Qo (2.1)
where V is the total volume of the magnetic specimenMds the volume element and
refers to the vacuum permeability. In order to keep the energy to minimumy tends to
align in the direction ofH.

2.2.2. ExchangeEnergy

Exchange energyis quantum-mechanical in nature which gives rise to the shoftange
magnetic ordering in magnetic materials through exchange interaction1p,17]. This
interaction has a strong influence not only in ferromagnets but also in ferrimagnets and
antiferromagnets, where the exchange interaction between the neighbouring magnetic
ions tend to force the moments for parallel or antiparallel alignment to each other. Its
origin can be explained from thecoulombic interaction energy and Pauli exclusion
principle. The Heésenberg exchange Hamiltoniartan be phenomenologicallyvritten as:

O B 0 S3 (2.2
where, S and § are the spin operators of theith and jth atoms, respectively, and Jj is the
exchange integral between them [29]. Here, depending upon the polarity (sign) gfthe
material can be classified as ferromagnet or antiferromagnet. In the continuummodel,

the above equation can be written as:

o 6. O (2.3)
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where the magnetic moment (n) is a continuougdy varying vector quantity and Ais called

the exchange stiffness constant given by
0o — (2.4)

Here a is the lattice constant andJis considered to be isotropic in the FM mediumThe
aforementioned exchange interaction is known as direct exchange interaction where the
electrons of magnetic atoms interact with its nearest neighbours.However, such
exchange interaction can also take place in indirect ways [30,31], which couplmagnetic
moments over relatively larger distances. Some indirect exchangaeractions are listed

below.

2.2.2.1. RKKYExchange

This is a type of indirect exchange which couples magnetic moments over large distances.
It acts through itinerary electrons in metals and was first proposed by Ruderman and
Kittel [18,19] and later extended by Kasuya and Yosida to make the theory known as
RKKY interaction [20]. Mostly in rare earth materials, whose magnetic electrons in 4f
shells are shielded by 5s and 5p electrons, direct exchange is rather weak and the
magnetic order arises mainly due to the indirect exchange via the conduction electrans
2.2.2.2. Superexchange

Direct exchange, arises due to the localizedti OAEOAT O 1T £ OOAT OEOET 1
the antiferromagnetism of most transition metal compounds. Because of the localization
of d-orbitals, hopping can only occur between dritals of different atoms that are very
close to each other. But most of the antiferromagnetic insulators are transition metal
oxides so that the transition metal cations are separated by large oxygen anions. In these
cases, the concept of direct exchangan be extended by taking into account the hopping
via intermediate p-orbital of oxygen. This mechanism is called superexchange [21].
2.2.2.3. Antisymmetric Exchange

It is a kind of three site indirect exchange interactionoriginated mostly due to the
interplay of SOC and superexchange interaction leading towards the canting of spins by

a small angle.

2.2.2.3.1. Dzyaloshinskii Moriya Interaction
Dzyaloshinskii Moriya Interaction (DMI) is an antisymmetric exchange interaction which

favours the canted neighbouring spins. DMI can arise from inversion symmetry breaking
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at the surfaces or interfaces between a ferromagnetic layer and nonmagnetic one hay
strong SOCdue to three-site indirect exchange mechanisnj22-23]. Recently, DMI has
attracted much interest due to their fundamental role in various novel phenomena like
magnon Hall effect, molecular magnetism and multiferroicity. DMI is responsible fo
stabilizing chiral spin textures such as magnetiskyrmions which show tremendous
application potential in spintronicsand high speed, ultrahigh-density storage technology
due to their unique properties like SWpropagation under ultra-low current densities and
rewritability under spin polarized currents. The Hamiltonian for DMI can be written as

O O 87Y "Y.The schematic of occurrence of interfacial DMI is presented kig.

2.1.
D Y
SN N7 2
FM ‘ ,.-';:;’:75:;? - 1—7
P g

HM (large SOC)

Figure 2.1:Schematic of DzyaloshinskiMoriya interaction at HM/FM interface.

Phenomenologically, the DMI energy density is given §g24-26]
O —00 — 0 — 0 — 0 — (2.5)

Where D is the DMI constant andM; the it" component of the magnetization. The
magnetization of linear SWcan be expressed a§ ¢ 0 & «fd. The unit vector

along themagnetization direction can be expressed as

Gad aQ aQ aQ (2.6)
G add @ Q Q 4 Q Q Q (2.7
Whereda ,d& are much less than 1Q,'Q and Q are the unit vectors codirectional
with the coordinate axis. ForSWtravelling in the x direction, the expression of the field
due to DMI is given byj27]:
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0 — Q Q (2.8)

The total effective field is given by

O o v 0O O O (2.9
where 0 ¢of‘ 0 , and the dipolar field in the fiim is given as™O
0, Qo4 Q b p , Qba 'i),where L is the magnetic film thickness, ®
p p QIUws, the perpendicular magnetic anisotropy fieldO —a i) and K
is the anisotopy constant. Inserting equation in the famous LLG equation

— ‘1 a’ | a — (2.10)

we end up with the followingSWdispersion relation:

= ~ 7 7

1T 1 1 tr O 0Q , Q00 O O vQ 0 , Qb —0Q
(2.11)
The DMI induced frequency difference of counter propagatin§Wis given by
w Q1 Q1 QI —07Q (2.12)

It is obvious from the above equation that frequency difference is linear iBWvector and

DMI constant but independent of the applied irplane (IP) magnetic field.

In order to get a quantitative expression of the magnon line width, the linearized LLG
equation may be solvedafter including the Gilbert damping term and neglectinghe high
I OAAO OA &). he imagiaaky parg of the angular frequency igjiven by:

‘04 ' 0O 0Q OF¢ O ¥ p —— (2.13)
xEOE OEA OAAl DPAOO 2Rz 5>y CEOAT AU ANOAOEI 1T

The Brillouin intensity is given by

qQ ©® a1 hQ @ (2.14)
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where & 1 hQ is the Fourier transform of & i and the linewidth of the SWpeak is
given by2'04 .Equation (2.13) reveals that in the presence of DMI, magnon linewidth

is modified by the term) omf 9, which is antisymmetric in the wave vector.

2.2.3. Magnetic Dipolar Interaction
The interaction between two magnetic dipoles and the associated energy can be defined

asfollows [28]:

Ea=—ro- to — o t» O tr (2.15)

where, m is the permeability in free spacemi and m2 are the moments of the two
magnetic dipoles andr is the vector connecting the two dipoles which experience the
magnetic field generated by each other. The abowxuation (2.15) explains that the
energy reduces with the third order of their separation, r. In case of ferromagnets,
although this interaction does not contribute to magnetic ordering, it plays a pivotal role
in a number of phenomena such as domain formation, demagnatig field distributions,

confined SW modes and anisotroppf SWdispersion in the long wavelength regime.

2.3. Magnetic Anisotropy
Magnetic anisotropy is the direction dependence of the magnetic properties of materials
[29-30]. The tailoring and tunability of magnetic anisotropy have been possible due to
the presence of symmetry breaking interfaces, surfaces, selectivity of materials and
choosing appropriate thickness of the individual layers. There are mainly two primary
sources of magnetic anisotropy, amely SOC and longange dipolar interaction. In the
case of dipolar interaction, the shape of the specimen plays a crucial role whereas the
coupling of spin with orbital angular momenta lead to the SOC related effect. Some of the
prominent magnetic anisoropies are described below:
2.3.1. Magneto-crystalline anisotropy
The origin of the magneto-crystalline anisotropy is an intrinsic property of the FM
materials caused by SOC. The crystallographic structure is greatly affected by the spatial
atomic arrangement [31]. Consequently, the interaction of spins with crystallographic
structure leads to the preferential alignment along the crystallographic axes. Furthahe
foldedness of the magnetic anisotropy is determined by the detailed symmetry of the
lattice. For example, in cubic systems, the energy density is given by:

Bani=Ko+Ki(l | | | | | )*Kdf | | (2.16)
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x E A Q@\@ejthe direction cosines of the normalized magnetizatiom with respect to
the cartesian axes of the latticekd O A OA  OfEnfstallind ghisolvépy constants Ko,
Ki, and Kz are the crystalline anisotropy constants of zero, first and second order,
respectively. On the other hand, for crystals having uniaxial anisotropy, the energy
density is given by

Eani=0 | (2.17)

Where Kuis the uniaxial anisotropy constant.

2.3.2. Shape anisotropy and Demagnetizing Energy

Anisotropic shape of the magnetic specimen gives rise to the shape anisotropy which
originates due to the anisotropic dipolar interaction of free magnetic poles (stray and
demagnetizing fields) coming intothe picture when the geometry of micrometer and
submicrometer sized magnetic elements is not symmetric [32].

The energy corresponding to the stray field is given by:
Egemag= -, { 8 QW (2.18)

For an arbitrarily shaped element, Hiemag is strongly dependent on the shape and
geometry of the element and forms a complex function of position. Finally, the preferred

orientation of magnetization lies along whichEdemag becomes minimum.

2.3.3. Volume, Surface and Interface Anisotropy
The broken symmetry at surfaces and interfaces of magnetic thin films and multilayers
often induces some anisotropy in the system. This results in the effective anisotropief)
constant to be divided into two parts as given below:

0 o — (2.19)
Here, Kv denotes the volume dependent magnetarystalline anisotropy constant while
Ksis the contribution from the surface anisotropy. The latter generally possesses an
inverse dependence on the thicknesst) of the system and prefers an out of plane
magnetization of the sample. The competition between volume and surface anisotropy
gives rise to a depedence of the magnetization on the film thickness.
2.3.4. Strain Induced Anisotropy
Because of the change in the magnetoelastic energy magnetic system subjected to
strain can acquire some anisotropy. A number of factors are responsible for inducing

strain in the thin films, e.g. intrinsic strain brought about by the nature of the deposition
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process, strain because of noematching lattice parameters of adjacent layers and
thermal strain associated with differences in thermal expansion coefficientdt is also
evident that under strain the symmetry of the material will be lowered. Consequently,
new energy terms in the total anisotropy @ergy can be included which is forbidden in
the unstrained state. On the other hand, as the magnegtastic energy B3] is linear with
respect to strain so the system tries to minimize its energy by acquiring an anisotropic
non-zero strain, and this phenonenon is known as magnetostrictionThe modulation of
magneto-crystalline anisotropy is also possible by strain in FM which may altethe
direction of the magnetization. This effect can be interpreted as the inverse of
magnetostriction which can be definedas the change in the sample dimensions when the
direction of the magnetization (M) is altered [34].

For an elastically isotropic medium with isotropic magnetostriction, the energy per unit

volume associated with this effect can be expressed as:

Eve= U wé i— (2.20)
Kve= -_, -_0 (2.21)

Here,A is the stress tensor which is related to the strain tesor ( ) via the elastic modulus
ME by:
» 0 (2.22)

The magnetostriction constantg can be positive or negative depending upon the
orientation. The angle3 denotes the direction of the magnetization i) relative to the
direction of uniform stress. As the strain being present throughout the sample, this strain
induced anisotropy contribution can be interpreted as a volume contribution to the total

magnetic anisotropy.

2.3.5. Perpendicular Magnetic Anisotropy

The preferred magnetizationorientation in ultrathin magnetic films and multilayer can
deviate substantially in contrast to their bulk counterpart. The change of the
magnetization (M) direction from in-plane (IP) to outof-plane (OOP) orientation
(perpendicular to sample plane) occus due to the perpendicular magnetic anisotropy
(PMA) [35]. The PMA in magnetic material is very crucial in order to enhance the thermal
stability in nanomagnets at room temperature which makes it desirable for information

storage. MicroscopicallyPMA isobserved if the electronc orbitals in an FM material are
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deformed in the direction perpendicular to the film interface. WheriM of the specimen is
maintained along the OOP direction, the effective magnetic fieltH4x) of the system is
substantially increased due to SOI (orbital deformation occurs in OOP direction).
However, there is no effect of SOl wheM lies IP (as the orbital is not deformed along the

IP direction). Consequently, there is a stark difference in the absolute value tfe
magnetic energy (i.e. {MHet)| ) between the IP and OOP orientation dfl, and as a
result, the direction of the easy axis of magnetization lies perpendicular to the sample
plane. However, the origin of PMA has become a debated issue where few possible
interpretations are: i) reduced coordination symmetry, ii) altered electronic structure,

iii) localized epitaxial strain at the interfaceiv) electronic band structure interactions dc.
Generally, strong PMA is observed at the interfaces betweed Bansition metal FMs (e.qg.
Co) andnonmagnetic (NM)heavy metal(HM) (e.g. W, Au, Pt, PdBB]. Since the spins of
electrons from localizedd or f orbitals primarily contribute to the magnetization of an FM
material, the PMA is mainly determined by the deformation and symmetry of these
orbitals via interfacial hybridization. On the other handPMA can also be observed at the
interfaces between 2l transition FMs (e.g. Co, Fe and their alloyike CoFeB) and MM

= Mg, Al, Ta, Ru). However, the heterostructures made from CoFeB and MgO have drawn
particular attention among the aforementioned materials due to lower damping constant
of CoFeB and high tunnelling magnetoresistance (TMR) ratio abom temperature. At
CoFeB/MgO interface, the OORIZ orbitals of Fe strongly bond with OOP g: orbitals of

O which results in a significant charge transfer from &?2to 2p; orbitals. Thus, the number

of electrons in OOP orbitals is decreased as compared to that liR orbitals which
introduces a moderate PMA via SOQT].

2.3.6. Exchange Anisotropy

Exchange bias or exchange anisotropy 38,39] is found at the interface of
FM/antiferromagnet (AFM) heterostructure when it is cooled in the presence of a static
magnetic field through the Néel temperature Tn) of the AFM (the Curie temperature (Tc)

of the FM should be larger thaffn). This is a unidirectional anisotropy, e.g. the hysteresis
loop of the such system, when it is field cooled (i.e. in the presence of the magnetic field,
H) at temperature T < Tn, has an increased coercivity and the loop shifts along the applied
field axis (this is generally termed as the exchange bias). Both these effects disappear at
T BTy which confirms that the presence of the antiferromagnet is crucial to achieve the

exchange anisotropy. The exchange bias properties disappear if the FMEMinterface is
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cooled at zero field from demagnetized state although, the properties are retained if it is
cooled at zero field from a remanent state. Magnetic anisotropy can be measured from
either static or dynamic response of the magnetic system. The static responsan be
investigated by torque magnetometry, torsion oscillating magnetometry (TOM), the
magneto-optical Kerr effect (MOKE: static MOKE)4P] and other methods which can
measure the magnetic moment e.g. vibrating sample magnetometry (VSM), fluxgate
magnetametry, superconducting quantum interference device (SQUID) magnetometry,
pendulum magnetometry, alternating gradient magnetometry (AGM), Faraday balance
etc. However, the magnetic anisotropy is most frequently measured from magnetization
measurements (by QUID or VSM) along the two orthogonal directions of the magnetic
field relative to the sample. On the other hand, the dynamic response of the magnetic
systems can be investigated by Brillouin light scattering (BLS), ferromagnetic resonance
(FMR) and MOKE€.g. timeresolved MOKE: TRMOKHX1] etc.

2.4. Voltage (or Electric Field) Controlled Magnetic Anisotropy (VCMA
or ECMA)

The voltage (i.e. electric field) controlled magnetic anisotropy (VCMA) is generally
observed at the interface betweerultrathin 3 d transition FM materials (e.g. Co, Fe and
their alloys such as CoFeB) and nonmagnetic insulators (e.g. MgQQ&)I [42]. The VCMA

is believed to be observed because of the relative changes of electronic occupation state
in 3d orbitals of FM under the application of electric field[43,44]. VCMA is primarily
studied at the interfaces between FM and oxide heterostructures. When an electric field
is applied at FM/oxide interface, the number of electrons in OO® orbitals of FM is
changed with respetto IP orbitals as explained fromthe first principle scalculations[45] .
This affects the bonding strength betweel and p orbitals leading to a substantial change

of interfacial PMA (PMA). Although electric field control of electronic occupation state is
believed to be the main mechanism behind VCMA, several alternative theories are also
found in the literature. One of the alternative approacheslaims that theinhomogeneous
electric field at the FM metal/oxide interface couples to the quadrupole of electronic
orbital in FM. This electric quadrupole again couples to the magnetic dipoles and controls
the iPMA. Also, iPMA can be generated due to the presence of Rashba SOC at FM/oxide
interface while, the applied electric field at the interface modifies Rashba SOC which
further modulates iPMA [6]. First principle s calculation reveals that the change in the

number of electrons ind orbitals of FM material is linearly proportional to the applied
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electric field at the FM/oxide interface [47]. Thus, the modulation in the magnetic
moment and iPMA should also be linearly proportional to the electric field, i.e.

W O (2.23)
Here,w denotes the change in iPMA whileb is known as magneteelectric or VCMA
coefficient.
2.5. Magnetization Dynamics
Under the application of applied bias magnetic field and a time varying field or other
sources of excitation, the magnetic moments of a magnetic material experience a torque
which induces a precessional motion of the magnetization.U2 to the presence of various
sources of damping, the moments try to align themselves along the effective field.
Consequently, they carry out a damped spiral motion about the effective field direction.
The phenomenological interpretation of the dynamic beaviour of the magnetization is
well described by the Landadlifshitz-Gilbert (LLG) equation of motion. The LLG
equation is a torque equation which was first introduced by Lev Landau and Evgeny
Lifshitz in 1935 as LandauLifshitz (LL) equation [48]. Later, Gilbert modified it by

inserting a Gilbert damping term @9]. The formulation is given as follows:

Hegf

Figure 2.2: The schematic representation of magnetization precession around the
effective magnetic field direction.

When a magnetic moment is placed undehe application of effective magnetic fieldHes,

the experienced torque can be written as:
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W H g (2.24)
In a semiclassical approach, the magnetic momenfi{) can be related to the angular

momentum L of electrons as follows:
H, 4 (2.25)

where, i Ll

o)

is the gyromagnetic ratigg E O O E Ag-factar (("F2) e (=— he and me being the

charge and mass of the electron) is the Bohr magneton and=— , hAAET ¢ OEA 01 Al
AT OOAT 6 EO OEA OAAOGAAA o1 AT AESO Al T OOAT Os8
equation (2.24) can be represented as the rate of change of angular momentum

Z H 9 (2.27)

This can be simplified as:

= IH § (2.28)

Here the effective magnetic fieldHert,is a sum ofall external and internal magnetic fields

which can be expressed as:

T I T Io (2.29)
Here,Hextis the applied bias magnetic fieldHexis the exchange field anéHdemagrepresents

the demagnetization field created by the dipolar interaction of magnetic surface and
volume charges. The fieldHani includes all kinds of anisotropic fields described above
while, h(t) is thetime varying field.

Replacing atomic moment by macroscopic magnetizatiod after taking continuum limit
into consideration, the equation of motion (LL) reads:

= b (2.30)

The above equation éatures a continuum precession resulting into a nowlissipative
system. To avoid this impractical situation, Landau and Lifshitz proposed the damping
termtobe( .0 O 9q9oh

Later, Gilbert introduced another damping term [177,182] into the LLequation resulting

in the modified LandauLifshitz-Gilbert (LLG) equation as

il

- I A !

g — 4 = (2.31)
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Here | is the dimensionlessGilbert damping parameter, while Ms is the saturation
magnetization of the magnetic material.

Figure 2.2schematically represents the interplay between different torques acting on the
magnetization vector (M). The precessional toque (the first term on the right-hand side
of Equation 231) acts tangentially to the circle traced by the tip of the magnetization
vector, while the damping torque (second term) acts radially to alignthe magnetization
along the effective magnetic fieldThe dfective damping can arise due to the intrinsic and
extrinsic factors. The intrinsic mechanism $0] of damping primarily originates from the
SOI by which the spin is coupled to the lattice making the damping parametey)(a
material parameter [51] or due to the interfacial effects such as interfaciald-d
hybridi zation, spin pumping etc. occurring across the interface in case of FNIV
heterostructures [52,53]. However, apart from SOI, different external stimuli, such as
magnonelectron scattering, eddy currents, spin pumping, multimagnon scattering etc.
can also contribute to the relaxation of magnetization precession amplitude.

2.5.1. Magnetic Damping

The control and tunability of damping in a magnetic system offers one to speed up the
relaxation process and accelerate the approach of magnetization to equilibrium in
reversal processes making its importance in magnetic recording technology. Memory
pixels in MRAM must have a high damping. The fastest magnetization reversal is achieved
by tuning the critical damping where the required time is about one period of precession
whereas low damping materials are desirable candidatefor SW propagationbased
devices and to reduce write current in MRAM devices.

There are two types of magnetic dampingntrinsi c damping and extrinsic damping $4].
Intrinsic damping in a magnetic material with perfect crystal structure mainly originates
from the itinerant electrons and SOCThe well-known models for the description of
intrinsic damping in magnetic system includes s-d exchange interaction model,
breathing Fermi surface model etc. Extrinsic damping of the system can be caused due to
the introduction of multiple energy dissipation channels during the spin precession.
Phonon drag p5], eddy current [56], doping or cgping [57] with another material,
injection of spin current [58], magnonmagnon scattering p9] and controlling the
temperature of the system p0] are few processes which can externally modulate the
damping. Inversion symmetry breaking at the interface catead to modification of Gilbert

damping [61]. Presence of magnetic inhomogeneity can cause generation of large number
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of local resonance fields which, in turn, gives rise to other nonuniform modes causing
decoherence of the uniform one. Spin current genated spin torque can modulate the
damping in heterostructures with HM/FM interface. Spin pumping is another mechanism
where angular momentum transferred from the FM to HM (the strengtlis characterized

by spin mixing conductance and spin transparency) causes enhancement of damping.
Moreover, in FMR measurements, global excitation takesto account the effect of
superposition of local resonance in case of long wavelength (smdt) variation in
magnetic properties. This arises mainly due to defects in large area averaging.
Magnetostatic contribution plays an important role in affecting tle magnonrenergy

dispersion.

2.6. Spin Waves
Theidea ofspin wave(SW) was first introduced in 1930 by Bloch [13] in order to describe

the reduction of spontaneous magnetization in ferromagnetic mediumAt absolute zero
temperature, all the atomic magnett moments of a ferromagnetend to align in the same
direction (as shown in Fig. 2.3(a), which is the ground state of the system. As the
temperature rises, the thermal agitation perturbs the spontaneous magnetization
causing a e@viation of the spins from the aligned direction. This phase of the disturbance
propagates through the system in the form of a wave as depictedhig. 2.3(b)and 2.3(c).
In the case of uniformprecession under the influence of a magnetic field, the magnetic
spins precess in phase about the magnetic field direction. After solving the LLG equation
(Eg. 2.31) under small angle approximation the frequency of uniform precession, which
is also known & the FMR frequency, can be achieved by settidlyl/ dt equal to zero. The
solution for a thin film as calculated by Kittel is given as:

1 0O 0wO ™0 O 0 0 1“0 (2.32)
Here Ny, Ny and N:are the demagnetizing factors in thex, yand zdirections respectively,
and the magnetic field is applied along the z axis.
In the case of noruniform precession, it is the propagation of the phase shift across the
spin system and the interadbn between magnetic moments play a pivotal role in
characterizing the wavelength, frequency and associated SW dispersion. In the long
wavelength regime, the phase difference between consecutive spins is rather small, the
SW energy is primarily dominated ly dipolar energy and hence the SW is manifested as

dipolar dominated or magnetostatic SWs (first reported by Damon and Eshbach in 1961
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[62]) as opposed to the short wavelengths SWs which are governed by exchange

interaction and hence are called exchange S\

rrrrrrrretl
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Figure 2.3: Semiclassical representation of SWs in a ferromagnet: (a) the ground state,
(b) SW of precessing magnetic moment, (c) SW (top view) showing a complete
wavelength.

The dipolar interaction being anisotropic, the frequency, amplitude and propagation
properties of magnetostatic modes strongly depend on the geometry of their propagation
direction w.r.t. the applied field and the film plane. When both the applied field and the
SW wave vector lie in the film plane and are perpendicular (parallel) to each other, a
magnetostatic surface SW (MSSW) mode(magnetostatic backward volume mode
(MSBVM)) appears. If the magnetic field is applied out of the film plane and SW
propagates parallel to the surface, it is known as magnetostatic forward volumaode
(MSFV) mode The frequency vs. wave vector dispersion characteristics of these modes

are presented inFig. 2.4(b).
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Figure 2.4: (a) Schematics of PSSW mode confined along the thickness of a FM thin film
and MSSW mode. (b) The dispersion relation for different types of magnetostatic SW
modes.

The MSSW also known as Damon and EshbaclDE) mode, shows a positive dispersion
starting from the Kittel mode at zero wave vector. This mode is further characterized by
the localization of SW amplitude in the vicinity of the top and bottom surfaces along with
its nonreciprocal behaviour, i.e. thgropagation is possible for either positive or negative
direction of the wave vector for each surfacelhe simplified expression forthe dispersion
relation of the DE modan absence of any exchange interaction and magnetic anisotropy
is given by B3]:

MM —"00 O ¢ p Q = 7 (2.33)
Where kzis the in-plane component of the of the wave vector andis the thickness of the
magnetic film.
In case of MSBM, the SW amptude prevails throughout the thickness of the sample and
the dispersion features a negative slopggroup and phase velocities are in opposite

directions). The corresponding dispersion relation is given by64]:

A

Q — 00 10 7 (2.34)

2.6.1. Exchange Spin Waves
The exchange interaction comes into playhen the wave vector of SW is increased

(decreased wavelength). The exchange length can be written as:
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a — (2.35)

where Ais the exchange stiffness constant. It is worth mentioning that exchange SWs are
isotropic, i.e. independent of the relative orientation of the wave vector and magnetic
field. The characteristic dispersion relation by taking dipoleexchange intgaction into

account is given by [65]:

<, < ~ o T <, 7
" — 0 ¢0 QA MW, —Q O 0 ¢0QYE —Q (2.36)
Where %o _is the angle between the applied fieldd and ke s

Further, it is also possible to excite SW&hich propagate perpendicular to the film plane
to form perpendicular standing spin wave (PSSW)Hig. 2.4(a). For a given thickness of

d, the wavevector for PSSW reads:

~

(o R (2.37)
Their dynamic magnetization profile is sinusoidal and depends on their quantization
number n:
4 ¢ OwAT O ¢ - h - & - (2.38)
where z denotes the coordinate along hie film thickness. The above equation actually
describes a standingwave mode consisting of two counter propagating waves with

guantized wave vectors. Without considering the contribution of irplane wave vector,

the frequency for the PSSW mode is given by
- 7

Q — 0O —Q © 0 —Q (2.39)
2.6.2. Confined Spin Wave Modes in Magnetic Nanostructures
After getting the flavaur of the properties of SWs in infinite thin films, a brief overview of
the confined structure also needs to be addressedhe boundary conditions imposed by
the lateral dimensions modifies the pectrum of SW[66]. In particular, the SW finds a
propagation channel p7] or form standing waves p8Y E1 OEA AEOOOEAOOET
wellsodefined by the geometry of the structure As a result, he formation of standing
wave occurs leading towards localized mode or quantized mode (with multiple
guantization numbers) when the feature dimensions are of the order of the wavelength
of the SW. Overall, the number of SW modes increases whose properties are strongly

dependent on the system geometry as well as on the orientation of the magnetic field. The
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structural confinement also affects the dispersion relation, resulting in a number of
allowed and forbidden magnonic bands in case of periodic patterning (Magnonic crystal
or MC)[69]. The band structure of MC consigtg of several Brillouin Zones(BZs) offers a
novel route for the flexibility to mould the SW properties by changing the external
structuring parameters.

2.7. Magneto Optical Kerr Effect

The phenomenon of magnetapptical effect was first discovered by Michael Faraday in
1845. He observed that the plane of polarization of a linearly polarized light is rotated
when the light is transmitted through a magnetized material. Later onJohn Kerr
observed a similar rotation of polarization in reflected light as well 70]. A plane polatized
light is converted into elliptically polarized light after getting reflected froma magnetized
sample. This phenomenonis known as magneto-optical Kerr effect (MOKE) and the
corresponding rotation of the plane of polarization (i.e. the major axis ohe ellipse) is
called the Kerr rotation. MOKE has been proved to be an important tool to study

guasistatic and dynamic properties of magnetic system.

(a) (d)
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Figure 2.5:(a) Geometry of the Kerr rotation; f) and Kerr ellipticity § &. Schematics of
various MCKE geometries: (a) polar (b) longitudinal and (c) transverse.
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proportional to the magnetization of the sample. Ifr and k denote the parallel and
perpendicular electric vector components of the reflected light with respect to that of the

incident light, then one can write the following expression:

— D - i (2.40)
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2.7.1. Origin of MOKE

When light traverses through a medium, the generated electric field sets electrons into
motion [71,72]. The left(right) circularly polarized (LCP(RCP)) light drives left(right}
circular motion of the electrons. The radii of these two circular motions become equah
the abserce of magnetic fieldresulting into nil difference in the dielectric constants.
However, under the influence ofa magnetic field, an additional Lorentz force will be
experienced by electronsthereby affecting the radii of the right and left circular path.
This will lead to a finite difference in the dielectric constants of both the polarized modes.
The amplitude and phase of each component is altered upon reflection and it becomes
elliptically polarized. Microscopically, Kerr effect is mainly originated fom the motion of
electrons which couples electron spin viaSOlaccording to the quantum mechanical
description. The movement othe electrons in presence of the electric field vector of light
creates an effective magnetic field vector potential, which del@ps complex interaction
between the spin and incident light. This potential can be expressed & -, wheres
and qrarethe electron spin and electric field respectively. For ferromagnetic materials,
the effect is prominent because of the unbalanced population of electron spins. However,
the effect is present in all materials except in nonmagnets, because of the presente o

equal amount of up and down spins cancelling the effect.

2.7.2. MOKE Geometries

On the basis othe relative orientation of magnetization vectorw.r.t. the surfaceof the
specimenandl E Cpa@eiofincidenceMOKEcan be categorized as followssgeFig. 2.5:
when the magnetization lies perpendicular to the sample surface but parallel to the plane
of incidence of light, then the effect is known to happen in polar geometry. If the
magnetization lies in sample plane and also parallel to the plane of incidence of light, then
the geometry iscalledlongitudinal geometry. These two geometries occur both forqand
s-polarized light. On the other hand, if magnetization lies in the plane of sangbut
perpendicular to the plane of incidence then it is calletransverse MOKE geometry and
it occurs only for p-polarized light. In transverse geometry, the reflectivity changes only
when the magnetization reverses [73]. The schematcfor various geometies are
presented inFig. 2.5(b)
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Chapter 3
3. Experimental Tools

3.1. Introduction

This chapter includes a description regarding variougabrication, characterization and
measurement tools that have been implemented to study different systems inigithesis.
The continuous evolution of growth and fabrication facilities is undoubtedly necessary to
produce high quality thin films, heterostructuresand confined structures with minimal
unwanted defects. It hasalways been a challenging task to develop these structures at
nanoscale with geat perfection as well as ira cost-effective manner. The research works
presented in this thesis mainly rely on the thin film heterostructures grown by Hdc
magnetron sputtering, ebeam evaporation and the artificially patterned nanostructures
using electron-beam lithography. In order to perform preliminary characterization of the
fabricated samples, Xay diffraction, scanning electron microscopy, surface profiler,
atomic force microscopy, magnetic force microscopy, energy dispersive -Kay
spectroscopy,magneto-optical Kerr effect, vibrating sample magnetometryand Raman
effect have been used. On the other hand, we hawaso employed the conventional
Brillouin light scattering, space resolved microfocused BLS and ferromagnetic resonance
technique to investigate the SWdynamics.

In the following, a brief overview regarding the working principles of the aforementioned

characterization tools will be presented:

3.2. Fabrication Technique

3.2.1. RFDC Magnetron Sputtering

Sputtering is basically a widely usedohysical vapour deposition (PVD)technique to
deposit high quality thin film heterostructures and multilayers [1]. The main principle
relies on the particle to particle collisions involving an elastic transfer of momentum
which leads to themigration of the target material to the substrate. In fact, the positive
ions in a gaseous plasma of inert gas is accelerated and made to bombard on a negatively
charged target material to dislodgeand eject a neutral atom andsubsequentlydeposit it

on asubstrate. Here, Ar gas is generally used into a pre pumped vacuum chamber. Next,
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the creation of gaseous plasma occurs inside the chamber with the helpadfigh energy
source (few hundred to a few thousand eV he cathode or target consists of the desad
material or alloy to be deposited and the substrate serves as the anode. In case of a
conductive (nonconductive) target material, a direct current (radiofrequency) power
supply is used. Plasma is well known as a fourth state of matter where neutralsgatoms,
ions, electrons and photons coexist simultaneously. The free electrons in the plasma
immediately accelerate away from the negatively charged cathode under the influence of
a high voltage applied through a power supply. The accelerated electrons awfrom the
target undergo multiple collisions with the neutral atoms to produce more secondary
electrons and ions (Ar) in the diffused plasma. Subsequently, the positively charged ions
are accelerated into the targetthereby ejecting neutral atoms and kctrons. Then the
migration of these ejected atoms happens in a typical liref-sight cosine path andas a
result, they get deposited on the substrate.

This conventional sputtering technique described abovesuffers from two major
challenges such as slav deposition rate and overheating of the target (due to extensive
electron bombardment). One possibility to address these issues is to use magnetron
sputtering. In this case, magnets are used behind the cathode to trap the free electrons in

a cyclic path pst above the cathode as shown iRigure 3.1

Target atom

Mechanical

Ar cylinder
shutter

Artion

Plasma

Figure 3.1. Schematic of RIDC Sputtering.
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In this method, Both the increased probability of ionizing neutral gas molecules and
decreased velocity of electrons help tachieve enhanced deposition rate. In addition, it is
also feasible to deposit layered structures in lesser time and with lower substrate
temperature.

3.2.2. Electron Beam Evaporation

This is also a PVD technique, where an intense beam of electrons is gated from a
filament via thermionic emission and is steered by the electric and magnetic fields
towards the source material [2]. Because of the intense collision with electron beams,
heating process of the source material occurs. As a result, it vaporizafser reaching the
boiling point within a vacuum environment. The atoms at the surface having sufficient
energy traverse the vacuum chamber and gets deposited to a substrate placed above the
evaporating material. The sample holder is mounted on a rotatiomotor, which rotates

during the deposition, thereby ensuringuniformity all over the substrate

Substrate rotator

Substrate
holder
Mechanical
shutter Electron
beam

Target material

.
o

Crucible

Cooling Focusing
system magnet
Thermionic Accelerating

filament electrode

Figure 3.2: Schematic of Ebeam evaporation

This isextremely important while depositing the film on the arrays of patterned micro or

nanostructures as itreduces the undesired sidewall coating during the deposition.
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Owing to the low thermal energy, the pressure in the chamber is maintained in such a
way that the mean free path remains lesser than the distance between the electron beam
source and the subgtate. The "line of sight" arrival of material is required when masking

is employed to generate a pattern in the substratd.he schematic of the setup is given in
Fig. 3.2

3.2.3. Electron Beam Lithography

Lithography techniques offer an elegant way to fabricate samples at nanoscale. Here,
different kinds of radiation sources such as optical, electron beam,-Kay and ion-beam
are exposed to a chemically active medium known as resist to draw the pattern of ordered
arrays of nanostructures [3]. Thanks to the shorter wavelength of high energy electron
beam, the resolution is achieved as high as tens of nanometehs.the electron beam
lithography (EBL), the beam is directed along a path defined using computer aided design
(CAD) software which describes the desired structures in either positive or negative tone.
Writing is performed in a layer of electronsensitive positive or negative tone resist
applied either on blank substrate (bottom to top approach) or continuous thirfilm (top

to bottom approach). Polymethyl methacrylate (PMMA) is a model positive tone resist
having some important properties such as tability for long periods of time, eas of
handling and appication, and providing high resolution down to 10-20 nm. It is the most
widely used positive tone EBL resist andhas also been used for the nanofabrication
presented in this thesis. Generally, spin coating is performed using a short chain of
perspex suspended in anisole solvent, PMMA (950K: denotes the molecularigie of the
resist) on Si substrates and then baked for-80 minutes at 180°C to evaporate ofthe
solvent and promote polymer crosslinking, leaving a hardened layer of resigtn electron
beam of the order of 200450 uC/cm? was locally applied to cause decrosslinking of
polymer chains, allowing the exposed regions to be removed through development
process with a 3:1 mixture of isopropanol (IPA) and methyl isobutyl ketone (MIBK). After
this, the target materialwas deposited ontop of the resist. Sometimes additional capping
layer can also be deposited with the material. To remove the unexposed resist,-bff was

done in acetone using ultrasonic agitation. The schematic of the EBL is showrFig. 3.3
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Figure 3.3: Schematic of the Ebeam lithography (EBL) process

3.2.4. Chemical Vapour Deposition (CVD)

In recent years, a considerable development of CVD technique has been made which
makes it a versatile tool for novel manufacturing in many industrib sectors such as
semiconductor, ceramic, microelectronics industries [4]. Further, an intensive research
and development work being pursed by the academic researcher as well as industrial
users. In the simplest words, CVD can be defined as a complex gsx where the
deposition of solid materials is done at a high temperature with the aid of chemical
reaction. As a result, an ordered crystal is formed from the vapour. The distinction of CVD
Il EAO ET O Ekind@idadive Prackses BsppOsed to PVD such as sputtering,
thermal evaporation etc. The main advantage of using CVD to deposit material onto a
substrate is its high quality, fine grain size, high purity and increased hardness. It is
important to mention that during the CVD process, the toxic byproducts are removed
from the reaction chamber by gas flow for proper disposal. Irhis thesis, single layer CVD
grown graphene from Graphened5] has been usedBasically, the creation of CVD grown
graphene involves two steps, the precursor pyrolysis of a material to form carbon
followed by the formation of carbon structure of graphene using the dissociated carbon
atom which requires a very high temperatureThe schematic of CVD process is shown in
Fig. 3.4
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Figure 3.4:Schematic diagram of chemical vapour deposition (CVD) process.

3.3. Characterization Techniques

Here, a brief description and the underlying working principles of the various tools that
have beenused to perform preliminary characterization of the studied samplessuch as
thin films, heterostructures and nanostructures will be presented.

3.3.1. Scanning Electron Microscopy

To characterize the surface topography and morphology of the sample, adely used sub
optical imaging technique is the sanning electron microscopy (SEM[6]. The SEM works
in a similar fashion to the optical microscopy, replacing photons with electrons and glass

lenses with precisely shaped magnetic lenses. However, the SEMWeéry special due to its

EECE ODPAOEAI OAOTI100EIT jHpliq TxETC OI

electrons. The interaction between the electrons and sample leads to the various signals
that carries the information about the surface texture ancomposition. In a typical SEM

(seeFig. 3.9, with the aid of thermionic or electric field emission, accelerated electrons

are generated and then focused by one or two electromagnetic condenser lenses.

Subsequently, this passagef electron beams undergo deflection in a twalimensional
rectangular region of the sample through a pair of scanning coils or deflector plates
enabling the raster scanning. The incident electrons are subjected to a range of

interactions leading to distinct types of entities leaving the surface such as secondary
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electrons (due to inelastic collision), backscattered electrons (due to elastic scattering),

transmitted electrons, photons, visible lightand heat.

. Electron gun
gt mmm Anode

Electron /
beam ¢ Condenser
lens Display
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coils electron

Objective lens

Sample

,,,,,,

Scanning I

, stage

Figure 3.5: Schematic diagram afcanning electron microscope.

The flux of secondary electronsat the detector is sensitive to the sampleletector
separation and the electronic structure of the samplavhich allow the detected intensity
to build an image of the sample topography and mate&l composition. It is to be noted
that the material sensitivity is not exceptionally high in comparison with other electron
microscopy techniques such as Auger electron spectroscopy or transmission electron
microscopy, but metallic structures show signiftantly different contrast to an insulating
substrate. We have usednodel no: FEI QUANTA 200 SEM (at SNBNCBS) & Raitim&

system (at Imperial College London) to characterizthe studied samples

3.3.2. Energy Dispersive X -Ray Spectroscopy

In order to perform the elemental and chemical analysis of the samplesnergy dispersive
X-ray (EDX spectroscopyis proved to be an appropriate tool ¥]. The basic principle of
operation is based on the phenomenon that each element possesses a unique atomic
structure as well as emission spectrum, which can be utilized to recognize the elements
present in the specimen. Basicallyin ground state, an atom consisting of a number of

electrons moving around the nucleus, reside in discrete characteristic shells. As a high
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energy beam of charged patrticles (like electrons, protons or-say) hits the sample, it

excites and ejects out electrons from an inner shell and creates electrtwole pair. The

electrons from outer, higter energy shells then jump to the inner shell to fill he hole

where the difference in the two energy shells is emitted in the form of an-bay. Asilicon

or lithium detector is used as an energy dispersive spectrometer to measure the energy

and number of the emitted Xrays. The peak energy values of the-bays and the relative

heights of the peaks provide the identificatiorand atomic percentagef elementspresent

in the sample respectively.
3.3.3. X-Ray Diffraction

The X-ray diffraction (XRD technique [8] is used toinvestigate the crystalline material

structure, including atomic arrangement, crystallite size and imperfections. Here a beam

of XOAUO
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crystalline atoms. By measuring the angles and intensities of these diftt®d beams, one

can determine the atomic arrangement, its disorder and various other information.

Figure 3.6presents a schematic of the XRD technique. A crystal can be considered as a

regular array of atoms, which can elastically scatter electromagnetic waves lik€rays.

The scattered beams form secondary waves which can interfere constructively at certain
drAAOET T O AAAT OAET ¢ Ol
¢Qi Qe & _

Here d being the distancebetween the atomic planes| the incident angle,n any integer

and} the wavelength of the Xray.
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Figure 3.6 (a) Mechanism of Xray diffraction and (b) schematic diagram of XRD.
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Therefore, for a certain lattice structure (that corresponds tod), the diffraction spots

appear onlyat certain angles of incidenceln the measurement, the incident angle of X

ray is varied between a range of angles in small steps and the corresponding reflected
intensities are measured as a function of the angle of the reflected beam with respect to

thA AEOAAQGEITT 1T &£ OEA ET AEAAT O AAAI jc¢fqs8 30AO0
to d-spacings to identify the elements present in the sample. Typically, this is
accomplished bymatching the data with standard reference patterns (i.e. Inorganic

Crystal Structure Databas€ICSD) or International Centre for Diffraction Data (ICDD)

3.3.4. Atomic Force Microscopy

Atomic force microscopy(AFM), developed at IBM in 1986is one of themostwidely used
scanning probe microscops employed to investigate the surface topography and
morphology of the sample §]. The novelty of this techniqueis the attainment of high
spatial resolution (lateral resolution ~20 nm, vertical resolution ~0.1 nm) under ambient
condition. The information is acquiral by measuring the force between a probe and the
sample. Piezoelectric actuators enabling small and accurate movements of the sample at
nanoscale facilitates very precise scanning with a resolution thousand times better than
that of the optical diffraction limit. The AFM probe consists of one cantilever (generally
coated with CoCr, Ptlr etc.) having a sharp tip (coated with CeCr, Ptir or doped
diamond etc.) at its end(see Fig. 3.7. The interaction starts to occur when the p is
brought closer to the sample surface. As a result, the tip experiences vertical and lateral
deflections due to forces such as van der Waals force, force due to chemical bonding,
capillary force, electrostatic force as well as magnetic force. The mappi of this
deflection is done by a laser spot reflected from the top surface of the cantileve\iter
this, the reflected laser beamhits a spacesensitive four segmentsphotodetector. The
differences between the signals of different segments of photodetee gives an
estimation of the angular deflections of the cantilever. A 2D profile of the local parameters
can then be acquired by performing a rastescan over a small area (generally few tens of
pm2) of the sample Based on the sample surface and the aog force between the tip and
sample, one can categorized three different modein which AFM imaging can be
performed.

3.3.4.1. Contact Mode

In this mode, the tip scans the sampla close contact with its surface while a constant

repulsive force between the tip and the surface is applied during the scaA feedback
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amplifier helps to maintain this criterion during scanning by applying a feedback voltage
to the piezoelectric actuator. As such measurement of static signal can affect the
cantilever as well as sample surfaceand hence,cantilevers with low stiffness are
incorporated to achieve a large enough deflection signal (the amplitude ranges from few
tens to few hundreds of nm) whike keeping the interaction force feasible.

3.3.4.2. Non-Contact Mode

The act of physically dragging a tip over sather rough sample surface while in contact
can be detrimental to both tip and sample leading to the unwanted damage. In order to
avoid that the tip hovers few tens of A above the specimen and attractive force likan
der Waals force is probed to construct the topographical image of its surface in the ron
contact mode. However, such force is somewhat weaker than the forces in contact mode
so that a small oscillation is applied (the amplitude of oscillation typically ranges from
few nm) to the tip. The modulation in amplitude, frequency or phase of theantilever
which results from the small forces acting betweethe tip and the sample is measied.
3.3.4.3. Tapping Mode

It is based on the cantilever which oscillates at or near its resonant frequency using a
piezoelectric actuator. The tip is then brought close to the sample until it begins to lightly
touch or tap the surface. The fragmentary contact of the tip with the siace affects the
cantilever oscillation causing an energy loss. The resulting change in the oscillation

amplitude is employed to identify and interpretthe surface features.
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Laser Source

Figure 3.7:Schematic diagram oatomic (magnetic) force microscopy

3.3.5. Magnetic Force Microscopy

Magnetic force microscopy MFM) requires a little modification of the basic AFM system
to obtain a surface map of themagnetic configuration of the sample [L0]. In MFM,
magnetization state of a magnetic sample can be obtained by wslying the magnetic
interactions between the tip and the sample. Necessarily the tip is coated with a thin
magnetic layer having high coercivity (i.e. Co or CoCr) fdine sustainability of its own
magnetization after several scanningThe tip can sense thenagnetic forces along with
the atomic and electrostatic forces near the surface due to the interaction between the
components of stray fields. During the measurements to get a better MFM image it is
recommended to take AFM image also. Once the surfaceagpaphy is recorded the tip is
then lifted up and scanned again over the sample surface at that particular height to sense
the out-of-plane stray fields.In this process,the magnetic signal is obtained in terms of
voltage which is extracted and processedoy the requisite software to provide
information about magnetic texture. MFM may be operated either in constant height or
constant tip-sample separation mode. It is believed that the constant height is easy to

perform as the sample stage ikept fixed in the z direction. However, it may suffer from
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an artefact that a region of magnetization at low tip height will appear stronger than
another identical region of magnetization at a higher tip height. This problem is avoided
in constant tip-sample separation by performing a preliminary AFM scan of the surface
which helps to adjust dynamically the zposition of the sample stage duringhe MFM scan.
The spatial resolution of MFM is roughly comparable to the thgample separation down

to a minimum of around 20 nm that allows to perform MFM scans in smaller separations.
At lower separations the tip experiences weldefined stray fields above the samie's
poles magnetic charges which then smear out and overlap at larger tgample
separations, decreasing image resolution. The constant separation mode also has a
drawback that bringing the MFM tip close enough to the sample leads to the alteration of
theOAT D1 A6O0 1 Acl AOCEUAOETT OOAOAS

3.3.6. Vibrating Sample Magnetometer

The magnetic properties of the sample is measured usingvibrating sample
magnetometry (VSM technique as a function of applied magnetic field and temperature
[11¥8 4EA AAOEA DPOET AEPI A 1T £ A£O01 AOETTEIC 1T £ 6
which states that varying magnetic flux through a coil will generate electromotive force
(EMF) induced in the coilin the form of a voltage. The expression can be written as

follows:
0O 0 0— (3.2)
Here,Einis the induced electric fieldAis the area of the coil withN number of turns. Using
0 t O U ,with the constant magnetic field Eq. (3.2)yeads:
(0] 0 0— (3.3)
Since the magnetizationM depends on the total magnetic momenin and other factors,
so the above equation can be modified as:

0 G0 @O0 "CAT100 (3.4)
where w and z are the frequency and amplitude respectivelythe yo is defined as the
distance betweenthe two pickup coils, M- is the number of pickup coils andGis the
geometric factor of the sample. During the measurement, the measurement protocol is
such that the sample is first placed under the influence of constant magnetic field thereby
creating stray fields by magnetic dipole moment of the samples. Sinceetlsample is
attached to a piezoelectric transducer, sinusoidal electric signal igransformed into a

sinusoidal vertical vibration of the sample rod resulting into an overall sinusoidal
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oscillation of the sample. Therefore, a voltage in the pickup coiliilsduced mainly due to
the oscillating magnetic dipoles of the samplewhich is independent d the applied
magnetic field. Basically, the conversion of the dipolar field of the sample in the form of
an ac electric signalis further amplified and measured byusing a lock in amplifier. The
output of the piezoelectric signal act as the reference signal. Any change in the external
parameter such as applied magnetic field and temperature leado a modification in the
magnetization of the sample which can be tiged to investigate theM-H (for hysteresis
loop) or M-T (for the estimation of Curie temperature) curves. For magnetic
characterization ofthe samplesstudied in this thesis,a Lake Shore (model: 7407) VSM
system [11] has been extensively used.he schemaic of the VSM setup is shown ifig.
3.8

Power Ampllﬁer

Vibrator @'OSallator
Reference Signal

— Electronic Circuit ]

Pick up coils

Sample

Lock in Amplifier

Gaussmeter

Figure 3.8: Schematic diagram & vibrating sample magnetometer

3.3.7. Static Magneto-Optical Kerr Effect Magnetometer

The static magnetcoptical Kerr effect (static MOKE technique relies on theMOKEand is
used for the measurement of magnetic hysteresis loops in continuoukin films and
patterned nanostructures [13-14]. The striking difference between statieMOKE and VSM

is the probing region of the magnetic sample. Stat MOKE is anon-invasive, surface
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sensitive and local measurementtechnique, whereas VSM is alobal technique. The
schematic of tre setup is presented inFig. 3.9

A continuous wave laser (HeNe) of wavelength 632.8 nm is used to probe the
magnetization of the sample which is placed under the influence ah applied magnetic
field. When the laser beam passes through a Glan Thompson (GT) polarizer, the light
becomes tlly polarized. After chopping the beam at 2 kHz frequency by using an optical
chopper, it is steered by a set of mirrors andhade topass through a couple of lenses (L1
& L2) which are used for collimation and expasion of the laser beam. The iplane
magnetic field is supplied via an electromagnefn optical bridge detector (OBD) which
can sense and distinguish the change of polarization and intensity of the lases used to
detect the signal The OBD consists d polarized beam splitter (PBS)which splits any
light into two orthogonal components. A couple of photodiodes (A, B) pick those
components and convertthose into electrical signak. In absence ofny magnetic field,
the balanced condition (A = B) of OBD is obtained by rotating the axis bitPBS slightly
around 45°. The calibration factor is also measured by rotating the PBS by 1° (or as per
convenience) on either side of the balanced position in the rotational scale and the dc
output of the detector is used to extract the calibration facto Under the application ofa
magnetic field, the magnetization in the sample is manipulated and the polarization of the
light changes. Thus, the detector moves away frothe AAT AT AAA AT 1T AEOQEIT 1
difference signal (Az B) is measured in a phaseensitive manner by using a lockn
amplifier. The frequency of the chopper is fed to the lockh amplifier in order to set a
reference. The output signal is converted to Kerr rotation by multiplyingwith the
calibration factor. To obtainmagnetichysteress loop,the IP field is varied from positive

to negative direction (monitored in terms of current or voltage of the power supply) and
measurement protocolis establishedusing a homebuilt LabVIEW software to capture

the change in magnetization as a funin of the IP magnetic field.
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Figure 3.9: Schematic diagram of static MOKE.

3.3.8. Raman Spectroscopy

Raman spectroscopy is one of the molecular spectroscopic techniques where interaction
of light with matter gives the insight of the material characteristics [15]. Raman scattering
relies on the inelastic light scattering process where energy of the scatet photons are
modified with respect to that of the incident photons after interacting with the material,
leading to a shift known as the Raman shift. The Raman effect was first discovered by C.
V. Raman in 1930 for which he was awarded the Nobel prize physics.There are two
types of scattering event occurs namely, Stokes and at8tokes. The former originates
due to the less energy of the scattered photon as compared to that of incident photon.
When the change in energy of the scattered photon is ledsain the incident photon, the
scattering is called Stokes eventln the later case,Some moleculespre residesin a
vibrationally excited state and when they argpromoted to a rather higher energylevel,
they may relax to a final energy stat&aving lower energy than that of the initial excited
state. Typically, the wavelength used for the Raman spectroscopy are 488 nm, 514 nm,
532 nm, 785 nm, 830 nm and 1064 nm from different types of laser. Thaptics cables
made of fibre is used to transmit laser energyhich is acquired from the sampleA CCD

detector collects the light and displays the Raman spectrum.
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Figure 3.10: Schematic diagram of Raman spectrometer.

Because of the weak signal yielded by Raman scattering, it is highly recommended that
high quality, optically well-matched components should be used in the Raman
spectrometer. The schematic of Raman spectrometer is given iRig. 3.10

3.4. Measurement Techniques of Spin Dynamics

The various measurement tools tanvestigate the spin dynamics will be presentedhelow:
3.4.1. Brillouin Light Scattering

Light scattering-based experiments are the backbone of the extensive study of various
physical phenomena observed in solid, gas and liquid systems. In tiillouin li ght
scattering (BLS experiments, the scattered light froma sample carries the information
about important physical properties. In BLS, it relies on the inelastic light scattering
process where incident photon interacts with various quasiparticles(i.e. phonon,
magnon, polariton, plasmoretc.) present in the sample. In fact, BLS being a powerful tool,
has been successfully employed to measure the elastic propertiebvater [16-17], solids
[18], as well asbio-organic materials (.e.eyes lens [B]). Nevertheless, in this thesis our
main focus would be on the implementation of BLS to measur8W excitations in
ferromagnetic structures, such as thin films heterostructures comprised of
HM/FM/oxide, 2D-Material/FM, SAFs and magnonic crystal based on A8id 1D-MWGs
The theoretical prediction of light scattering from acoustic waves was given
independently by in 1922 [20] and Mandelstam in 1926 P1]. Subsequently after few
years in 1930, Gross experimentally confirmed the observation of scattering of ligint
liquids [22]. Thanks to the invention of laser in the 1960s which revolutionized this area

of research. The investigation of acoustic waves arsB\Wsin optically opaque material
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became possible only after 1971 when John Sandercock developed a highlytssficated
spectrometer known as FabryPérot interferometer (FPI) [23]. The key feature of a FPI
is the dramatic increase of its sensitivity if the scattered light passes multiple times
through it [24]. Both surface and bulkSWswere detected in polycrysalline films of Fe
and Ni by Sandercock and Wettling using tandem operation of two interferometer%-
26]. In recent years, BLShas proved to be versatile tool for the advanced magnetism
based research with particular emphasis on the degree of flexibilityn samples,
resolution in frequency, phase, time and space. The other key poirdse mentioned as

follows:

1) Probing thermal magnons at ambient conditior{at room temperature).

2) Investigation of SW response over a broad frequency range up to 500 GHz with 30
MHz digital resolution.

3) Investigation of SW dispersions with various absolute values and orientations of

the corresponding wavevectors.

The information about the properties of magnetic layers, e.g. magnetic damping,
magnetic anisotropy, saturation magnézation, DMI strength as well as coupling

parameter between different magnetic layers can be extracted.

3.4.1.1. Underlying Principle s

In BLS spectroscopy, a monochromatic laser beam is incident on the surfacasample.

A major fraction of incident light undergoes absorption or reflectionand only a small
fraction of it scatters from the thermally excited SWs in the sample. The scattel beam
consists of two contributions originating from elastic and inelastic scattering process. In
case of elastic scattering (like Rayleigh scattering), the frequency or energy of the photons
remain unchanged while in the inelastic scattering, the freqgncy or energy of the
scattered beam gets changed. This change in the frequency is attributed to the frequency
of the SWs present in the sample. The scattered light is collected via the same lens which
is used to focus incident beam on the sample surfaaegithin a solid angle in the direction
180° from the incident light. Ths geometry, alsoknown as 180° backscattered geometry
has an advantage that it maximizes the magnitude of SWave vector involved in the
scattering process. The scattered light is fragency analysed using a high resolution multi

pass tandemFPIto extract the characteristics of surface and bulk magnons.
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Figure 3.11: Schematic of the Stokes and at8tokes processes.

From quantum mechanical point of view, the inelastic light scatténg mechanism can be
well described as photonmagnon collision. The schematic of the scattering process is
shown in theFig. 3.11
From the conservation of energy and momentum between the magnon and the incident
photon and scatered photon, we can write the following expressions:
al al al (3.5)
2Q 27Q 27 (3.6)
where + () sign refers to theanti-Stokes (Stokes) frequency shift and FQh HRQare the
respective angular frequencies and wavegectors of incident and scattered photons. It is
noteworthy that the perpendicular component of the wave vector is not conserved due
to the breaking of translational symmetry. Hencethe above expressions are valid only
forkDPAOAT 1 A1l O1 OEA OEET /[EE“EWisvely Bwastohaaed 1T £ O
Oi OEAO 1T &£ ET AEAAT O PET OI1T | AEAx Ae6qQqs #I11 OAN
(ks) is very much close to the wave vector of the incident photorki). The schematic
representation of the underlying mechanism relatedo scattering profile of a photon by
a bulkas well as surfacanagnon is given inthe Fig. 3.12Here, the participated SW in the
scattering process has a component perpendicular to surface. The scattered photon wave
vector ks must lie on theshadedgreen circle, whose radius is equal to the magnitude of
incident photon wave vector &i). Here the cone represents the collection angle of the
scattered beam in the BLS experiment, whose central axis aligns with the incident photon

wave vector. Thereforeijt is assuned that ki and ksare collinear (ki =-ks). It means thatin
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the backscattered geometry, the wave vector magnitude of the emitted or absorbed bulk

magnon K| is always equalo 2|ki|.

Ma

Figure 3.12: Schematic of thecattering of incident laser beam by surface and bulk

magnons.

Furthermore, in case ofthe scattering of a photon by a surface magnothe direction of
k lies in the horizontal plane which results into the conservation of momentum only in
the plane alongthe sample surface. Therefore, the magnon wave vector probed in the
experiment is written as:

s& Qi Q¢ Qi Qs csOsi Qe ¢ — | Qe (3.7)
Hence, by arying the angle of incidence, no new information regarding the bulk magnons
can be obtained whereas the surface magnons offer the important vs k dispersion
OA1 AGET 18 4EA AAT OA ANOAOGEIT1T EO xEAAI U ETT xI
scattering experiments. The magnitude ok can be varied by changing eithef or1 8he
k-dependent study presentedn this thesis has been done by changirfg 8
3.4.1.2. Estimation of the Uncertainty in the SW Wave Vector
Finite aperture angle of the objective lens used for focussing and collecting light from the
sample introduces an uncertainty in the SW wave vector. For finite value fof the spread
in k can be written as:

WQ CQOé-H Q& —0EH400D (3.8)

where %ds the collecting angle of lens and NA is the numerical aperture defined by

66 i &- (3.9)
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So, for normal incidence (i.ef = 0°), this uncertainty becomes maximum. Also, because
of the focusing of the incident beam, a possible uncertainty can be presenf{inHowever,
aveOU T AOOT x AAAI jxEAOE B uvnm AiQqQ EO OOAA
experiment which in turn enhances the focused spot size.

3.4.1.3. Polarization of the Scattered Beam

In order to interpret the scattering of light from SW, magneteoptic interaction
mechanism is best suited. In general, the oscillating electric dipoles experience a Lorentz
force due to precessing magnetization or SW which gives rise to a spatially periodic
fluctuation in polarizability of the medium. It leads to a sattered electromagnetic (EM)
wave whose direction of electric field vector is perpendicular to the incident wave. The
schematic of this process is shown ifrig. 3.13 for a p-polarized incident light in the DE
geometry. When the laser beam impinges on the magnetic sample, its electric dipoles

start to oscillate mainly due to its oscillatory electric field given as

r O Om (3.10)

Considering the dynamic component o
1410 g (3.11)
0O g O m (3.12)

Plane of Incidence

Figure 3.13: Schematic illustration of the interaction between jpolarized incident beam
and precessing magnetization.
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The oscillating component ofM exerts a Lorentz force (proportional toE x m) on the
electric dipoles which in this case causes polarization pointing along thedirection.
Consequently, the electric field of the radiated light wave is pointed along theedirection
(i.e.spolarized). A similar argument is applied withthe light with s-polarization. Hence,
the polarization of the incident light is perpendicular to that of light scattered by a
magnon. This is different from the circumstance when light is scattered by acoustic
phonons as here the polarizations of the incident and sttared lights lie along the same
direction. Therefore, the scattered light by magnons can be separated from that scattered
by phonons by choosingan appropriate orientation of the analyzing polarizer in the
experiment. The schematic of theDE scattering geometry showing the incident light,
scattered light, angle of incidence and the direction of spin wave vector is presented in
Fig. 3.14

Figure 3.14: Thetypical DE scattering geometryshowing the incident, reflected and
scattered beams, the direction of magnon wave vectors for Stokes and aftiokes

processesin BLS experiment.

3.4.2. Experimental Setup
BLS measurement is generally performed in two different geometries(i) forward

scattering geometry, where the scattered light is collected after transmission of the
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probing beam through a transparent sample, and (iipack scattering geometry, where
the beam thatis backscattered from the surface of opaque sampls analyzed.Further
extension of the backscattered geometry is utilized to perform BLS microscopyn(cro-
BLS), where the profile of SW can be mapped in a spacéme-and phaseresolved
manner. Below, the discussion of the conventional armdicro-BLS will be elaborated:
The schematic of the BLS setip is shown inFig. 3.15 The experimental assembly of BLS
consists of many important components such as continuous single mode solid state laser,
beam splitter (BS), half wave plate (HWP), polarizing bam splitter (PBS) mirrors (M),
achromatic doublet (Ach), polarizer (P), focusing lens(L), pin hole (Ph), light diffuser,
shutter (S), tandem FabryPérot interferometer (TFPI) together with single photon
detector (D), a computer equipped with multi-channel andyzer software (GHOSTor
TFPDAS4.2and electromagnet.

A laser beam of power 28 mW and wavelength 532 nm emitted from a diode pumped
solid state laser is usedAfter that, thelaser beamis split into two parts (1:9) using a beam
splitter (BS). The smaller part (0%; act as a reference beam) goes towards the TRBIng
mirrors. The reference beam serves the following purposet helps (i) to stabilize the
mirror spacing of the FPetalons; (ii) to form the central elastic peak in a BLS spectrum in
order to measure the frequency shift of the scattered beam w.r.t incident opand (iii) to
estimate the transmission order of the(FP) etalon which is required to deduce the
frequencies of SW preent in scattered beamThe other part (90%) of the beamis first
sent through HWP and PBS, in order to eliminate the small-plane polarized component
from the partially polarized beam of the laser. The beam perpendicularly polarized to the
optical table is then guided by the mirrors M3, M4, M5, M6 an@r towards the sample
which is lying between thepoles of theelectromagnet. The mirrorPr is taken as a tiny
prism mirror in order to minimize the blocking of the backscattered beam by itself.

Finally, thebeam is focused onto the sample using an achromatic doublgtch) lens.
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Figure 3.15: Schematiof conventional Brillouin light scattering (BLS) spectrometer.

The sample is mounted on a rotation stage which can be rotated in the vertical plane for
the changes in the angle of incidence, thereby addressing different transferred SW wave
vector according toEq. (3.7). A magnetic field is applied perpendicular to the transferred
wave vector direction, i.e. in the DE geometry. The measurements are performed fo
various magnetic field values at different wave vectors of transferred SW. Subsequently,
the scattered beam is collected by the same lens and progresses towards the entrance
pinhole of a JRS Scientific Instrument (3+3)ass tandem FPI for frequency anasys using
the focusing lens . In orderto select the light scattered from SWs, a crossed polarizBr

is inserted in the path of the scattered light which suppresses the elastically scattered
beam as well as the beam containing the signal from phononsside the TFPI, the beam
hits mirror M 1 and then reaches FP1 via lensiland mirror M2. After passing through FP1,
the beam undergoes its first pass (beam 1) until it is reflected from Mbeam 2) and
passes through FP2. Then the beam is reflected from Pahd traces back its path via FP2
(beam 3) and FP1 (beam 4) and reachessMThe beam is once again reflected atsMand
thus it gets redirected, passes through FP1 and FP2 for the thirante (beam 5 and beam

6 respectively) to finally arrive at the singlephoton counter (D). The reason for the multi
pass arrangement is to increase the contrast of the inelastically scattered light. Finally,
the beam enters into the detector which is singl@hoton counter and the data is stored

in the computer for further analysis.

66



3.4.3. Instrumentation

Here, wewill present some details of the important components that constitute the
conventional BLS system.

3.4.3.1. Solid State Laser

A laser with single node having narrow bandwidth is desirable for the increased
precision and accuracy of the frequencies measured. To meet this expectation, we have
worked with a 300 mW Excelsior solid state continuous wav€CW) laser source (power
H235 mW). The laser systentonsists of the laser head, separate controller unit, which
routes the electrical power and monitors the signal between the laser head and the
master system. Here a diode laser is used to pump the Ndons doped in the crystal of
yttrium vanadate (Nd: Y\Os), which emits photons at 1064 nm wavelength. This infrared
output is further converted to visible light by sending it through a nonlinear crystal of
lithium triborate (LBO) for frequency doubling (wavelength 532 nm). The emitted laser
beam has aliameter of about 670 um with a beam divergence of about 1.03 mrad. Overall,
the laser system is steady and reliable at room temperature in terms of output power and
beam pointing.

3.4.3.2. Tandem Fabry-Pérot Interferometer

Both the frequency of SW as copared to the typical excitation frequency of laser and the
cross section of the inelastic scattering of photons are quite low. Therefore, the demand
for higher spectral resolution and contrast is very much required for the proper
functioning of the BLS. Inthat context, 3+3 pass TFPI is proved to be an ideal choice to
overcome these challenges in the BLS set up. The TFPI consists of two single FPI
connected in series and the light passes each FPI three times, as can be seé€igir3.16
Before going into the details of TFPI, first we address briefly the transmission
characteristics of a single FPI and subsequently the realization and the operations of the

tandem mode will be illustrated.
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Figure 3.16:Schematic of the tandem &bry-Pérot interferometer (TFPI).

3.4.3.3. FPI

An FPI consists of a pair of planar and partially reflecting mirrors which are mounted
parallel to each other at a distancel() [27]. The light entering the FPI, undergoes
multiple back and forth reflections and transmissions. The transmitted beams interfere
with each other and results in the condition for constructive interference under normal

incidence given by

0 — (3.13)

wheren=1, 2, 3,48 refersO1T OEA OOAT 01 EOOETT 1T OAAO AT A 1
The free spectral range (FSR) (difference between the frequencies of the consecutive
orders) can be written as

WwQ— — (A (3.14)
Here c denotes the velocity of light. The Finesse of the cavity is related to FSR gven

by:

(3.15)
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where @ "Q s the full width half maximum of the transmission curve. Thd-inesseF

affects the transmitted intensity |; off the FPI via:

"0 (3.16)

where ‘Orepresentsthe intensity of the incident light. The aboveintensity expressionis
known asthe Airy function, which relates the periodicity of transmitted intensity with

mirror spacing and frequency. The finessgF) is a quantitative parameter which
measures the instument quality. The relationship betweenF and reflectivity R of the
Fabry-Pérot etalons is given by:

o 4 (3.17)

Therefore, a higher reflectivity enhances the finesse and as obtained from Eg. (3.15),
increases the frequency resolution a¥2 decreases. On the other hand, for fixeld, an
increase inL reduces the FSR, which improves the frequency resolution as the Finesse

remains constant. The contrast of an FPI is given as
0O p —— (3.18)

The contrast for ann-pass interferometer is thent" power of that of a singlepass one.

3.4.3.4. Tandem Operation
As we can see that the transmitted intensity as a function of the mirror spacing is periodic
in nature which can become a major concern for FPI. For instance, if we consider a fixed
mirror spacing L and the presence of two wavelengths sayi and12then

¢cb & _ a _ (3.19)
Thus, the transmission condition is being satisfied for both1 and 12 but with different
orders. As the reference beam determines the order of transmission spectrum, the order
of the second wavelength (which does not match with that of the reference bearahd
consequently, the wavelength itself remains inaccessible. Further, it is quite challenging
to identify unambiguously whether a peak signal belongs to the Stokes side of a specific
transmission order or it belongs to the antiStokes side of the previoa order. To
overcome these hurdles, tandem operation of FPI has been suggested where the light
passes consecutively through two interferometers (FP1 and FP2) which are mounted at
an angle () to each other asshownin Fig. 3.16 The right mirror of each FPI is placed on
the common translation stage and the other one on a separate angular orientation device.

The scanning stage can move the right mirror of each pair along the optical axis of FP1. A
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displacement () of the translation stage introduces a change of the mirror distance in
FP1 bywd  'Q while the change for FP2 is given as:
W W QE (3.20)

and the synchronization condition is given by:

— — (3.21)

l
l
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Figure 3.17:Transmission characteistics of FP1 and FP2 and in tandem operation.
Now, the intermixing of different orders can be suppressed. To achieve this, each FPI is
adjusted to transmission separately before the scanning of linear stage. Although their
transmission orders are different, but they together provide a central transmsion order,
which can be adjusted by changing the mirror spacing of FP2 (Seig. 3.17. At the same
time, the other orders are suppressed because of the different FSR for both FPIs. This
arrangement also increases the FSR of @hfinal spectrum, without affecting the
resolution. Now, the change in the mirror spacing after the movement of stage for both
FP1 and FP2 can be written as:
a 0 Q (3.22)

a 0O QATO (3.23)

where 0 is the initial mirror spacing of FP1 (atd = 0). This removes the previously

mentioned ambiguities since the transmission order is now fixed. As mentioned earlier,
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the light additionally passes through each FPI three times to enhance the contrast. Finally,
after the six passes (3+3) through the FPIsthe light is directed to a photomultiplier,
which counts the number of transmitted photons as a function of the mirrospacing,
which is relatable to the frequency shift. Thesweeping of thedistance throughscanning
stagerelates to the desired frequencyindow. In order to get adequate statistics, the data
is generally recorded for longer duration. As a resulthe acquired BLS intensity islirectly
proportional to the SW intensity at a given frequency. The steps for rigorous alignment

inside the TFP hae been elaborated irits manual [28].

3.4.4. BLS Microscopy
3.4.4.1. Micro-focused Brillouin Light Scattering

In this section, a full description of the micreBLS setup will be presented. As we know,

the conventional BLS is limited by its spot siz¢ ot Al @ AT A £OT AOET 10
continuous thin films as well as array of patterned microstructures. However, for the

single magnetic elements, micreBLS has to be used because of its high spatial resolution.
Micro-BLS, developed significantly in the @st decades, can be thought of as an extension

of conventional BL29-30]. In ourmicro-BLS set up, the laser is focused down to a small

spot size of about 250 nm on the sample, which allows for a spatial sensitivity, however

at the cost of wave vectorAOT 1| OOETT AAAAOOA 1T &£ OEA (AEOAT A
which states that simultaneous access to position and wave vector with arbitrary high

precision is not possible. The required components which are needed to transform the
conventional BLS to a miro-BLS include a microscope objective (MO),cmmplementary

-metal-oxide semiconductor CMO$ camera, a set of high precision threglimensional

translation stages and a number of steering optic§.he schematic of the micreBLS set up

is shown inFig. 3.8.

71



To TFP
Interferometer

Figure 3.18: (a) Schematic of the micréocused Brillouin light scattering setup. (b)
Schematic illustration of the RF excitation through groundsignalground (GSG) type
antenna.

The MO used in the experiment is from Leicgmodel number: HC PL FLUOTAR land
has a specification such ablagnification: x100; Numerical Aperture (NA): 0.75; and long
working distance: 3.7 mm. It is important to mention here that in micreBLS, back
scatering geometry is used with no provision of changing the angle of incidence. The
maximum angle of incidence is decided by the numerical aperture! ¢ i "Qgwheree

is the refractive index of the medium (1 for air) and is the angle of incidence. Itase of
NA = 0.75, the value of maximum angle of incidence comes out to 48.6°. Hence, the
collected scattered light will correspond to a range of transferred-vectors to 0 to 17.7
rad/um. The scattered beam is collected using the same objective lens byiah it was
focused onto the sample and sent to the TFPI guided by the mirrors for frequency
analysis. The CMOS camera from Thorlalpg?oint Grey: Flea3 FL3U3-13Y3M)) serves
the following purpose: (i) it locates the laser spot on to the sample and (ii) iallows for
the stabilization of the sample position with respect to the thermal drift.During the
measurement, the laser spot needs to be filtered out with a notch filteto avoid the

saturation of entire image
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To perform a welldefined spatialscan, and for thermal stabilization, a very high precision
translation stages (xy-z) is used. The twedimensional lateral stages (model number
XMS50) and vertical focusing stage (model numbeGTS30V)from Newport were used.
The spatial resolution of lateal and vertical stages are5s0 nm and 1 nm, respectively.
These high spatial resolution for stages enables to correct the thermal drift as well as to
conduct fine spatial scans. In order to excite SW externally using microwave frequency, a
nonmagnetic cusbmized picoprobe (Model No. 40A GSGE200-GR) from GGB industries
is used. The sample is mounted on a holder attach&dth the stage. By moving the
sample position thereby changing the position of the laser onto the sample, the spatially
dependent amplitude ofthe scattered light is measured for a particular excited frequency.
To enhance the signal to noise ratio, the density of measured magnons is increased by
electrical excitation with an RF frequency sent through aoplanar waveguide (CPW)as
schematicdly shown in Fig. 3.B (b). The launching of thepicoprobe, the stabilization

scheme and data acquisitioms presented in Fig. 3.19, 3.20 and 3.21, respectively.

n

Figure 3.19: Image of the GSG picoprobe during launching on the Au antenna.
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3.4.4.1.1. Procedures to Perform Complex Scan

To perform the BLS microscopy, complex scan protocol helps to define the proper
imaging of the propagating SWs. There are few standard steps that need to be followed
as listed below:

Step I. CallComplex Scan Initialization Window

Under the Oamplex Scandin the TFPDASZ# software, three separate tabs for defining
three different dimensions (i.e. X, y, magnetic field) are preserit.is important to mention
here that if one wants to perform a measurement in which only one dimension is scanned,
then only the parameters fordimension 1 needs to be defined. Dimension 1 has to be
defined first for every complex scan. The same is applied if one wants to scan two
dimensions: all the parameters needo be set for dimensions 1 and 2, and dimension 3
remains empty.

Step Il. Configure Transmission Control (TCP) Interface.vi

After calling TCP interface.vi (labview program), dimension 1 can be illustrated by giving
its name (say position x) and path of the corresponding labview program. Similar thin
should be specified for other dimen®ns also. When all of the names and paths are
entered, hit the start TCP protocol button. This will pop up a new window, the Initialize
TCP Connection window.

Step Ill. To Initialize TCP

This procedure is done to set up the communication between servand client. In order

to use local area network (LAN), the IP address of the computer in which TFPDAS4
software is installed should be known. Since scanning is done for more than 1 dimension,
several TCP connections can be made by assigning different pottmbers on the same
LAN. The server will listen at a distinct single port number for incoming connection
requests. Therefore, it allows for the initialization of a TCP connection these port
numbers specified at the sever and the client should be the samdor a particular
dimension. Consequentlyfitialization of TCP Connectio@window on the client as well
as the@omplex Scamvindow 8of TFPDAS# on the server should be done. One has to be
careful that the port numbers must be different for each dimension. Since all three
transmission control protocols connect to the same server, the communication has to run

on three different ports to avoid crossalk between them.
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IV. Define Region of Interest (ROI)

Here, the scan points for each dimension are definedit is good to have the full
information of the scanned dimension such as its name, units and number of points etc.
for future data evaluation. Then comes to a region of interest which defines a scan range
for a specific scan dimension, i.e., the range ovetich the parameter associated with
some external laboratory equipment (position, field etc.) is changed. Setting ti@egion

of Interestdis quite straightforward: type in the first and last value of the scan array and
define the number of steps that shold be used to cover this region. After this, scan array
is created which can be seen on the configuration window.

Step V: Define Post Point Actions

The ®ostPoint Actionsdare required for sending the instruction that what should be
done after each singt scan point for the corresponding dimension. This action depends
on whether the program controlling your additional equipment, e.g., the positioning stage
and the magnet, can give feedback on the current status of the device. This feedback must
be given n the form of a Boolean output. If the Boolean output is false, i.e., the device is
still busy setting the next scan point, the TCP interface on the client will stop the
automated scan and send a breakommandback to TFPDASA4.2If the output istrue, i.e,
the next scan point has been reached, @ntinue commandis sent and the automated
measurement will continue.

Step-6: Define Post Loop Action

In this last step, one can specify how many times the entire dimension should be
scanned. Depending upon the measurement protocol, one needs to just increase the
number of repetitions of the complex scan configuration window and the corresponding
dimension will be scanned as often as you want.

Step VII. Confirm Settings

When all the ¢eps as mentioned above are completed. One can then hit the APPLY
SETTING button in thenitialize TCP Connectiowindow on the client. A smallTCP Listen
window will pop up showing the status of the TCP connection. During a running complex
scan, thereceived data values will tell which double values are sent from the server, i.e.,
TFPDAS4, to the client, i.e., the programs controlling the corresponding scan
dimensions. From the point of view of the client, the TCP is now ready to start an

automated measuement.
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Step VIII. Start Measurement

While starting a complex measurement, a small dialogue window will pop ujVe need to
usethe Oect Folderdbutton in order to choose a folder in which this complex scan shall
be stored under the name thahas beentyped in. We @nfirm this directory with the @k&
button. If a running complex scan is needed to abort, one needs to select EPDAS42
Main Windowd&and press&S® This will pop up a window asking to confirm thatve really
want to kill the current Complex Scan. The®ill Scarfbutton will abort the actual O@mplex
Scandand bring the interferometer back to the transmission mode. Thewe canexit the
@omplex Scan Execuvindow under MAIN > ExiB After these, one can proceed for the

automated scanning measurement.

3.4.4.2. Phase-resolved BLS

Analysis of SW phase leads to the accurate assignment of the wave vectors which was
hindered in the spaceresolved micro-BLS experiment because of the Heisenberg
uncertainty principle [31-33]. In fact, investigation of the propagatingSW phase has
basically equivalent to the wavelength (wavevector) measurement of SVE. The
information about the SWphase is realized via the interference of the scattered beam
with a temporally coherent reference beam that is generated using an electaptical
modulator (EOM). Change in the probingpatial location across the sample leads to the
recording of the propagatng SW phases. The intensity of the corresponding interference
signal can be expressed as

"0 0O COOWEéEV% ™™ O (3.24)
Here, O and O representsthe electric fields corresponding to thereference beam and
the sample respectively,Y%. is the initial phase difference between the reference and
sample beam. The argument of the cosine function refers to the corresponding phase

difference.

3.4.4.3. Time -resolved BLS

The propagation and relaxation characteristics o6Wmodes in time domain can also be
studied using BLS technique.34-36]. The methodology is to excite th&&Wexternally at

a time to and then measure the temporal evolution of ta SWintensity as it propagates
through the sample. The excitation of SW is done using a train of microwave pulses. The

leading edge of the pulse defines the starting time and the data is recorded at different
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time ti w.r.t. . The counts for subsequent pulses are summed udpereby rendering a
matrix formed by the intensity of total gathered photons and thecorresponding time ti.
Moreover, the two-dimensional intensity map of aSWpulse excited at a fixed frequency
for different delays, which manifests the spatial and temporal advancement of the
corresponding SW packetcan be obtained.
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Chapter 4
4. Numerical Methods

4.1. Introduction

For continuous magnetic medium, there are theories based on macroscopic modelling
which consider the magnetization to be uniform throughout the medium. The
magnetization dynamics is studied by solving nonlinear ordinary differential equation of
Landau Lifshitz Gilbert (LLG) equation by linearizing it under the small precession angle
approximation. The study of magnetization dynamics for confined structures is a bit
nontrivial because of the demagnetizing field arising from the unsaturated magnetic
dipoles & the finite boundaries. The geometry dependent complexity often hinders the
reproduction of ideal characteristic features of the studied system. It becomes more
evident in case of samples having nonellipsoidal geometries leading towards nontrivial
analytical solutions. On the other hand, experiments generally suffer from various
limitations because of the facilities available related to the fabrication and
characterization tools. Consequently, theory faces stern challenges to reproduce (or
predict) the real situation due to the lack of appropriate approximations and boundary
conditions used for nanoscale magnetic systems having both sherand longrange
interactions. Hence, b explain the experimental findings and for future proposals for
novel research aenue, the development of numerical and analytical micromagnetic

modelling is undoubtedly necessary.

4.2. Micromagnetic Smulation

The basic philosophy of micromagnetic simulation [1] is taliscretize the sampleinto a
number of cells, each of which consists of a macrospthat experiences short-range
exchange and longange dipolar interactions as well as the effect of other existing fields
depending upon the system In the following, some of the tools related d@ the
micromagnetic simulation (i.e. OOMMF [2], LLG Simulator [3jpumax3 [4] etc.) used in

the present thesis will be briefly described.
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4.2.1. Various LLG Solvers and Evolvers

When the analytical methods seem to fail in solving the differential equations related to
the complex geometries and problems, then the numerical methods with the help of
discretization formalism by approximating differential equation are used. There are
mainly two widely used approaches to solve LLG equation numerically: finite difference
method (FDM) and finite element method (FEM) [®]. Thesetechniques utilize the
continuum theory to estimate the magnetic features of several nanometers length scale
in terms of the localordering of magnetic moments.

In case of FDMthe whole system space is discretized into a number of regulanuboidal
cells (N). Thus the continuous solution domain is replaced by a discrete set of lattice
points and the domain boundares are replaced by their discrete counterparts.
Subsequently, each cell islesignated with a magnetization vector and their relative
interactions are taken into account bymeans ofthe minimization of total energy.
Although, FDM features a faster computabn as compared to FEMt is not applicable for
complicated geometry like curved boundary or irregular microstructures. A few
examples of FDM simulators are Object Oriented Micromagnetic Frameworks (OOMMF),

LLGMicromagnetic Simulator, MicroMagusmumax3 etc.

4.2.1.1. OOMMF

OOMMEF is a public domain micromagnetigimulation program developed at the National
Institute of Standards and Technology (NIST) by M. J. Donahue and D. G. PoZerThe
code is written in C++ and Tcl/Tk language. is compatible with a wide range of platform
namely Unix and Windows. Here, an ODE solver is implemented to relax 3D spins on a 2D
mesh of square cells and uses fast Fourier transform (FFT) to compute the self
magnetostatic field.The LLG equation is solved in space aniite at temperature T =0 K.
The input parameters guch asbulk saturation magnetization (Ms), exchange stiffness
constant (A), magnetacrystalline anisotropy (K), Zeeman field(H), sample structure
dimensions and the magnetic field geometry) and the initial conditions of any problem
are given usingan external script file. There is a provision to insert the sample structure
as an image file to the software enabling to incorporate any structural aratts to be taken
into consideration. The sample space is divided into identical cuboidal cells with
dimensions equal to or less than the exchange length. Each cell is then assigned with a

single spin. Subsequently, the LLG equation is solved assuming thagmetization to be a
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continuous function of position and deriving relevant expressions for different energy
terms. Then the stable equilibrium state is achieved by minimizing the total Gibbs free
energy with respect to the magnetization

The simulation methodology is adopted in such a way thahe system is brought to
equilibrium under the effect of a static bias magnetic field.For that, large enough bias
field isinitially applied to fully magnetize the sample and allow the magnetizaticio relax
for a long time. The applied field is then reduced to théesired bias field valuewhere the
dynamics will be simulated. Subsequentlymagnetization isagainallowed to relax for a
long enoughtime so that the magnetic torque on the system becomanuch smaller than
a critical value. During each step, the magnetization configuration is updated by two types
of evolvers: first one is a time evolver whiclcapturesthe LLG dynamics and the second
one is an energy minimization evolver which calculateshie local minima in energy by
using energy minimization techniques. Aourth order Runge Kutta evolver is used as a
time evolver which solves LLG equation considering an ordinary differential equation in
time. The evolvers are connected to corresponding drers, namely, time driver and
energy minimization driver, which control the time and minimization evolver,
respectively. The driver controls the completion of a simulation stage depending upon
the stopping criteria described in the input script file. The dopping criterion is
determined by the convergence of the maximum torquel 5, whered 1 . Inthe
script file, users provide either the stopping time or the stopping value adm/dt, which

is set in such a way that the value dhe maximum torque 0O 3 should be less than
106 A/m. The simulation will terminate as soon aghe stopping criteria matches. After
the system acquires a stable, static equilibrium state under the bias maefic field, the
magnetization dynamics is triggered under a uniform excitation (spatially and temporally
OAOQOUET ¢ OO0 Bfpled pergshdicAlad lthe Sample plane in order tsimulate
the experimental (BLS) results. The time evolution of the diférent components of
dynamic magnetization averaged over the entire sample volume are then recorded for a
total timescale ofseveralns at intervals offew ps. A small value for damping parameter
(say 0.008 for NgoFezo) was assumed during the dynamic simaition. The time dependent
components of magnetization, magnetic field and energies can be extracted in the output
AE1T A xEOE 081 | /S fespet/éEMES, OOMMF Gfers BetSer t&EseOd A OO
periodic boundary condition (PBC) in different dimensions for simulatingthe real

signature of systems withfinite and smaller sample geometry
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4.2.1.2. LLGSmulator

Designed and licensed by M. R. ScheinfeibLG Micromagndt Simulator [3] is also an
important tool for the simulation of magnetization dynamics which is again based on FDM
method-based evolver such as Euler, RotatioMatrices, PredictorCorrector, Gauss

Seidel stable method Some of the key points regarding tlisimulator are the following:

1 The space and time evolution of magnetization can be investigated as a function

of temperature as opposed to OOMMF where simulation is performed &at= 0 K.

9 As mentioned earlier, LLG supports four integrators to solve ODE. The most
primitive one is a Eule Cartesian method which is the fastest but least accurate.
The Rotation Matrices method is the integrator of choice for solutions where
damping is greater than 0.5. This iemployedto study the magnetic ground state
configurations in our systems. The Caesian Predictor-Corrector integrator is the
most accurate and also faster when damping is about 0.01. The GaSssdel Stable
method is a semiimplicit first -order integration scheme. The integration time
steps can be much larger on fine grids using thisethod.

1 The graphical visualization of the magnetic domains and magnetostatic field

profiles in simulated FM systems is well represented in both 2D and 3D.

9 Calculation ofthe magnetization parameters in magnetic multilayers is performed

easily by manipulaing the parameters for each layer.

9 This simulator offers to calculate as well as visualize the domain wall dynamics in
patterned or unpatterned magnetic heterostructures, while the spirpolarized
current can also be injected in order to simulate the working condition of the
magnetic spin valve or MTJ like nandructures. It is also possibleto calculate and
visualize the effective magnetic field strength inside or outside of the sample
considered in the simulation. Hence, it is possible to calculate the internal field and
demagnetization field distributions in order to interpret the nature of the inter-
element interaction or the magnetic profile inside the element itself

In this thesis, the results are obtained using the 2.50 version of LLG simulator which

works with a single processor
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4.2.1.3. mumax3

The mumax? [4] is also an FDMbased tool for the micromagnetic simulation. It is an open
source, GPU accelerated micromagnetic simulation program which requires high
performance graphics card such as GTX series. The @rlded micromagnetic simulation

is generaly faster as compared to the CPUased simulation. The program is compatible
with Linux, windows, mac etc. with the NVIDIA GPU. The design and verification of
mumax@ code was first published in 2014 byA. Vansteenkisteet al. The scripting language
Go andCUDA are used for writing this codeThe simulation is performed in webbased
user interface and the output is obtained inthe £ O ovid £AAOA £l O0i AO OE
OOMMF.

In this simulator, sample can be described within a script in the form of its dimensns
and geometry or can be supplied directly by image. Following the FDM methoi,
discretizes the objects into 2D or 3D grids of orthorhombic cells of equal size. Volumetric
guantities like M, K etc. are defined at the middle of the cells, whereas coupdj quantities
are specified at the faces of the cells. Some of the material parameters ane external
stimuli can be setasspace and timedependent Their magnitudes can be varied with an
extra term of f(t)xg(x,y,z), i.e. time dependent function multiplied by continuously
varying spatial profile. With the help of Boolean operation like AND, OR, XOR, g&ven
complex geometries can be rotated and translated. Theumax® provides several types

of RungeKutta methods to solve the LLG equation with different convergence criteria
and error estimation. Out of these, RK45, RK23 and RK12 give freedom to choose
automatic time steps to keep error per step close to preset value. Importagtimumax3
POl OEARAOG A OOAI Aod 4&£O01 AGEIT T OEAOTHWsAuhctioEET A OE
prevents the precession term in LLG equation to act upon the system atite effective
field points only towards decreasing energy. However, the system mayten reach a
saddle point of the energy landscape. The evolver RK23 is more efficient to set a ground
state while using the relaxation condition.The mumax3 can determine the evolution of
the reduced magnetizationm(r,t) which has unit of length. A lot of research problems
based onmagnetic anisotropy, complex interactions (such as, Heisenberg exchange
interaction, DM interaction etc.), temperature dependent variations and many morean

be dealt with. To make the numerical experiments more realistic, a sysh with finite
geometry can be repeatedvith the help ofaPBC and simulation can be performed using

macro-geometry approach. This is different from what is generally being used in OOMMF.
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Also, for simulating hysteresis loops for confined structures, mumaxakes less much
computation time as compared to OOMMF. In this thesis, the magnetic hysteresis loops

have been simulated using mumax

4.2.1.4. DotMag
In order to investigate the nature and origin of various SW modes numerically, spatial
mapping of the power and phase profiles is needed. The spatial mapping provides a
direct understanding of the relative spin precession amplitudes and phasex different
SW modes and helps to visualize their spatial variation throughout thenedium. The
aforementioned tools do not calculate the SW mode profiles. Hence, our research group
indigenously developed a code named DotMag [7] tavestigate the SW mode profiles in
a variety of confined structures. The output files of the simulations actuallgonsist of a
10 AAO T &£ 0811 &£ EEI AO Ai 1 OAET ET ¢ OEAMET A OI
(r, t)) over the entire simulation volume at a particular instance of simulation time. These
files can be used to inspect the time as well as spatialsttibution of the SWamplitude,
phase and propagation. For that,drmer, the M(r, t) is rearranged into three four
dimensional (4D) matrices,viz.,mi(x, y, z, % mj (X, y, z,tand mk (x, y, z, X, where each
matrix corresponds to each component of magnetization. Subsequently, one spatiat co
ordinate (say z) of one of the 4D matrices (sayn) is fixed, which reduces the matrix
dimension to three(m«k (X, y,zm, t)). Then a discrete Fourier transform with respect to the
time dimensiont is performed for each elemental cell. Next, the power value of the FFT
spectrum corresponding to the desired frequency is extracted and plotted for each cell.
This gives the inplane space dependent power profiles at a particular resonance
frequency. Similarly, the phase profile can be plotted by extracting the phase of complex
dynamic magnetization. The frequency resolution depends on the simulation time
window and the spatial resoluion depends on the discretization used during the
micromagnetic simulations. The expressions for the power and phase profiles for a
particular resonant mode atf =f; can then be written as:

0 N @ ¢mé oy oum
04ab O

where fn is the frequency of a resonant mode. The power is presented usually in terms of

% N o 0 ®E

decibel (dB) and the phase in radian. MATLAB is used to run and control this code, and
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the output is obtained with the plot of space dependent power and phase at discrete
frequencies. The frequency resolution necessarily depends upon the total simulation
time and the spatial esolution of calculated power and phase maps depends upon the

discretization of sample (or number of cells) during micromagnetic simulation.
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Chapter 5

5. Direct Observation of Interfacial
Dzyaloshinskii -Moriya Interaction from
Asymmetric Spin -wave Propagation In

W/CoFeB/SiO, Heterostructures Down to Sub -

nanometer CoFeB Thickness

5.1 Introduction

The DzyaloshinskitMoriya interaction (DMI) [1-2] has drawn significant interest due to
its fundamental nature and application potential in next generation memory devices. The
DMI can be classified into two classes, namely, bulk and interfacial, depending on the type
of inversion symmetry breaking [3-4]. Bulk DMI is determined by the detailed symmetry
of the lattice structure and it has been studied mostly for B20 structures such as MnSi,
etc. [3,5]. Due to the complexity of the nature of symmetry at the interface, it is quite non
trivial to get insight into interfacial DMI.

In last few years remarkable progress on fundamental and technological front in the field
of spintronics has been made by utilizing ferromagnetic thin film with structure inversion
asymmetry. For applications in magnetic memory devies, emerging device concepts
based on domain wall motion6-8] and skyrmionic lattice [4] have been proposed, which
aim to use heavy metal (HM)/ultrathin ferromagnet (FM)/oxide heterostructures. In
such heterostructures, due to the strong spiforbit intera ction in HM layer, perpendicular
magnetic anisotropy [9-10], Rashba effect [1112], spin Hall effect [1314], and interfacial
Dzyaloshinskii-Moriya interaction (iDMI) [15] are manifested. Strong iDMI is the key to
stabilize the skyrmionic lattice which hassignificant technological application potential
in ultra-dense information storage. FurthermorejDMI may lead to soliton like domain
wall (DW) motion, which can extend Walker breakdown field, stabilizes chiral magnetic
order and increases DW velocities\een in the precessional regimg16].

The direct precise quantitative estimation of iDMI constant and its scaling behavior with

ferromagnetic layer thickness variation are crucial for understanding the origin of iDMI
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in HM/FM/ oxide heterostructures. Recenstudies have applied Brillouin light scattering
(BLS) [17-18] technique for such investigations [1921]. In this technique the wave
vector (k) of the spinrwave is uniquely defined by the wavelength and incident/scattering
angle of the laser beam. The aduwtage of using BLS is that it can detect propagating spin
wave excitation simultaneously at « and zk wave-vectors (Stokes and antiStokes
process) [18,22]. The imprint ofiDMI in BLS technique is manifested as an asymmetry in
the SWdispersion relation for nonreciprocal propagation of DE spiawaves [19,23]. In
FM thin films with broken inversion symmetry, different surface anisotropy on both sides
of film results in slight change in spiawave frequency upon reversal of propagation
direction [24]. Recent theoretical calculations have shown that the difference in
frequency due to asymmetric surface pinning is an order of magnitude smaller than that
resulting due to iDMI [25]. Furthermore, the symmetric conventional exchange
interaction (known as Heisenberg &change interaction) produces quadratic dispersion,
an even function of the wave number, while the antisymmetric DM exchange is
characterized by an odd linear functional dependence [2628]. The experiments
manifesting these effects have been mostly confiddo the thin film stacks that essentially
contain Pt next to theFM layer [20,23,29-30]. As the Pt/FM layer interface usually gives
rise to significant interface anisotropy as well as interfacial DMI, isolation of both the
contributions to the asymmetric SWdispersion in such system is nontrivial. Furthermore,
a recent study investigated theFM layer thickness dependence of iDMI in Pt/CoFeB/AKD
and found a decrease in iDMI constant below CoFeB thickness of 1.6 nm mainly due to
degradation of interface [23]. For application of effects originating from interface, it is
essertial to reduce the thickness of the CoFeB layer: thinner magnetic layer will likely
have more pronounced interface effects. Apart from thEM layer, underlayer plays a key
role in improved interfacial properties in HM/FM/ oxide stack. Hence, search for
alternative thin film structures with different HM adjacent layer with FM layer with large
iDMI originating primarily from interface is the need of the moment in spintronics
research. An important thin film heterostructure CoFeB/Si@with W underlayer, due to
large spin Hall angle(SHA) of W [31], has significant application potential in recently
discovered three terminal devices [13]. The advantage of the use of W instead of Pt in
magnetic recording industry will be its cost effectiveness. Moreover, the chacof W
helps to avoid the complication of induced magnetic moment in Pt which makes it

difficult to identify the origin of iDMI. It is also known that W shows a thickness
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dependent structural phasetransition from high resistive b-W to low resistive a-W. The
variation in SHA with various phases of W motivates us to investigate iDMI in these
heterostructure [32,33].

Here we report the presence of pure iDMI in W/CoFeB/Sifheterostructure using BLS
spectroscopy for varying thickness values of the CoFeB layer down to 0.85 nfivee study
the influence of the iDMI on spirwave properties, in particular, by investigating the
asymmetry in the spinwave dispersion relation for DE mode with respectd counter
propagating directions. Using analytical expressions for asymmetric dispersion of spin
wave, the experimental data are modeled to extract the iDMI constant. Detailed analysis
of linewidth reveals that the lifetime of the magnons is also asymmetiwith respect to
propagation along k and zk directions. Most significantly, we find that the iDMI constant
varies inversely with the CoFeB thickness down to CoFeB thickness of 0.85 nm, indicating
the presence of an almost pure iDMI and absence of othgswious effects contributing

to the asymmetric propagation of spinwaves.The dependence of iDMI on W thickness

suggests that the strength of iDMI is strongly dependent on thetructural phases of W.

5.2. Experimental Details

The thin film heterostructure Sub/d W/1 CozoFesoB20/2 SiOzwith d =1, 2, 3, 4, 56 and 7
nm and Sub/2 W/ CaoFesoBz0/2 SiO2 with t = 0.85, 1.0, 1.5, 2.0 and 3.0 nm (digits
indicate thickness in nm) were deposited by dc/rf magnetron sputtering in Si (100)
wafers coated with 100 nm SiQ. Purpose of varying W underlayer thickness was to select
optimum W thickness, which results in significantly reduced magnetic inhomogeneity
[34,35] in the film stack. The base pressure of the deposition chamber was better than 2
x 107 Torr. CoFeB and W were grown using dc power of 28 Watt whereas the Sias
grown using rf power of 60 Watt at 13.56 MHz. All thin films were grown in Ar gas
atmosphere of 1 mTorr pressure Sputtering deposition condition (in particular the Ar
deposition pressure and power) was optimized carefully to obtain the thin films in few
nanometer and sub nanometer regime. A film stacBub/1 CaoFesoB20/2 SiO2 without W
layer adjacent to CoFeB was usddr reference measurement.

BLS study is performed using a Saercocktype six pass tandem FabrPérot
interferometer [36]. Conventional back scattered geometry is used along with the
provision of wave-vector selectivity to investigate theSWdispersion relation. To obtain

the wavevector selectivity, the sample igotated in vertical plane thus allowing access to
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various angles of incidence of laser on the sample. Details of the BLS set up can be found
elsewhere [3%,37]. For the larger incidence angles, the spectra were obtained after

counting photons for several hours. It ensured that well defined spectra are obtained

where the peak position can be estimated with accuracy of ~0.1 GHz. We usefpectral

range of (FSR) 50 GHz and & 2nulti-channel analyser. The frequency resolution is
determined by estimating FSR/2} Bridp ' ( UQ &l O -fidkds pealBoffhd O AT A
BLS spectra [21, 23]. The instrumental linewidth of our setup is ~ 0.3 GHz as obtained

from the analysis of the elastic peak [8] obtained in our experiment.

5.3. Results and Discussions

The BLS experiment was performed in DE [1883 geometry under the application of an
in-plane (IP) magnetic field up to £0.22 Tt o. For thelP applied field, the magnetization

is saturated in the plane of the film. The schematic of the general film stack and BLS

experimental geometry is shown inFigure 5.1 (a).
2000 ——————

1000

1 1 1

05 00 05 1.0
Field (T/u,)

o 1 2 3 4
CoFeB thickness (nm)

Figure 5.1:(a) Schematic of the film stack along with the BLS measunent geometry. (b)
Magnetization hysteresis loop for film stack 2 W/1 CoFeB/2 SiOwith magnetic field
applied within the film plane. (c) The plot ofKerrt as a function of CoFeB thickness along
with the linear fit to estimate the interface anisotropy.
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The coordinate convention, the incident light, spirwave propagation, and applied field
directions are indicated. Using Lorentzian function, we fit the Stoleeand antiStokes
peaks in the BLS spectra to extract the peak frequency and linewidth i.e., full width at half
maximum. Figure 5.1(b) shows the magnetization hysteresis loop measured by VSM at
room temperature for the film stackSub/2 W/1 CoFeB/2 SiQ for magnetic field applied
within the sample plane thusindicating in-plane easyaxis. The estimated saturation
magnetization from the hysteresis loop is 1100 kA/m.All the films have inplane
magnetization as indicated byWSM meastement. We estimate the effective anisotropy
(Kerp of the film by calculating the areal difference between theOOP and IP
magnetization hysteresis loop. IrFig.5.1(c) we show the plot ofKerrt vst and use a linear
fit to obtain the interface anisotropy (as determined by the intercept on the Jaxis). A
nearly zero intercept on the yaxis indicates that interface anisotropy is almost negligible

in these film stacks.

Shown inFigure 5.2(a) are the typical BLS spectra measured for zero wawector (k = 0,
corresponding to uniform precession mode) at varioudP applied magnetic fields. The
field values are mentioned above each spectrum. We use Kittel equation (Es}1})) to fit
the increase in frequency with the increase in field for different thicknesses of CoFeB (c.f.,

Figure 5.2(b), CoFeB thickness value is mentioned in each plot).

" — 00 D (5.1)

Here,r =gus/h, g is the Landeg factor, H is the applied bias magnetic field and/es is the
effective magnetization. We usgo = 40 x 107 N/m2 the vacuum permeability and
determine g and Mest as fitting parameter. The best fit to the data yieldg = 2.00+0.05 for
all the thicknesses of CoFeB measured here. Similar measurements of frequency vs. bias
magnetic field atk = 0 were performed for all other samples and the modeling yields the
Mett parameters as shown irFigure 5.2(c) for various thickness of CoFeB. As expected, we
find that the Met shows small variation as the CoFeB thickness is varied thus indicating
negligible OOPanisotropy.

It is important to mention here that observation of asymmetry in the magnon linewidth
of the spinrwave spectra is quite nontrivial. In order to observe suchasymmetry a major
pre-requisite is to select a sample which has reasonably small linewidth. Thus, before
measuring the detailed dispersion, the magnetic homogeneity ofSub/d W/1

CaoFesoB20/2 SiO:z is investigated as a function ofd by analyzing the linewidth of
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corresponding BLS spectra ak = 0 wavevector. From this investigation we find thatd =

2 nm is the optimum W thickness where the linewidth (magnetic inhomogeneity) is
reasonably small as wll as the frequency asymmetry is large. Thus, for further
investigation of asymmetry in frequency vs waverector dispersion and asymmetry in the
magnon linewidth we vary CoFeB thickness from 0.85 nm to 3.0 nm by fixing the W

underlayer thickness to 2 nm.
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Figure 5.2:(a) Representative BLS spectra measured for the 2W/1 CoFeB/2 Sifim

stack for various inplane applied magnetic fields ak = 0. Digits mentioned above each
OPAAOOOI AT OOCAODPTTA O OB.Ab Plétcffre@rcAver®E AT A O/
magnetic field for 2W/t CoFeB/2 SiQ film stack at varioust. The value ot is mentioned

in each panel. Symbols represent the experimentally measured data point whereas solid

curve is the fit using standard Kittel equation. (c) Variatiorof Meft as a function of inverse

of CoFeB thickness.

5.3.1. Asymmetry in Frequency versus Wave -vector due to iDMI

In order to investigate the presence of IDMI in these film stacks, we measured the
frequency (f) vs. wavevector (k) dispersion byswitching the direction of the bias field at

a fixed field strength of 0.1 Tf 0. The wavevector (k) is varied by changing the angle of
incidence of lightw.r.t. the film plane.Figures5.3(a)z(d) show the typical BLS spectra at

a fixed wavevector k = 2.04x10 rad/m for various thicknesses of CoFeB in 2 Wi/t
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CoFeB/2 SiQ stack. From these figures it can be seen that fotores= 3.0 nm, the peak
frequencies for Stokes and antBtokes components ar@early the same when the applied
field direction is interchanged from +x (black line) tozx (red line). The difference
between the frequencies due to field reversal3f) for both the Stokes and antiStokes
lines increases continuously with the reductionin CoFeB thickness asan be noticed in
Figure 5.3. The value of3f reaches a maximum of 0.5 GHz fdar= 0.85 nm. Such a large
difference in 3f is unlikely to arise from the asymmetric surface pinning of the CoFeB
layer in these heterostructures. Moreover, no frequency asymmetry is found in the test
sample (1 CoFeB/2 Si&stack) which does not have a W underlayer. Note that asymmetry
in the peakintensity is consistently present at higherk values for each film stack with
asymmetry more pronounced for films with W underlayer in comparison to that without
W.

The full f vs.k dispersion for two different thickness values of CoFeB € 0.85 nm and 10
nm) are shown in Figures 5.4(a) and 5.4(b). The experimentally obtainedf values are
shown using symbols in the Figure. From the plots it is evident that at finitie, the spin
wave frequencies propagating along two opposite directions differ significantly and this
asymmetry increases with increase in the value &. The resuls shown inFigures5.4(a)
and (b) are modeled by using a modified dispersion relation for DE mode given by ER
[19-21], which takes into account of the shift in the frequency arising due to iDMI.

1 1 1 tr O 0Q , Q0 O O 0Q 0 , QUb S—F'OTQ

(5.2)

93



WP
QO
N

BLS Count (arB.unit)

—~~
Q.
SN

3.0 nm

20 -10 O 10 20
Frequency (GHz)

Figure 5.3(a)z(d). BLS spectra measured at waveector k = 2.04 x 10 rad/m for the 2
W/t CoFeB/2SiQ film for two counter propagating directions. The spectrum
corresponding to particular thickness of CoFeB is indicated by mentioning thickness
value in each panel.

Here,g, H,t oand Ms carries the same meaning as used before in Egj1, J= 2A/t oMsthe
SW stiffness A the exchange constantD the iDMI constant,Hu = 2Ku/ t oMsthe uniaxial
anisotropy field (Ku the uniaxial anisotropy) ands(KLQE p ™M -KL|g| KA @HRrels
is the thickness ofFM film. The theoretical fit using Eq. 2 is shown by solid curves in
Figures5.4(a) and 5.4(b). For t = 0.85 nm(Fig.5.4(a)), usingg = 2.0 from Kittel fit (as
shown in Fig.5.2) and Ms = 1030 kA/m from VSM (Kittel fit in Fig. 5.2 also yield similar
value), the fitted experimental data yieldsA = 20+2 pJ/m,Ku = (1.02+£0.05)x1® J/m3and
D = 0.25 £ 0.02 mJ/m. The fitted value ofA nearly agrees with the literature value.
Following similar modelling, fort = 1.0 nm(Fig. 5.4(b)), these parameters arg) = 2.0,Ms
=1100 kA/m, Ku=1.45x1¢ J/m3and D= 0.21 £ 0.02 mJ/mM. As a matter of comparison,
we have added the symmetric dispersion as dashed curveshigures5.4 (a) and5.4(b).
These were generated using the standard dispersion relation foDE mode without

considering iDMI i.e., by setting om= 0 in Eq. 6.2).
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Figure 5.4:Frequency vs. wavevector dispersion curve for (a) 2 W/0.85 CoFeB/2 Si©

and (b) 2 W/1 CoFeB/2 SiQfilms. Symbols represent the experimental data points; red
solid curves show the fit to the data points using Ec.2. The blue dashed curve shows

the dispersion curve in the absence of IDMI. Plot ef vs.k for (¢c) 2 W/0.85 CoFeB/2 SiQ

and (d) 2 W/1 CoFeB/2 SiQ films. Here, solid line represents the linear fit to the
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by considering the error from the fitting of the spinwave spectra.

The interfacial DMI energy @nsity can also be determined from the frequency difference
(af) between spinwaves with opposite (+k and -k) wave-vectors as given by Edb.3 [19-
21]

wQ1 0 1 QI —07Q (5.3)

In this case the estimation oD is primarily determined by the experimentally measured
guantities 3f, k and Ms. Figures5.4(c) and 5.4(d) show the variation of 3f with k, as
obtained from measurements from samples witht = 0.85 nm and 1.0 nm, respectively.
The slope of the linear fit to the data points for the sample with=0.85 nm giveD = 0.25

mJ/m2, whereas for the sample witht = 1.0 nm we obtainD = 0.21 mJ/n? from the fit.
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Thus, the value ofD is found to be consistent from two types of modeling of the
experimental data. The observed increase in the with the decrease in CoFeB thickness

indicates the signature of an interfacial DMI at the W/CoFeB interface.

5.3.2. Ferromagnetic Layer Thickness Dependence of DMI Constant

In order to confirm that the observed asymmetry in the SW dispersion is induced purely
by an iDMI at the W/CoFeB interface and not due to interface anisotropy at the
asymmetric interface, we investigate the SW dispersion of samples with higher
thicknessesof CoFeB. For this purpose, we discuss below the dependencefénd D on
the thickness of the CoFeB layer. Displayed igures5.5(a) and 5.5(b) are the variation
of af and D with the inverse of CoFeB thickness. It is importanto note from these plots
that both af and D increases almost linearly with the decrease in the thickness of CoFeB
and the nature of increase for botraf and D are more or less the same. Linear fit is used
to fit both CoFeB thickness dependence of and D [30].

The apparent linear scaling ofD with inverse of CoFeB thickness indicates that the
asymmetry in the spinwave dispersion originates primarily from the iDMI. The
asymmetry in 3f engendered due to interface anisotropy is known to scale as inverse

square ofFM layer thickness [3].
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Figure 5.5: (a) Variation of asymmetry in the frequency and (b) Variation of DMI constant
xEOE OEA ET OAOOA 1 £ #1 & A sholukly doisidéritydre erdorE A
from the fitting of spectra as well as the instrumental resolution to determinghe peak

frequency and forD it is shown by taking into account the error in estimation of\Ms as
x AT 1 f. Thline¥r fit to the data in both the cases is shown using red solid line.

We thus exclude the possibility of any contribution from interface anisotropy on the

observed3f. A remarkable feature to notice here is that neithesf nor D start to deviate
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from the linear behavior with 1/t down to t = 0.85 nm, thus ensuring that the W/CoFeB
interface does not degrade down to such small thickness values. In earlier studies, a
sudden decrease was observed of and D below ~1.6 nm of CoFeB thickness in Pt/C@B
and this was explained by considering its origin in degradation of interface [23Non-
degradation of W/CoFeB interface down to such small thickness is potentially very useful
for the applications that aim to use DMI arising purely from interfacial origh such as fast

domain wall velocity based spintronics devices.

5.3.3. Asymmetry in Magnon Linewidth due to iDMI

Another manifestation of the presence of the iDMI in the HM/FMixide heterostructures

is an asymmetry in the dispersion of magnon lifetime with wavevector k [39]. In order

to get an insight into this asymmetry, we studied the variation in the linewidth of th&W
spectra with k. For that purpose, we performed a deconvolutio of the linewdith for

removing the contribution of the instrumental linewidth [40].

Figure 5.6 displays the variation of linewidth i.e., in magnon lifetime withk at an applied
magnetic field 0.1 T4 ofor Sub/2 W/1 CoFeB/2 SiQ. Linewidth for SWpropagating in 4k

direction is smaller than the same for spirwave propagating inzk direction, which

indicates longer lifetime of magnon propagating in kdirection (c.f. Figure 5.1(a)). The
best fit to experimental variation of linewidth with wave-vector (as shown by continuous
line in Fig.5.6 is obtained using Eq. (4) [19].

- | O 0Q O¥Xx 0¥ p — (5.4)

where 3 is the linewidth of the spinrwave spectra and other symbols denote same
guantities as described earlier. We usg= 2.0,Ms=1100 kA/m, Ku = 1.45x1(> J/m3 and
D = 0.21 mJ/n? and keep the damping coefficienf as fitting parameter. The best fit to
the experimental data is obtained fory = 0.033 * 0.002. Thus Eg5.4 describes
gualitatively the asymmetry in the linewidth due to the presence of DMI at the W/CoFeB
interface. Figure 5.6 signifies that by using the same parameters as for fitting the
dispersion curves inFigure 5.4 we obtain a reasonably good fit for the linewidth of the
SW spectra (magnon lifetime). Despite of the presence of significant error bar as
accounted from the fit (due to relatively small iDMI value in comparison to the Pt based
heterostructures), the observed asymmetry in the dispersion of magnon lifetime with
wave-vector (c.f. Fig. 5.6) reconfirms the presence of iDMI primarily originating from
W/CoFeB interface in the W/CoFeB/Si@film stacks.
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Figure 5.6:Linewidth of the spinwave spectra as a function of waveector for 2 W/1
CoFeB/ 2 SIGAO A AEAO A&EAperineniainewidtp datd dr¢ denoted by
symbols. Error bars show standard deviation of the spectral linewidth obtained using
Lorentzian function. The solid red line represents the fitted curve using equation (4). Blue
dashed line is the same without considering the DMI in the film stack.

5.3.4. Heavy Metal Layer Thickness Dependence of iDMI

We next investigate theunderlayer thickness dependence of the strength of iDMIThe
detailed characterization of the thickness dependent structural phase transition of W
from A15 (distorted tetragonal commonly known asb) to bcc @-phase can be found in
the existing literature [33] . Figure5.7(a) shows therepresentative BLS spectraneasured
for various thicknesses of W underlayer ak = 2.04 x 10 rad/m and IP applied magnetic
field of H= 1 kOe. It is evident that frequency asymmetryOf) first increases slightlywith
W thickness followed by a maximunof 0.75 GHzat d =5 nm. As we further increase the
W thickness, it drops drastically ashownin Fig.5.7(b). Thequantification of the strength
of iDMI is done usingEq. 5.3.Fig. 5.7(c)shows that there is a presence of two regimes
where iDMI constantvaries depending upon the structuralphases of WThe highest value
of Dis found to be 0.38 + 0.02 mJ/rhin case ofd = 5 nm.
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Figure 5.7:(a) Representative BLS spectra measured at wave vector 2.04 x 10 rad/m

for the dW/1 CoFeB/2 SiO; sample for two counter propagating directions. The spectrum
corresponding to specific thickness ofV is indicated by mentioning thickness value in
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points and solid lines areguide to eyes.

5.4. Conclusions
In summary, we have investigated both qualitatively and quantitatively the pure iDMI in

W/CoFeB/Si& using BLS technique. The detailed study of magnetostatic surface spin

wave properties shows that the interfacial DMI leads to nonreciprocal spiwave
propagation, i.e., different properties for spinwaves propagating in opposite directions.

In DamonEshbach geometry, by interchanging the magnetic field direction we observe
asymmetry in the peak frequency, peak intensity and magnon lifetime. Furthermore, we

showed that the iDMI constant scales as the inverse of CoFeB thickness down to 0.85 nm,
indicating its origin as purely interfacial. The W/CoFeB interface shows almost negligible
degradation down to subnanometer CoFeB thickness, which is highly desirable for
technological applications those aim to use interface effect, in particular iDMFurther,

iDMI OOAT COE ET AOAAOAOG xEOE OE-M reQibniwh@dada) AO OE
OOAAAT AAAOAAOGA EO 1.00AG&bakon @il be jmpdtanAfarA 1T £ 7

understanding the spinwave dynamics as well as stabilizing DMI assisted skyrmion,
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soliton like domain wall motion, in CoFeB with W underlayer, which is known to have a
large spin Hall angle.
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Chapter 6
6. Dependence of Interfacial Dzyaloshinskii -

Moriya Interaction on Layer Thicknesses in
Ta/CoFeB/TaO x Heterostructures from Brillouin
Light Scattering

6.1. Introduction

Due to theever-increasing demand of data storage and processing, much attention is
being paid by the scientific community to search for new materials and physics for future
storage, memory, logic and communication devices. In such context, broken inversion
symmetry systems have emerged as potential candidates which shows striking features
like Dzyaloshinski-Moriya interaction (DMI), which originates due to the breaking of
structural inversion symmetry at the interface of heavy metal (HM) possessing strong
spin-orbit coupling and ferromagnet (FM) [24]. Basically, DMI is an antisymmetric
component of interatomic magnetic exchange which favours chiral structure, whereas
the symmetric component is commonly known as the Heisenberg exchange interaction
that stabilizes smatially uniform magnetization. More recently, for application in magnetic
memory devices new concepts based on spin Hall effect [5, 6] perpendicular magnetic
anisotropy [7, 8], Rashba effect [9], and interfacial DMI (iDMI) [10] have been proposed.
A firm understanding and tunability of iDMI may facilitate the design of the next
generation magnetic memory and logic devicebased on the chiral magnetic domain
walls and skyrmions [10-13]. Achieving large velocity of domain wall by means of current
control is envisioned to be useful in high density racdgrack memory [14]. Although, the
phenomena of DMI was predicted two decades ago, its experimental realization has only
been possible in ultrathin film heterostructures during the last few years. It has been
reported that iDMI leads to spin spiral in Mn monolayers on W(110) [15], nanoscale
skyrmion lattices in Fe monolayers on Ir (111) [16] and isolated skyrmion on Pd/Fe
bilayers on Ir (111) [17]. Moreover, fast current induced magnetic domaikwall motion

has recernly been explored via the combination of chiral domairwall structure and spin-
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orbit torque where the chirality and speed of the domaiawall motion depend on the sign,
the magnitude of the iDMI and the spirorbit torque [11]. It is expected that the IDMI &
HM/FM would show large sensitivity to the choice of both the HM and FM layers. An
interesting theoretical study has recently proposed that DMI affects predominantly the
interfacial spins in the FM layer and extends weakly in the FM and HM layers [18].idt
understood that intermixing at the HM/FM interface is detrimental for achieving large
iDMI. Furthermore, the strength and the sign of iDMI in multilayered structures is greatly
affected by the material composition, stack order, interface quality etc §]. The tunability

in these parameters may provide an efficient way to control the iDMI.

Previous measurements of the quantification of DMI were reported using spin polarized
scanning tunnelling microscopy [15], highly resolved spin polarized electron engy loss
spectroscopy [20], scanning nitrogen vacancy magnetometry [21], synchrotron based X
ray scattering, current induced magnetic domairwall dynamics [22], and asymmetric
magnetic nucleation measurements [23]. Moreover, numerical and analytical
micromagnetics have also been implemented to study DMI [24, 25]. More recently, the
direct observation of iDMI using Brillouin light scattering (BLS) technique have been
demonstrated [26-30]. An important thin film heterostructure Ta/CoFeB/TaO« has been
studied by Yuet al. [31] in the context of switching of perpendicular magnetization by
SOT in absence of magnetic field. Furthermorighas been shown that the chiral magnetic
bubbles can be nucleated in Ta/CoFeB/Ta@eterostructures suggesting the presence of
the iIDMI [32]. Recent experimental investigations show the FM layer thickness
dependence of the strength of iDMI demonstrating 1/ behavior. (wheret is the FM
thickness) [29]. In Pt/CoFeB based system, the iDMbnstant has been reported to show
interesting non-linear dependence on Pt thickness. Specifically, the iDMI constant has
been found to increase with Pt thickness below its spkdiffusion length, whereas above
the spin-diffusion length it saturates [33].In order to gain deep understanding regarding
iDMI in Ta/CoFeB/TaG thin film heterostructures, a systematic study is needed.
However, a systematic study of the influence of FM and HM layer thicknesses on the
strength of iDMI in these heterostructures is 8ll missing in the literature.

In this article, we have presented a systematic study of FM and HM layer thickness
dependence of iDMI in technologically important Ta/CeFesoB20/TaOx heterostructures
from asymmetric spinrwave dispersion probed by Brilloun light scattering technique.

We observed a reasonably large iDMI value originated primarily from the interface in
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these heterostructures. Further confirmation of the iDMI constant was evidenced by
performing the in-plane angular dependence of the frequeryc non-reciprocity of
Ta/CozoFes0B20/TaOx thin film heterostructures, which is in good agreement with the
analytical theory formulated by the CortesOrtuno and Landeros [34] for the dispersion

relations of the spin waves inFMthin films with DMI.

6.2. Experimental Details

A series of samples consisting of Substratd/Ta/1 CozxoFes0B20/0.5 TaC, with d = 0, 0.5,
0.8, 1, 2, 3, 4,5, 6 nm and Substrate/2 Ta CaoFesoB20/0.5 TaOx, witht = 0.85, 1, 1.5, 2,
3 nm were deposited by dc/rf magnetron sputteringon Si (100) wafer coated with 100
nm-thick SiQ at room temperature. The base pressure of the chamber was better than 2
x 107 Torr and the uniformity in the thickness of the layer was ensured by rotating the
substrate at 10 rpm during deposition. Ta waswn using rf power of 40 Watt, whereas
for CoFeB, dc power of 38 Watt was used. All these films were grown in Ar gas atmosphere
of 1 mTorr pressure. The vibrating sample magnetometer (VSM) measurement was
performed to estimate the values of saturation maggtization (Ms). Importantly, all these
films are in-plane magnetized as revealed by VSM measurement.

In order to investigate the asymmetric spinwave dispersion caused by iDMI, BLS
measurements were performed in DE geometry using@andercocktype six-pass tandem
Fabry-Pérot interferometer. Conventional 180° back scattered geometry was used along
with the provision of wave-vector selectivity to investigate the spinwave dispersion
relation. In the light scattering process, total mometum is conserved in the plane of the

thin film. As a result, the Stokes (antbtokes) peaks in BLS spectra correspond to creation
(annihilation) of magnons with momentum Q —O E+, where_ is the wavelength of

the incident laser beam (532 nm in ourcase) and—refers to the angle of incidence of

laser. To get well defined BLS spectraif the larger incidence angles, the spectra were

obtained after counting photons for several hours. flee spectral range (FSR) of 50 GHz

and a 2 multi-channel analyse were used during the BLS measurement. The frequency

resolution is determined by estimating FSR/2j BHridp ' (UQ A&l O -fadkéds 3 O1 EA
peaks of the BLS spectrdn the second part of the BLS experiment, the sample and the

magnet were mounted on a tw-axis translation stage thereby allowing the variation in

the in-plane angle between the applied magnetic fieltl and the spinwave wave vector

k. The translation stage was attached to a vertically mounted rotation stage making their
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axes orthogonal, alleving —to be set at 45 (in our case). Using this arrangement, we
measured theasymmetry in the spinwave frequency as a function of the angle%

between the applied bias field and the wave vectdk.

6.3. Results and Discussions

Figure 6.1(a)represents the grazing incidence Xay diffraction (GIXRD) patterns for the
sample: Substrate/Ta (6 nm)/CoFeB (1 nm)/Ta®(0.5 nm). From the analysis of the XRD
data, it is revealed that the peak (002) at 35'4o0rresponds to ther -Ta phase.

For d=6 nm
(a) F ‘ : . 3 nm
# ——
@l °p-Ta |
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Figure 6.1: (a)Grazing incidence Xay diffraction (GIXRD) pattern for the sample 6 Ta /1

CoFeB/0.5 Ta®@grown on Si (100) substrate. (b) AFM image af Ta/1 CoFeB/0.5 TaQ

(0.5)(where d=1 and 6 nm). (c) Representative BLS spectra measured for 2 Ta/2 CoFeB

/0.5 TaOx for various in-plane applied field atk ® 18 $ECEOO | AT OET T AZ
OPAAOOOI OAEAO O1 @wpPlofoffiedudndy B ds magndid fildld @1 4 7t
for the film stack 2 Tat CoFeB/0.5 TaQwith t =1, 1.5 and 2 nm. Symbols represent the
experimentally measured data points, wkreas solid curve is the fit using E.1. Inset:

Schematic of the measurement geometry. (e) Plot deff vs Ta thickness for film stacld

Ta/l CoFeB/0.5 TaQ(left and bottom axes) and CoFeB thickness 2 TaCoFeB/0.5 Ta®@

(right and top axes).

Furthermore, TaQx peaks with lower intensity and Si substrate peaks were also identified
and marked in the figure. These findings are consistent with the existing literature
reports [35, 36]. Figure 6.1(b) shows the atomic force microscope (AFM) images for the
sampled Ta/1 CoFeB/0.5 TaQwith d=1 and 6 nm. The average topographical roughness

for all films is in the range of 0.20 to 0.25 nm. To extract the magnetic parameters, we
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performed the magnetic feld dependence of the spirwave frequency.Figure 6.1(c)
represents the typical BLS spectra measured at normal incidenck® nh AT OOAODPIT 1
to the uniform precessional mode) at various ifplane applied magnetic field H) for

sample: 2 Ta/2 CoFeB/0.5 Ta@ The value oH is mentioned on each spectrum. The BLS

spectra were well fitted with the Lorentzian function to get the frequency valuef{ which

increases with increasingH. In Fig. 6.1(d) f as a function ofH is shown for the samples

with t = 1, 1.5 and 2 nm. Standard Kittel formula (c. f. E.1)) was used to fit these

experimental data.

M — 00 O (6.1)

Here,r = gus/h, g is the Lance g-factor, andMet is the effective magnetization. We used
toE 1T A 7@N/mp thie vacuum permeability and determinedg and Mesr as fitting
parameters. The best fit to the data yieldg = 2.00 = 0.05 for all the samples. The plot of
Mett versus Ta underlayer thickness d Ta/1 CoFeB/0.5 TaQ, bottom and left axes) and
CoFeB layer thickness (2 Ta/CoFeB/0.5 Ta® top and right axes)s shown inFig.6.1 (e).
Extracted values oMefrare close to the values of saturation magnetizatiorMs) measured
using VSM for almost all film stacks thus indicating negligibly small interface anisotropy.
It is worth to mention here that since all these films are unannealed, the presence of
interface anisotropy is ruled out in these stacks.

To investigate the iDMI in these thin film heterostructures, we measured the spwave
dispersion (f vs k) relation at applied in-plane field of 0.1TX p. Here,k was varied by
changing the angle of incidence of the laser beam. Since the thickness of the CoFeB is
much smaller than the optical skin depth of the metal, the spin waves propagating in the
opposite directions were simultaneotsly detected as Stokes and anftokes peaks in the
BLS spectra. In order to model our experimental data, we use the equation for the

difference in the frequencies of countefpropagating spin waves given below [26, 29],
wQ1 0 1 QI —07Q (6.2)

which is linear in Dand k. HereD is the iDMI constant.Therefore, Eq. (6.2) provides an

elegant way to quantify the strength of i DMIbA DA OET AT OAT 1 U | KAO000AA
Msand k. Typical BLS spectra recorded at higher wave vectok € 2.04 x 10 rad/m) for

different thicknesses of CoFeB are presented irFig. 6.2(a). Note that the BLS

measurement was perforned in DamonEshbach (DE) geometry as shown schematically.
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In all cases, iaplane applied field was 0.1T¥ p. By looking at these BLS spectra, it is
evident that the frequency difference between Stokes and arsi O1 EA O fip ibick O
is the measure of thestrength of iDMI, increases with decreasing CoFeB thickness. In the

caseotE m8ydhimdvm ' (U xEEAE EO OAAO|syskAl U

(b)

| CoFeB Thickness

B 0.85nm
® 10 nm

1.5 nm
T w 20 nm
3.0 nm

BLS Counts (arb. units)
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k (10" rad/m)

q

FoL) 4/

82\ ay X
%

Frequency (GHz)

Figure 6.2: (a) Representative BLS spectra measured at wave vedter 2.04 x 10 rad/m

for the Ta (2 nm)/ CoFeB ()/TaOx (0.5 nm) sample for two counter propagating
directions. The spectrum corresponding to particular thickness of CoFeB is indicated by
mentioning thickness value in each panel. Solid curve is the fit using Lorentzian function.
i AQ 0 Fvsifor Ta42 ren)/CoFeB ()/TaOx (0.5 nm) samples with various values of
t. Symbols represent the experimental data points and solid lines are the fising Eq.
(6.2). Inset: Schematic of the film stack along with BLS geometry.

47 CAO A NOAT OEOAOEOA AOOEI| Aas finction A&k ©E A
displayed in Fig. 6.2(b)for all CoFeB thicknesses studied here. Considering= 2 and
taking Ms = 900 kA/m obtained from VSM measurementD is obtained as 0.22 + 0.03
mJ/m2 from the slope of the linear correlation using Eq. (6.2) for the sample with= 0.85
nm. Similar fitting procedure were applied for other thicknesses of CoFeB aralvalues
were estimated from the slope of the linear fit. We observe that the value Bfin these
systems are modest in comparison to Pt/FM system [26Nevertheless, the pronounced
DMI in our system(Ta/CoFeB) is almost three times higher than earlier reported values

[37]. Earlier experimental studies of structural characterization in asdeposited and

107

i 3

ES$ -



annealed Ta/CoFeB/MgO have demonstrated that the boron predominantly resides in
CoFeB for agleposited stacks however it diffuses out to adjacent layers once the stacks
are annealed [37, 38]. It has been shown that diffusion of B atoms from CoFeB during
annealing process leads to the decrement in the strength of DMI [37, 39], primarily due
to the segregadion of Batomsat the Ta/CoFeB interface. As the film stacks investigated in
the present study are asdeposited, hence we propose that such possibility of B diffusion
is likely avoided. Further detailed micrastructural study to investigate the presence b
boron in as deposited Ta/CoFeB/Ta@in future is needed to verify such proposition. In
general, to achieve large perpendicular magnetic anisotropy and tunnel magneto

resistance Ta/CoFeB/Ta®@stacks are annealed.

For7f=1nm

BLS Counts (arb. units)

_06 i ] i ) 5 ) i L 2 L z
-180 -120 -60 O 60 120 180
In plane angle ¢ (degree)

Frequency (GHz)

Figure 6.3: (a) BLS spectra of Ta (2 niCoFeB (1 nm)/TaO« (0.5 nm) sample measured
underHE 11 8 @k =467 x 10 rad/m for various in plane angles%. (b) The variation
I £ AOANOAT A Y betnEek sidkesfahdaiStgkes peak of Ta (2 nm)/CoFeB (1
nm)/TaOx (0.5 nm) sample with in-plane angle%. Symbols represent the experimental
data points and solid curve is the fit using Eq(6.3). Inset: Schematic of the 180
backscattering geometry.

Apart from boron diffusion, annealing also causes intermixing which ay reduce the
iDMI. To cross check the waveector (kq A A B A imkdsirdnerss, we also performed
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asymmetry in the spinwave frequency as a function of the anglé4 between the bias
field and the wave vectok8 4 EA OA1T A OE ifdndddssgBen By x68440],

0@ —i % (6.3)

BLS spectra were taken for values Sbdn the range-p Yt %S pPnI AO AT ° ET OAO
and at fixed wave vectok = 1.67 x 10rad/m. In Fig. 6.3(a) typical BLS spectra at various
%ovalues are presented for the sample witlh= 1 nm. It can be noted that Stokes and anti

Stokes peaks a clearly appeared in the BLS spectrum due to the thinness of the
ferromagnetic film. According to the Eq. (6.3), the frequency difference between Stokes

and anti-3 O E A Peaks & maximal in the vicinity 0f%.=-90° and 90, whereas it is
almostnegligible in the vicinity of-180°, 0 and 180'. Figure 6.3(b)shows the variation of

af as a function of inplane angle%. To fit the experimental data, we use Eq. (6.3) with the

same fitting parameters (likeg and Ms) which was used to fit the experimental data ok-
dependent BLS measurements. From the sinusoidal fitting, we extract the value»as

0.19 = 0.03 mJ/nm? which matches reasonably well with the previously obtained value

from k-dependent BLS measurementst is worth to mention here that the error inD s
AOOEI AGAA AU AT 1 OEAAOEI ¢ OEA MAg@anll RETh& T OA
implementation of this method provides additional confirmation of reasonably high value

of Din these samples.
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Figure 6.4:6 A OE A O E(fop parielflanaD (bottom panel) with the inverse of CoFeB
OEEAET AOO8 4 Bsfsholvon® tolsidexidgGne Erior frem the fitting of spectra
as well as the instrumental resolution to determine the peak frequency and f@, errors
inMsA O x A1ihhve Beén taken into account. The red solid lines in both the cases are
the linear fits.

We next investigate the dependence of the strength of iDMI on FM layer thickneiss
Figure 6.4shows the variation of3f measured atk = 2.04 x 10 rad/m (top panel) and
deduced iDMI energy densityD (bottom panel) with the inverse of CoFeB thickness. It is
Al AAO A£O0T 1 OE A GéandBihcte&s6es adasilideark With Becrease in the
CoFeB thickness. The besiiAAO A£ZEO O1 OEA ET OAOOA T # #1 &A"
andDAT OAEAA QA f abdEDAaPproAch ¢eEp asttends to infinity confirming the
interfacial origin of DMI in our samples. Importantly, this linear scaling behaviour does
not deviate even fo sub-nanometer thickness of CoFeB, which makes it potentially
suitable candidate for spintronic devices utilizing interfacial effects.

To understand the effects of underlayer thickness on the strength of iDMI, we performed
Ta underlayer thickness dependece of iDMI in samples described bySub/dTa /1
CaoFes0B20/0.5 TaOx, with d =0, 0.5, 0.8, 1, 2, 3, 4, 5, 6 nm. To date, not much attention

has been paid to explore the influence of underlayer thickness in the context of iDMI.
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Figure 6.5: (a) Representative BLS spectra-(v) measured at wave vectok = 2.04 x 10
rad/m for the dTa/1 CoFeB/0.5 TaQ sample for two counter propagating directions. The
spectrum corresponding to specific thickness of Ta is indicated by mentioningpitkness
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with k for d Ta/1 CoFeB/0.5 TaQ samples with variousd values Symbols represent the
experimental data points and solid lines are the fit using E¢6.2). (c) Variation of D with

the Ta thickness.

Recently, Tacchet al. studied the role of Pt thickness on the strength of iDMI in Pt/CoFeB

revealing that D first increases and then saturates with Pt thickness [33JFigure 6.5(a)

shows the typical BLS spectra recorded for varioud values atk = 2.04 x 10 rad/m. It

can be seen thagf increasesslightly asdincreases from O to 2 nmand then saturates for

di ¢ 118

4

I AOAEI

been presented inFig. 6.5(b) for several d values, and extraction ofD parameter is

performed from the linear fit (using Eq. (6.2). InFig. 6.5(c)the variation of D with Ta

thickness is shown whose trend resembles well with the recent findings by Taccét al.

[33] in their study of Pt/CoFeB films.

6.4. Conclusions

In summary, we have systematically studied the FM layer and HM underlayer thickness

dependence of iDMI in technologically important Ta/CoFeB/Takheterostructure using
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BLS spectroscopy. By measuring the spiwave frequencynon-reciprocity, we observe
significantly large iDMI in these stacks likely due to the absence of B diffusion at the
Ta/CoFeB interface as these films are unannealed. Furthermore, presence of large iDMI
was also cross verified by the sinusoidal angular demdence of spinwave non
OA A E b Ofl 1A thedddde ofFM thickness variation, we observe thBtvaries linearly
with the inverse of CoFeB thickness demonstrating its purely interfacial origin, whereas
in the case of Ta thickness dependencB,shows a starp variation in the sub-nanometer
thickness range and attains a nearly constant value above Ta thickness of 1 nm. Our
detailed FM and HM thickness dependent studies will enrich the understanding regarding
the tunability of iDMI in these heterostructures br controlling chiral spin structure and

magnetic domainwall based magnetic storage and memory devices.
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Chapter 7
7. Direct Observation of Unusual Interfacial

Dzyaloshinskii -Moriya Interaction in

Graphene/NiFe/Ta Heterostructure

7.1. Introduction

One of the key motivations of modern spintronics research is to achieve low power
consumption, faster information processing and higher storage density ithin -film based
magnetic memory devices. Ferromagnetic (FM) thin films adjacent to nonmagnetic thin
layers give rise to a range of important phenomena, relevant for the emergent field of
spin-orbitronics. These include perpendicular magnetic anisotropy (PR) [1], spin
pumping [2], spin torque [3], spin Hall effect[4], Rashba effect5, 6], interfacial
Dzyaloshinski-Moriya interaction (iDMI) [7] and chiral damping[8]. While most of these
phenomenaare associatedvith high spin-orbit interaction, and heavy metal (HM) layes
are natural choices for the nonmagnetic layer, emerging materials like twdimensional
materials and topological insulators may also play important roles in engineering the
interface magnetism. TheiDMI, is an antisymmetric exchange interaction which
originates due to the broken inversion symmetry at the HM/FM interface, where HM
possess high spirorbit coupling [7]. It favors canted spin configurations which gives rise
to various magnetization structures at the nanoscale such akyrmions [9-11] and chiral
helices[12]. In addition, it can improve domain wall velocities by suppressing Walker
breakdown in magneticracetrack memory devices and lead to nofreciprocal spin-wave
propagation leading towardsapplications in the high-speedspin-wave logic device[13].
Recently, the direct observation of iDMI has been evidenced mamin HM/FM/oxide
heterostructures [14-25].

Graphene and other 2D materials such as Moghave shavn promises in spintronics[26].
The fascinating properties of graphene such as massless Dirac Fermions in the linear
dispersion of its electronic structure, weltdefined mondayer formation, and long spin-
diffusion length have created burgeoning interest in the scientific community for its

applications in spintronics research[26-28]. The use of graphene in magnetic sandwich
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structures which aims to search for new materials have been described theoretically as
well as experimentally in the context of magnetic tunnel junctiong29-34]. In recent
years, it hasbeen shown that graphene plays a key role in Rashba effed6, 6],
enhancement of s injection efficiency [35, 36] and quantum spin Hall effect[37].
Moreover, there issufficient experimental evidence that the formation of graphenemetal
contacts signficantly modifies the electronic and/ormagnetic properties of the interface
and investigations related to charge transfer from metal to graphene have also been
reported [38-40]. In addition, the weak spin-orbit coupling (SOC) in sp carbon also
suggested that electron spin should be carried nearly unaffected over unprecedented
distances making feasible, practical applications of lateral spintronics[41,42]. The in-
plane sp? bonding is mainly responsible for the structural stability and mechanical
strength of graphene, whereas oubf-BD1 AT A Bba OOAOAO AT 1 00T 1
properties. Pioneering works initially resounded such high expectation§3], while more
recent experimental results have confirmed the potential of graphene for transporting
spin signal at room temperature over tens ofmicrometers, which makes it a beter
candidate for technological realization 36, 44, 45].

There is a recent report on the giant enhanceent of PMA in Cegraphene
heterostructures despite graphene having a small sptorbit interaction, indicating the
unusual nature of the graphene=M interface [46]. A low-damage highthroughput
grazing-angle sputter deposition on graphene has been successfully demonstratptl’].
However, the promotion of grapheneFM heterostructures for applications of spin
orbitronics has not been intensely started yet. Recently, Yargj al. have reported the
observation of significant DMI at the graphend=M interface by employing both first
principle calculation and magnetic imaging experiment$48]. Most recently, Ajejast al.
have reported the existence of sizeable DMI at gr/Co interface from the Kerr experiments
[49]. The physical origin of the observed DMI in both Ref. 48 and 49 was attributed to the
conduction electron mediated Rashba effect originated at the grapheseM interface.
Yarg et al. used Co films grown by molecular beam epitaxy (MBE) on chemical vapor
deposited graphene on Ru (0001) substrate to demonstrate the DMI in their system.
However, for applications, it is desirable to have DMI in systems thare easily
compatible with standard Si basedtechnology. Moreover, MBE is not an industry

compatible growth method due to thelower growth rate. Hence, it is desirable to have
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DMI in FM layer grown by sputtering, which is a simple, yet versatile deposition method
used in industry.

In this paper, we demonstrate direct observation of iDMI in graphene/NoFeo/Ta
heterostructures grown on Si substrates by magnetron sputtering. We use asymmetric
spin-wave dispersion probed by Brillouin light scattering(BLS), a technique which has
already been establishedas a direct and reliable method of measuring the iDMIL4,15,
19,20]. We present a systematic study of iDMI as a function of the thickness oédRezo
and show that the iDMI in this systenoriginate from the interface between NioFexo and
graphene. Furthermore, by contolling the defects at the interface by Ar deposition
pressure during growth of NsoFexo, we estdlish that the DMI in this system arises from
the defect induced spirorbit coupling. Thisis further supported bya correlation between

the DMIand spirn-mixing conductance, both of which are related to sphorbit coupling.

7.2. Experimental Details

We have used higkguality commercial CVD graphene (from Graphenea) on a Si/SiO
substrate. A series of samples consisting of substrate/graphene/BFex (t)/Ta (2), with

t = 3, 4, 6, 8, 10, 15 nnfdigits indicate thickness in nm) were deposited at room
temperature. NiFe/Ta bilayerswere depositedwith a varying thickness of NiFe usig DC
magnetron sputtering at varying Ar working pressure a3t 41 0O AAOA DPOAOOOO.
working pressure for deposition of NiFe thin films on graphene is varied from 2 mTorr to
10 mTorr for intentionally tailoring the defects in the graphenelayer. A setof reference
samples of NéoFexo (t)/Ta (2) were also simultaneously prepared on Si/Si@substrates.
The growth rate of NiFe is kept low at <1.4 A/secThe thicknessof NiFe film was
determined using xray reflectivity (XRR) technique for different Ar working pressure.
The sputtering targetwas placedat an angle of 45 w.r.t. the surfaceof the substrate to
minimize the possible bombardment of ions or neutral atoms on the graphene layer. The
distance between the substrate and theputtering target was approximately 8 cm.

In order to investigate the asymmetricSWdispersion caused by iDMIBLS measurements
were performed in DE geometryj.e.by applying the magnetic field perpendicular to the
plane of incidence of the laser beanThis allows for probing the spin waves propagating
along the in-plane direction perpendicular to the applied feld, i.e.in the DE geometry
where the iDMI effect on the norreciprocity in SW{requency is maximalat the room

temperature. The details of the BLS measurement can be found elsewhgtd,19,20,50].
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To get well defined BLS spectraof the larger incidence angles, the spectra were obtained

after counting photons for several hoursWe have also performed FMR measurements

A1 O AAI AOI AOGET ¢ A A&EA A &and dpin-widirg RénhduGand HQAT AOA O
using a coeplaner waveguide (CPW) based broadband FMR sap for excitation

frequencies of 2 12 GHz.More details of the FMR setup can be found in Refs. [51] and

[52].

7.3. Results and Discussions

The magnetization hysteresidoop measured by VSM at room temperature for the film
stacks NiFe (10 nm)/Ta (2nm) and Gr/NiFe (10 nm)/Ta (2nm) are shown irFigure 7.1(a)
and 7.1(b), respectively. It is observed that the value cfaturation magnetization (Ms) in
sample with graphene is little lower while the coercivity is a bit higher than the reference

sample (without graphene underlayer).
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Figure 7.1:Magnetization hysteresis loop for sample stack (a) NiFe (10 nm)/Ta (2 nm)
and (b) Gr/NiFe (10 nm)/Ta (2 nm) (deposited at 2zmTorr Ar working pressure) with
magnetic field applied within the film plane. Here| refers to the angle between two
mutually perpendicular directions within the sample plane. (c) Variation of Meff
(extracted from magnetic-field dependence using BLS) as a function of inverse of NiFe
thickness in Gr/NiFe/Ta system. Red solid line is the best linear fit. (d) Raman spectra of
CVDgrown graphene on Si/SiO2 before (top panel) and after (bottom panel) the
deposition of NiFe (10 nm)/Ta (2 nm) bilayer thin films.
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Fig. 7.1(c)shows the variation of effective magnetization Me) (extracted from field
dependent BLS measurement with the inverse of the NiFe thicknesA.linear variation of
Mett with inverse of NiFe thickness with negative slope is observed. Tlanercept refers
to the value of saturation magnetization ¥s). The Ms values obtained from field
dependent BLS measurement agree well with that of VSM as well as FMR measurement.
The Raman spectra of CVD grown graphene on a Si/Slé@fore and after the deposition
of NiFe (10 nm)/Ta (2 nm) bilayer thin films are shownin Figure 71(d).G and 2D peaks
related to graphene are observed at 1590 cthand 2695 cm?, respectively. The D peak
observed inFig. 71(d) (top panel) at 1349 cm? corresponds to the defects induced due
to sputter deposition of NiFe/Ta bilayer, which is well known and appears due to
intervalley scattering[47]8 4 EA $8 D A Rig 71{dA(Bokam(pdndl) céntered
at 1620 cm? is also a disorder induced Raman peak, which comes from intravalley
scattering. Spectral weights of graphene modesere obtained by fitting to Lorentzian
function. We use the spectral weight ratio @/ ¢ ratio) as a quantitative measure of
sputtering damage. Thed/l g ratio for graphene after deposition of FM/capping layer is
2.01 £ 0.02, which indicates that some defectre introduced in the graphenelayer after

deposition. We calculate the average crystallite size Lg) using the relation: 0

8@ prT € a — ,where_ = 514 nm is excitation wavelength ofdser

used for Raman measvement [47], average naocrystallite size (La) of 8.33 nm is
obtained in our case.The vibrating sample magnetometer (VSM) measurement was
performed to estimate the values of thesaturation magnetization (Ms) of the samples. All

the films are in-plane magnetized asevealed by VSM measurement.

To quantify the strength of iDMI in these graphenebased heterostructures, we measured
the SWdispersion (f vs. k) relation at the applied in-plane field of H = 1 kOe. Here,
transferred wave vectork was selectedby changing tre angle of incidence of the laser
beam. The spin waves propagating in the opposite directionwere simultaneously
detected as Stokes and antBtokes peaks in the BLS spectrdn order to model our
experimental data, we use the equation for the difference in the frequencies of counter

propagating spin waves given below18]

Y49 h h h h : (7.1)
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YQ —0'Q Yxh (7.2)

where M; denotes the magnetization along applied magnetic field/x Q - 0 AQ
- 0 h Q, where K» is the interfacial magnetic anisotropy, describes a correction in

frequency due to interface anisotropy and any other offset.

BLS Intensity (arb. units)

Ni80F820

Graphene

Figure 7.2: (a) Schematic of the film stack along with BLS geometry. (b) Representative

BLS spetra for DE spin waves acquired at a fixed wave vectdrE p y8p OAATt I O
oppositely oriented external applied fieldsH = 1 kOe in graphene/NsoFexo (t)/Ta (2 nm)

sample (deposited at 10 mTorr Ar pressurejtop four panels) and reference sample NiFe

(3 nm)/Ta (2 nm) (at the bottom most panel) for two counter propagating directions of

spin waves. The spectrum corresponding to particular thickness of dFex is indicated

by mentioning thickness value in each panel. Solid curve is the fit using Lorerani

function.

The second termYX is very small compared to the first (DMI) term on theight-hand side.

The firsttermis linearinDandk, whereDEO OEA E$-) AT 1 OOAT 08 ( AOA
ratio whereas Ms is the saturation magnetization. Therefore, E((.7.2) provides a direct

xAU O RNOAT OEEAU OEA OOOAT COE 1 £ E$MpndAU A@DA
Figure 72(a) shows the schematic of the BLS measurement. As Eq. (7.2) suggests that the

amount of frequency asymmetry is linear ink, typical BLS spectra for DE spin waves

recorded at higher wave vector kK = 18.1 rad/um) under oppositely oriented external

magnetic fields in graphene/ NgoFexo (t)/Ta (2), where t = 3, 4, 6, 8 nm, are presented in
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Fig. 72(b). For clarity, anti-Stokes side of BLS spectra for oppositely oriented magnetic
fields are shown with the corresponding Lorentzian fits. Byooking at these BLS spectra,
EO EO AOEAAT O OEAO OEA MEOANOAT AU AEAEMAOAT AA
which is the measure of the strength of IDMI, decreases with increasih@NiFe thickness).
InthecaseotE o fHhn&ct ' (U xEEAE EO OAAOI T AAIT U I
system. In addition, typical BLS spectra for reference sample (NiFe (3 nm@T2 nm)) is
also presented in the lower panel ofFig. 7.2(b).) T OAOAOOET Ci Uh fi&1 11T OO0
observed for the reference sample which ruled out the possibility of DMI contribution
from the interface of NiFe and Ta cappintayer. It should be noted here that such a large
non-reciprocity in spin-wave frequency is indicative of the presence of iDMI in these
systems. Earlier, Hehnet al. have shown that frequencynon-reciprocity in Pt/NiFe,
originated due to normal uniaxial interface anisotropy (NUIA) is weaker by an order of
magnitude, which is almost negligibld 16].

To quantify the magnitude of iDMI for various thicknesses of NiFe in graphene
based heterostructures,full k-dependent BLS measurements have ba performed by
varying the angle of incidence of the ker beam under oppositely oriented magnetic
fields. Figure 7.3(ajepresentsOE A O A O E és@ Huhction 6f #ieSWwave vector ()
for samples with different t. The best linear fit to the data using Eq7.2) provides the
NOAT OEOAOEOA AOOEI AGET T 1 MAEwith kth)sgields B Airect ET AAO
way of measuring the magnitude of iDMI. A maximur® of 67 + 10t J/m2 was observed
for t = 3nm from the slope of the linear correlation.This observation of sigrficant and
sizeable D in these graphenebased heterostructures, whichcan be attributed to the
extrinsic spin-orbit coupling arising due to the presence of dects in graphene after
FM/Ta deposition. In our case, conduction electron mediated RashHaMI mechanism
may play a minor role as described recently by Yangt al. for graphene/FM systems as
the thickness of the NiFe layers used in our experiment is much above the monolayer of
NiFe[48].
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using Eq.(7.2). (b) Variation of D with the inverse of NeoFexo thickness. The error bar in
afis shown by considering the error from the fitting of spectra as well as the instraental
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taken into account. Theblue solid line is the linear fit.

Figure 73(b) shows the variation ofD, extracted from theprocedure mentioned aboveas
a function of the inverse d NisoFexo thickness. Interestingly, an almost linear scaling
behaviour of D with the inverse d FM thickness isobserved,which indicates its origin
primarily from the graphene/FM interface. To further confirm the presence of iDMI in
these heterostructures, reference samples (without graphene underlayer) were also
measured. Importantly, almost negligible frequency asymmetry ibserved n the

reference sample.
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Figure 7.4:(a) Raman spectra of CVD grown graphene on a Si/Si@fter the deposition
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for graphene/NiFe (3 nm)/Ta (2 nm) samples deposited at various Ar pressure. Symbols
represent the experimental data points and solid lines are the fit using Eq7.2). (c)

Variation of effective damping constant with the inverse of NiFe thickness for various Ar

pressure investigated from FMR measurement. (Blot of surface DMI constant with spin

mixing conductanceAr pressure value is mentioned on each data point.

Next, we investigate the effect of defects induced in graphene layer achieved by varying
Ar pressure during NiFe layer deposition. Shown ifrigure 74(a) are the Raman spectra
taken after 10 nm of NiFe deposition at various Ar pressure. There is a substantial change
in the Raman b/l c ratio with Ar pressure as evident by analyzing the Raman data. We
notice that the Ib/l gratio increases from 201% to 227% vhen Ar pressure increases from

2 mTorr to 10 mTorr. The b/l cratio and La for graphene/NiFe bilayer thin films with
varying Ar pressure are summarizedin Table 7.1. This observedbehaviour can be
explained by taking into account of the impact of Ar neutidaatoms similar to Chernet al.,

where a similar increase of i/l cratio was foundwith Ar pressure [47].
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TABLE 7.1.Various parameters as a function of Ar working pressure during deposition of
NiFe on graphene.d/l cratio is obtainedfrom Raman spectra. Average crystallite sizé §)
is estimated from Raman spectra. Saturation magnetizationMs) estimated from field
dependent BLS measurement. Spimixing conductance () is obtained from FMR

measurement. The strength of surface DMDg) is determined from BLStechnique.

Ar o/l G La(nm) Saturation Spin- Surface DMI
working Magnetizatio mixing constant
pressure n conductanc | (J/m) 3 10-
(mTorr) (emu/cc) e 15

(m-2) 3 1019
2 (2.01£0.02) | 8.33+0.08 708 0.12+0.05 93+ 10
6 (2.04 £0.02) | 8.21+£0.07 670 0.47+0.10 143+ 10
10 (2.27 £0.02) | 7.38+ 0.06 606 1.18+0.10 193+ 10

The increase of defectsvith Ar pressure is also expected to give rise to a defect induced
extrinsic spin-orbit coupling. In fact, theoreticalcalculations showed that sp distortion
induced by an impurity can lead to a large increase in the spiorbit coupling in graphene
[51]. There are also several experimental reports that show the presence of spambit
coupling in graphene by hydrogenation, fluorinationor the presence of adatom$52-54].
To investigate the effect of the defects on iDMI for graphene/NiFe based
heterostructuresh OEA O A © &ladukciioh of ispie-wave wave vector k) for
samples witht = 3 nm deposited at different Ar pressures shownin Fig. 74(b). The data
is well fitted with Eq. (7.2). The Msvalues used in the fitting are shown in Table 1. These
values are determined using BLS and FMR measurements and cross checked using
vibrating sample magnetometerThe differennce in slopes of the linear fittings to the data
points results from the variation ofDin these samples. This variation of iDMI is likely due
to the defect induced extrinsic spirorbit coupling of graphene.

To further understand this behavior, we determined spin pumping from NiFe layer to
graphene by FMR measurements. Similar to iDMI, sppumping is also an interfacial

effect,and hence a correlation between the two is expected, whidk recently established
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in ferromagnet/heavy metal systems[18]. According to the theory of spin pumping, the
AEEAROEOA AA[ Ribfithe FDIAEANTDE OAOR |

1efE o€ sq (7.3)
EAOKk Oy OEA ET OOET OEA ' Eris thddaripind dué t& $pikpGripingg E A O A A (
effect, whichis givenby [2]:

1 = (7.4)

where, gv sis the spinmixing conductance,and h is OEA 01 AT AEGO Al 1 00,

parameters carry the same meaning as discussed earlier in this paper.

From the FMR data we determine, the spimixing conductance ¢ ) by performing NiFe
thickness dependent study. In amparison to our reference samples, an enhancement of
damping parameterwas observedin the sample with graphene consistent with Eq(7.3).
This enhancement can be attributed to spin pumping as previously reported for this
system[55]. Figure 74(c) shows the VA O E A O Edwith the Averse of NiFe thickness
(1/ tnire) for the samples deposited at various Ar pressure. From the linear fitting of the
effective damping parameter versus thanverse of NiFe thickness with Eq.(7.3), we
determine g« The obtained values ofgus with different Ar pressure for the
graphene/NiFe samplesare displayedin the Table I. We see a clear increase @f with
Ar pressure indicating an enhanced spin pumping with Ar pressuréhis enhanced spin
pumping with Ar pressure can be attributed to defect induced spirorbit coupling at the
interface.lt is observedthat surface DMI constantDs (D*tnire) and g  both increase with
the increase in Ar pressure, thus indicating a direct correlation between these two
qguantities. Figure 74(d), shows a plot of Ds with spin-mixing conductanceg , which
clearly shows this correlation. This corelation, which is already established in the
FM/HM system [18] and antiferromagnet (AFM)/FM system [25] further supports our
claim that defect induced extrinsic spirorbit coupling at the interface is the primary

origin of iDMI in our system.
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Shown in Figure 7.5represents the Raman spectra take for Gr/NiFe (3)/Ta (2) for

different Ar partial pressure. Since the Raman spectra in case of Gr/NiFe/Ta
heterostructure degrades due to high thickness of metal above Gr, in the manuscript, we
have shown Raman measurements with thick metal films to prove that, we are able to

detect Graphene even after the 10 nm NiFe layer.
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Figure 7.6:Variation of effective damping constant with the inverse of NiFe thickness for
the samples with graphene and without graphene for various Ar pressure (a) 2 mTorr (b)
6 mTorr (c) 10 mTorr investigated from FMR measurement.

In order to determine the spin mixing conductance from FMR, measurement, a
comparison of the behaviour of damping constant vs. inverse of FM thickness in Gr/NiFe

and reference NiFe samples have been shown fig. 7.6 The slope of these curves for

125



Gr/NiFe samples are higher than the reference NiFe samples indicating an enhanced spin
pumping.

7.4. Conclusions

In summary, we have systematically studied the FM layer thickness dependence of iDMI
in technologically important graphene/NisoFex/Ta heterostructures using BLS
spectroscopy. By measuring the sphwave frequency nonreciprocity, we observe a
sizeable iDMI in these stacks. FM thickness variation reveals thatvaries linearly with
the inverse of NiFe thickness demonstrating its purely interfacial origin. Furthermore, we
observe a tunability of surface DMI constant and spimixing conductance with defect
density in the graphenelayer obtained by varying Ar pressire during DC sputtering of
NiFe. Remarkably, there is a direct correlation between surface DMI constant and spin
mixing conductance, while both are found tde correlated with the increase in defect
density. Hence, we conclude that defect induced extriresspin-orbit coupling may play a
major role in the observed iDMI in these samples. Our detailed FM layer thickness and Ar
pressure dependent study of iDMI will enrich the understanding on the observation and
tunability of iDMI in these 2D heterostructuresfor controlling chiral spin structure and

magnetic domainwall based magnetic storage, memory and logic devices.
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Chapter 8
8. Improved Magnetic Damping and Interfacial

Dzyaloshinskii Moriya Interaction in CoFeB|MgO
with N -doped Ta Underlayer Investigated using

Brillouin Light Scattering Technique

8.1 Introduction

With growing need to achieve perpendicular magnetianisotropy (PMA) [1] in ultrathin
films for spintronics based devices, it is important to develop solid understanding of
magnetic inhomogeneity [2,3] and damping [4,5] in them. A high degree of magnetic
uniformity over large length scale in ultrathin film is beneficial for device applications
where interface magnetic properties play key role. Perpendicularly magnetized
Ta|CoFeB|MgO heterostructure [6] is attracting much attention recently as it constitutes
the heart of magnetic tunnel junction and the recetty discovered three terminal devices
[7]. It is known that in Ta|]CoFeB|MgO heterostructure the PMA arises owing to electronic
effect at CoFeB|MgO interface [6]. The choice of underlayer is also known to control the
strength of magnetic anisotropy in theseneterostructure [8]. It has been found recently
that the PMA of Ta|CoFeB|MgO film can be tuned by changing thdldv rate during Ta
underlayer deposition [9]. Specifically, CoFeB|MgO films grown on optimally-tdbped Ta
underlayer has larger interface afsotropy than the film deposited on Ta underlayer. Due
to complicated sample preparation for the direct structural characterization when the
CoFeB thickness is ~ 1 nm (required in achieving PMAJLO] it is quite difficult to
investigate the structural inhomogeneity which in turn leads to magnetic inhomogeneity
[3, 11-15]. One of the main contributors of magnetic damping in the thin film is magnetic
inhomogeneity whose precise control and understanding is worth to address. A reliable
and non-destructive method to investigate magnetic inhomogeneity is the investigation
of spin wave. Brillouin light scattering (BLS) is a powerful technique to study spin wave
frequencies in magnetic thin films and multilayers [1620]. Earlier in Giant Magneto

resistive (GMR) stuctures spin wave spectra studies using BLS allowed deep
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understanding of interlayer exchange coupling [21]In a typical BLS measurements the
laser is focused onto a sample, and the photons are inelastically bestattered by the
spin waves [18]. Due to mmmentum and energy conservation the events comprising of
annihilation of magnons propagating towards the incoming laser beam (the angtokes
process), and creation of magnons propagating in the opposite direction (the Stokes
process) take place. The linewdth of the BLS spectra contains the information of
magnetic inhomogeneity [11,1415] and in turn the magnon lifetime [23]. Earlier, the
linewidth of the spin wave spectra in perpendicularly magnetized ultrathin films has
been used to explain magnetic inomogeneity both qualitatively and quantitatively [11,
15,22]. On the other hand, HM/FMobxide heterostructure is also known to possess
interfacial Dzyaloshinskii Moriya interaction (iDMI) which originatesdue to the breaking
of structural inversion symmetry at the interface of heavy metal (HM) possessing strong
spin-orbit coupling and ferromagnet [23-24]. The direct observation of IDMI has been

possible from the asymmetric SW dispersion by employing BLS spectroscopy {33].

Using BLS technique hereve investigate thermal spin waves in Ta(N)|CoFeB|MgO films.
Peak frequency corresponding to uniform precession mode for zero wave vector is
detected. The peak frequency varies with external applied field consistent with earlier
reported results of perpendcularly magnetized and inplane magnetized thin films. The
magnetic inhomogeneity in these films is investigated by analyzing the linewidth of the
BLS spectra. Furthermore, it is shown that the use of-8ibped Ta underlayer in
CoFeB|MgO heterostructure rsults in improved magnetic uniformity. Also, the
asymmetric SW dispersion reveals the presence of increased iDMI inddped Ta

underlayer in /CoFeB/MgO heterostructure [30].

8.2. Experimental Details

Thin films were grown by dc/rf magnetron sputtering in ultra-high vacuum (base
pressure ~ 2 x 107 Pa) onto thermally oxidized Si [100] substrates (Si¢thickness is 100
nm). Ta and CeoFesoB2o layers were grown using dc power while MgO was deposited
using rf power in Ar atmosphere. Nitrogen doping in the Tanderlayer was performed
by mixing Ne with Ar during Ta deposition. Based on the flow rate of Wand Ar during
sputter deposition of Ta, we define a quantitfQ= Si2/Sar+Sv2. Qwas varied up to 9% with
Q= 0 corresponding to pure Ta underlayer. The filnstacks investigated in the present
study are Sub|1l Tal]l CoFeB|2 MgO|1 Ta, Sub|4 T&aN(L%)|1 CoFeB|2 MgO|1 Ta and
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Sub|4 TaNQ~9%)|1 CoFeB|2 MgO|1 Ta (digits represent thickness in nm). The films
were subsequently annealed at 300 °C for one hour with no magiic field applied during
the process.The static magnetic properties of these films were measured using Vibrating
Sample Magnetometer (VSM)The detailed film characteristics (magnetic dead layer
thickness and interface anisotropy) have been described ewhere [9]. As the aim of this
work is to understand the magnetic inhomogeneity of ferromagnetic layer originating
mainly due to underlayer/CoFeB interface, so we fix the CoFeB layer thickness to 1 nm.
The magnetic dead layer thickness, if any, present the stack will not be important for
investigating magnetic inhomogeneity. Backscattered geometry was selected for
performing BLS study of thermal spin waves. The main constituent of the sep is a
Sandercocktype six-pass tandem FabryPérot interferometer [32]. Conventional 180°
back scattered geometry was used along with the provision of waweector selectivity to
investigate the spinwave dispersion relation. In the light scattering process, total
momentum is conserved in the plane of the thin film. Asr@sult, the Stokes (antiStokes)

peaks in BLS spectra correspond to creation (annihilation) of magnons with momentum

~

‘Q —OE+, where_is the wavelength of the incident laser beam and-refers to the

angle of incidence of laserA laser beam of wavelength 532 nm (from solid state laser) is
focused on to the sample and the inelastically scattered light from the sample due to
interaction between incident photons and magnons is analyzed to determine SW
frequency. Here the frequency lsift of the scattered beam from the incident laser
frequency corresponds to thermally excited magnon frequency. An dplane magnetic
field H up to 3.1 kOe is applied parallel to the sample surface and perpendicular to the
plane of incidence of light DE gemetry. For the investigation of magnetic inhomogeneity
in all these samples the BLS spectra is measured for= 0 wave vector whereas for the
investigation of the asymmetric SW dispersion caused by iDMk-dependent BLS
measurement in DE geometry was perfoned for two different values of the applied

magnetic field. Further details of BLS set up may be found in Ref [33].

8.3. Results and Discussions

Figures 8.1(ac) show the hysteresis loops measured using VSM for-plane and outof-
plane directions for three different Qvalues. The nominal CoFeB film thickness was fixed
to 1 nm for all the measurement shown here. The saturation magnetization was

calculated by dividing the measured moment value by volume of the ferromagnetic film
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considering its nominal thickness. Effectie anisotropy for the film was estimated by

taking the areal difference between thdP and OOPhysteresis loops.
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Figure 8.1: (ac) In-plane and outof-plane magnetic hysteresis loops plotted in same
panel for Q ~ 0, 1 and 9%. Inset in each panel showset schematic diagram of the stack.
Digits in the schematic correspond to thickness in nm. (d) Saturation magnetization (left
axis, square) and effective anisotropy (right axis, circle) plotted as a function ofdbping
in the underlayer. (e) Relative chang in the saturation magnetization plotted as a
function of temperature for Q ~ 1% and Q ~ 9%.

The positive Kert corresponds to OOP easy axis for M whereas the negative Kes
corresponds to inplane easy axis. In Fig. 1(d) we plot the saturatiomagnetization (left
axis) and Keft (right axis) as a function of Q. With increase in Q the Ms increases
monotonically. The Kest increases for Q ~1%, however it reduces to negative value
corresponding to in-plane easy axis foQ~ 9%. In Fig. 8.1(e) we show the relative change
in Mswhen the temperature is lowered to 100K for Q~1% and Q~ 9% films. We observe
42% and 38% increase ifMsfor Q~1% and Q~ 9% films at 100K respectively. Earlier for
Q ~0% 32% increase in Mhas been reported [34]. From these studies we understand
that these films are thermally robust within the temperature cycling between 300K to
100K.
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Figure 8.2:(a) Schematic for BLSneasurement geometry. (b) Lorentzian fit to a typical
elastic peak in the BLS spectra. (€g) BLS spectra of the Ta(N)|CoFeB|MgO films at
different applied fields for Q~ 0, 1% and 9% underlayer. Field values are mentioned for
corresponding spectra.

In Fig. 8.2(a)we show the measurement schematic for BLS experiment. The laser light
impinges at 90° on the sample (parallel to sample normal) thus enabling the
measurement fork = 0 wave vector. ArlP magnetic fieldH up to 3.1 kOe was applied
parallel to the sample suface and orthogonal to incident laser beam. Ifrig. 8.2(b)we
show the Lorentzian fit to a typical elastic peak of the BLS spectra to get an estimate of
instrumental linewidth broadening [35]. From the fit we obtain the value oflinewidth
broadening ~ 0.4 GHz which gives the measure of lower limit of the linewidth in our BLS
spectra. The typical BLS spectra obtained for the film stack are shown kig. 8.2(ce).
Note that we see the peaks corresponding tthe uniform precession mode in all cases
due to magnon creation (Stokes) and magnon annihilation (anttokes) resulting from
SWexcitation. Negligibly small difference is found in the intensity, peak frequency and
linewidth between Stokes and antiStokespeaks at any applied field. The magnitude of
the observed frequency is related to the effective magnetizationVer) [36]. For OOP

magnetized films the A effis estimated using Eq. (8.1)36]
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0 ™0 — (8.1)

We use theMsand Kefrvalues extracted from the VSM measurement. For Ta and TaN (1%)
underlayer films we dbtain Y A et 0f -5.5 kOe and-6.5 kOe, respectively from Eq. (8.1).
The larger peak frequency observed in the case of TaN (1%) is due to larger effective
anisotropy and Met of this film. The BLS peaks as shown fRig. 8.2(ce) are fitted using
Lorentzian function and the peak frequency and the linewidth (full width at half

maximum, FWHM) are obtained.
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Figure 8.3:Variation of peak frequency (a) and linewidth (b) with applied magnetic field
for all three film stacks.

In Fig. 8.3(a)and 8.3(b) the peak frequency and the linewidth obtained from the anti
Stokes peak as a function of the appliedP magnetic field are shown for all three films.
From Fig. 8.3(a)we notice that the films with Ta and TaN (1%) underlayers show a
decrease in frequency with the increase in applied magnetic field. For the PMA film, it is
known that on increasing the strength of appliedP magnetic field the peak frequency
first decreases and reaches a minimum at critical field followed by a subsequent increase.
The angle between the magnetization and the film plane is determined by the competition
between the PMA and the appliedIP field. The critical field corresponds to the field at
which the magnetization is oriented along the film plane at particular applied field. In
contrary, the film with TaN (9%) underlayer shows an increase in the frequency with the
increase in applied field, a signature of kplane magnetized ferromagnetic thirfilm.

To further understand the dependence of the peak frequency on applied -plane
magnetic field in perpendicularly magnetized films (Ta and TaN (1%)) the data is fitted
using Eq. 8.2. [37]
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— 0 O 70 O (8.2)

where Ny is the demagnetization factorf  &/2 is the gyro magnetic ratiofe= 1.759 x

107 Hz/Oe is the value for free electrong is the spectroscopic splitting factor andHc is

the critical field [37]. Considering the film to be isotropic within the film plane we can
assumeN; k NxxBNyy. As the demagnetization factors satisfixx+ Ny + Nzz= 1 and the

films have thickness ~1nm, we may assumé&;z;=1andN P nm8 4EA E£EOO OOEI]
Ta and TaN (1%) underlayer cases are shown using red solid curveshkig. 8.4(a)and

8.4(b). The intercept on xaxis made by the red curve represents the critical field at which

the peak frequency takes minima. The critical field obtained using the fit nearly matches

to the saturation field for the hard axis loop estimated using VSM. From the ¥ite obtain

Hh 18y E/ AHZEI @8¢ AEARALEI O 4A.jpbq OT AAOI AUAO
In Fig. 8.4(c)we show the dependence of frequency on applied field for the 4plane
magnetized TaN(9%) underlayer film. The increase in frequency witthe increase in bias

field is fitted using standard Kittel Eq. (8.3) [37] as shown by the red solid curve in Fig.

8.4(c).

M — 0 — 0 — 10 (8.3)

HereKis the in-plane anisotropy. Here, we usg=1.9andKkE n AT A A M@A&sOi ET A
AEOOET ¢ DAOAI AOA O8 Méfiok thé fRhiOAEKDeARKomEna fitsdifigs.] £ 1 A
4(a)-(c) we infer that peak frequency dependence on applied magnetic field for Ta,
TaN(1%) is consistent withOOPcase [36] and TaN(9%) is consistent with irplane case

of previously reported literatures [37]. For PMA films in our experiment to precisely
estimatethe minimum frequency in the vicinity of critical field similar to Ref [36] is quite
challenging. It is primarily due to the fact that the maximum magnetic field achievable in

our set-up is well below the critical field. We hope to address this issue intiure.

We now discuss below the linewidth of the BLS spectra and its dependence on thas
well as the applied magnetidfield (peak frequency). The linewidth shows a drastic
reduction with the increase inQover the whole range of the applied magnetic fid (Fig.
8.3(b)), indicating a significant reduction in the damping parameter withQ. In addition,
within the investigated field range (upto 3.1 kOe), the linewidth of the film with Ta

underlayer increases by nearly by a factor dfvo with applied magnetic field whereas the
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linewidth of films with TaN(1%) and TaN(9%) underlayer show negligibly small increase
with applied field (Fig. 8.3(b)).
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Figure 8.4: (a) and (b) Peak frequency dependence on field fitted using standard
expression for Ta and TaN (1%) underlayer samples with PMA. The red curve shows the
fit using EQ.8.2. (c) Plot of frequency dependence on field for TaN(9%) underlayer film.
The red cune shows the fit using standard Kittel Eq. 8.3.

The behavior of linewidth in a PMA film across the critical field has been earlier

investigated for Co/Au film and extremely large linewidth at critical field has been
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reported [15]. Due to diverging nature of the linewidth when the critical field (4.8 kOgis
approached we observe the significant increase of linewidth for Ta underlayer. For the
case of TaN (1%), since the applied iplane field is well below the critical field (6.6 kOe),
we do not observe remarkable increase in the linewidth. In order toeg more insight into
these results, the linewidth of the BLS spectra for all three films are plotted as a function
of the peak frequency inFigs. 8.5 (ac). The sharp decrease in linewidth with increasing
frequency for film with Ta underlayer indicates extrinsic contribution (interfacial
roughness [14] or structural inhomogeneity [12, 13]) to the magnetic inhomogeneity in
this film. In contrary, a nearly constant linewidth for TaN (1%) and TaN (9%) underlayers
indicate that the extinsic factors contributing to magnetic inhomogeneity are

suppressed by doping N into the underlayer.

It is worth mentioning here that the linewidth data shown inFig. 8.3and Fig.8.5 are not
deconvoluted to remove the contribution for instrumental broadening [35]. Note that in
the linewidth data contribution due to the spectrometer broadening willbe uniformly

present in the BLS signal for all three films and thus it will not change our interpretation.
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Figure 8.5:Variation of the linewidth (FWHM) of the BLS spectra with peak frequency for
the samples with (2)Q= 0%, (b) Q= 1% and (c)Q= 9%.

Despite of presence of instrumental linewidth broadening in the BLS spectra, we are able
to extract crucial information of reduction of interfacial roughness in these ultrathin
films. An important point to note here, using other characterization techniges e.g.,
transmission electron microscopy or grazing angle Xay diffraction to study the
interfacial roughness is quite challenginglt may also be possible that the improved
structure related magnetic uniformity in TaN(1%) film assist to some extent in ehieving

larger PMA in this film as observed earlier [9]. A detailed study of linewidth for large field
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range for both inplane and outof-plane direction and for different k vectors will be
useful for the detailed quantitative understanding of magnetic ihomogeneity in these

films.

1.2
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Figure 8.6 (a) Representative BLS spectra measured at wave vector 16.7 rad/um for
the Sub|4 TaN(9%)|1 CoFeB|2 MgO|1 Ta sample for two counter propagating directions.
The spectrum corresponding to particular applied magnetic field is indicated by
mentioning its value in each panel. Solid curve is the fit using Lorenén function. (b) Plot

| A& vsk for both values ofH. Symbols represent the experimental data points and solid
lines are the fit using Eq(8.4).

Nevertheless, the observation of large enough perpendicular magnetic anisotropy ( ~ 6.5
kOe) and reduced spi wave linewidth (damping [38]) by a factor of 2, that is nearly
independent of applied field (spin wave frequency) for the film withQ~1% (N-doped Ta
underlayer) is important for application in spin transfer torque magnetoresistive
random access memory $TT-MRAM) devices due to the larger thermal stability and
smaller write current. In addition, the in-plane magnetized sample (Q = 9%) showed the
smallest linewidth (estimated damping of ~0.006 using Ref. [38]), which would be useful
for magnonic devices wlere a long propagation length of th&SWsis required.

Next, we investigate the presence of iDMI in the sample Sub|4 TaN(9%)|1 CoFeB|2 MgO|1
Ta. For that,k z dependent BLS measurement is performed in DE geometry. Shown in

Figure 86(a) is the representative BLS spectra taken &t = 16.7 rad/um for applied
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magnetic fieldH = 1 kOe (top panel) and 1.5 kOe (lower panel). The spectra consisting of

Stokes and antiStokes peak are well fitted with the Lorentzian function in order to

extract SW frequency. It can be seen that there is a significant amount of frequency non
reciprocity (frequency difference between Stokes and aribtokes peak Df)) present in

OEA OUOOAI 8 471 CAO A NOAT OEOAOQOE GAsakuochdai AOET 1
of k is displayed in Fig. 8.6 (b)for two values of applied magnetic field. We use the

equation for the difference in the frequencies of countepropagating spin waves given

below:

wQ1 0 1 QI —01Q (8.4)

Consideringg = 1.9 (used previously) and takingVls = 1480 kA/m obtained from VSM
measurement,D is obtained as 0.72 = 0.03 mJ/@from the slope of the linear correlation
using Eq. (8.4). It is important to mention here that the TaN/FM system resulted iata

dramatic increase of iDMI strength as opposed to Ta/FM system [33].

8.4. Conclusions

In summary, we have investigated SW spectra in Ta(N)|CoFeB|MgO films using BLS
technique. Frequency corresponding to uniform precession mode in the Blspectra of
perpendicularly magnetized as well as irplane film is found. For outof-plane
magnetized sample the spin wave frequency takes minima at a critical field which
corresponds to the anisotropy field. The linewidth decreases by nearly a factor ofi@hich
suggests that the magnetic inhomogeneity reduces with enhancedddping in the Ta
underlayer. The reduced inhomogeneity in these films by modifying underlayer|CoFeB
interface indicates in a large reduction in the value of magnetic damping, which is
important for applications in both spintronic and magnonic devices. Moreover, the DMI
investigation reveals stronger DMI of 0.72 mJ/rh present in TaN(9%)/CoFeB/MgO
heterostructure. Our study will be important for understanding the spin wave dynamics
as wel as stabilizing DMI assisted Skyrmion structure in CoFeB with -Noped Ta

underlayer.
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Chapter 9
9. Reconfigurable Spin-Wave Nonreciprocity

Induced by Dipolar Interaction in a Coupled

Ferromagnetic Bilayer

9.1. Introduction

The engineering of spin waves (SWs) the elementary excitations in magnetic systems
with coupled electron spin® in magnetic structures is attracting a lot &
attention in the scientific community, motivated by applications based on the field of
magnon spintronics [1], which also provides a rich playground to study the fundamental
principles of magnetic wave phenomenaZz9]. Since SW frequencies can vary frol@Hz
to THz and can be externally controlled by applying magnetic fields or by designing the
system architecture to create desired magnonic properties, devices for highequency
applications and data processing are envisioned1pz17]. In the context of daa
processing, the nonreciprocity of spin waves, which can appear in the phase, amplitude,
or frequency, has been presented as a powerful tool for possible applications in
communication and logic devices 18z20]. Nonreciprocal phenomena have been the
focus of studies on photonic and electronic structures as well, in which they have been
found to enable fundamental operation modes in devices such as isolators, circulators, or
gyrators [21,22]. Similarly, nonreciprocal magnon transport vyields these key
functionalities as well [18]. Consequently, achieving nonreciprocity in the sphwave
dispersion up to a significant, ideally tunable, degree is of high relevance for magron
based applications. Spirwave nonreciprocity has been known since the pioneering work
of Damon and EshbachZ3], where it was predicted that the magnetization precession
amplitude of the surface mode should be asymmetric with respect to the propagation
direction. Such behaviour is well known and has been experimentally measured by
several groups R4z26]. However, the amplitude nonreciprocity itself does not imply
nonreciprocity in frequency. In our current bilayer case, symmetry breaking along the
thickness will induce a frequerty shift of the two counterpropagating waves. Sphwave

frequency nonreciprocity has already been discussed for ferromagnetic (FM) films with
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different magnetic anisotropies at the surfaces47z32] and for films with interband
magnonic transitions [33]. It has, moreover, been theoretically and experimentally
demonstrated that the interfacial DzyaloshinskiiMoriya interaction (iDMI) [34z37]
induced in ultrathin FM layers capped with heavymetal films noticeably influences the
SW spectra, generating nonrecigrcity in the dispersion [38z54]. Additionally,
nonreciprocal properties can be introduced into FM materials by the intrinsic dipolar
interactions. It has been reported that arrays of magnetic nanopillars coupled by dipolar
interaction [55], ferromagnetic nanotubes (6], systems composed of a FM film exchange
coupled to a onedimensional periodic structure [57,58], and antiferromagnetic trilayers
[59,60] show SW nonreciprocity. Although the physical properties of magnetic
multilayers have been extensively sidied in past decades, the focus was put on the
celebrated giant change of magnetoresistance with the relative magnetic orientation of
adjacent FM layers §1763]. Interestingly, early studies of double layers and multilayers
by Brillouin light scattering (BLS) had already evidenced frequency nonreciprocity for
antiparallel alignment of the magnetic layers §4z68], in agreement with theoretical
work [18,69773]. However, a theory with the potential of making specific predictions is
so far still missing, whichhinders establishing the advantages and/or disadvantages of
specific systems in comparison with others.

Here, the spinrwave dynamics of a FM bilayer system is investigated using a theoretical
model, micromagnetic simulations, and BLS experiments. By analyzing both the magnetic
properties of each layer and their equilibrium configurations, optimal conditionsfor
increasing the frequency nonreciprocity of counterpropagating SWs in the Damen
Eshbach (DE) configuration are predicted and then confirmed with micromagnetic
simulations and BLS for a prototype permalloy/Ir/CoFeB sample. An explicit expression
is provided for the frequency shiftf of two counterpropagating SWs. In the long
wavelength limit (small wave vectork), we find that the SW nonreciprocity scales linearly
with k, so that an effective DMI constant of dipolar origin can be defined. At intermediate
values ofk, there is a maximum irf that depends only on the thicknesses of the FM layers
and the nonmagnetic spacer, while for largek, f decreases exponentially. Thus, we
demonstrate that the proposed bilayer systems exhibit remarkable properties as
compared with the widely discussed heavymetalzferromagnetic ultrathin systems. In
particular, in bilayer systems with antiparallel coupling, and in fundamental contrast to

DMiI-driven systems, the nonreciprocity can be notably larger for thicker FM layers sd.
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This opens up the possibility to create reconfigurable nonreciprocal deviced8,74,75

by controlling the relative magnetic orientation between the coupled FM layers. In the
proposed bilayer system, frequency nonreciprocity can be turned on and offrsply by
switching from antiparallel to parallel magnetization, without any rotation of the applied
magnetic field. Such switching can even be controlled and conveniently achieved by
applying, for example, spirtransfer or spin-orbit torques via a local crtical current.
Moreover, both states, parallel and antiparallel, are well known from applications of giant
magnetoresistance (GMR) and tunnel magnetoresistance (TMR) and can be tuned to have
excellent stability at remanence. Therefore, the bilayer has amearkable advantage over
other systems, such as DMilriven systems, where reconfigurability can be achieved by
rotating the magnetization either in-plane, from the DE to the backwara/olume (BV)
configuration, or by tipping the magnetization out of the plae [41,45,46,53. Also, in
interfacial DMI systems there is a noticeable increment in magnetic damping due to the
heavy metal, which is avoided when a coupled magnetic bilayer is used instead. Another
advantage is that the bilayer system is compatible witetandard deposition processes in
the same manner as that in which GMR stacks are fabricated, and can be integrated into

CMOS architectures.

T
©

AP state

M @
Y FM layer (2) ®

Figure 9.1: Overview of the magnetic bilayer system. The static magnetization
configuration is in the antiparallel (AP) state. A spin wave is excited below the yellow
region, traveling along positive and negative wave vectors with different wavelengths as
indicated by the different color of the waves.
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9.2. Theory and Simulations

9.2.1. Theory

A schematic illustration of the bilayer system considered, composed of two interacting
FM layers (1) and (2) with inplane magnetization, is shown inFig. 9.1 The two layers
are allowed to exhibit different magnetic parameters and thicknessedl and d2, ands
denotes the separation between them. The equilibrium magnetization of layer= 1, 2
makes an angle « with the z axis, which is chosen as the propagation direction of the
SWs, with wave vectok = ‘@GHAs we shall see, the nonreciprocity is enhanced ihg DE
configuration, particularly in the antiparallel state. Nonetheless, the theoretical approach
accounts for the general case where the wave vector and magnetization may be oriented
along arbitrary directions within the film plane, and moreover accountdor the highly
relevant magnetostatic fields created by the dynamic magnetizations. The Landau
LifshitzzGilbert (LLG) equation is linearized and solved with the effective field
contribution. For the symmetric case of two identical FM layers with the samickness
dl =d2 =d, aligned alongx but antiparallel to each other, an analytic formula for the SW

dispersion relation for small external fields is derived and reads

M Q — Q0 nNaQ Q& N Q "Qs& ¢O (9.1)

~

MM — "QQ nNQ MG n'Q "QsG ¢o (9.2)

where 'Q Qand 'Q Q correspond to the two modes, namely the low and high
frequency modes, of the bilayer system. In what follows, the mode analyzed will be the

low-frequency one that corresponds tam1 (k). The individual terms are defined by

MO 10 -0 QU (9.3)
nNQ tO0 tdQ_. tb p -7 (9.4)
nQ t0O tO t0™Q_ t0-71 (9.5)
where,
o) —TT‘Q s87 (9.6)
6 — (9.7)
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Here* /0 Q(Jkd/ U Q is the bilinear (biquadratic) interlayer exchange field, pHu is a

possible uniaxial in plane anisotropy field, MEO OEA OAOOOA OkRiisithei ACT AC
AGAEAT CA 1 AT COEh AT A r Edsrepriesknts@Eutfacé vhigdalh OEA C
anisotropy field, which competes with the static dipolar field, allowing one to define an

effective magnetizationt oMeff = oMs M{ oHs. The general case, assuming two different FM

layers with different magnetic parameters, which is more complex, can be solved with

the help of the eigenproblem. From Eqg9.1)z(9.3), it is clearly visible that it is the term

g (k) that introduces the nonreciprocity. Only this term changes sign as a function of the

wave numberk. All other terms,p (k), g (k), ands  j ake @ositive for both wavevector

directions, ands  jis Bagnded by 1. Then, considering the limit of small wave numbers

yields
MO On —0H 00 ——sB (9.8)

for the low-frequency mode,while the high-frequency mode,”Q "Q, follows a similar
behavior (not shown). Upon inspection, one may realize that the magnon dispersion
relation for a bilayer with an antiparallel orientation of the two ferromagnetic layers in
the limit of small k resembles the weltknown asymmetric dispersion of ultrathin
magnetic films with a DMI B1,42,57. Indeed, the frequency shift becomesQ

t 1 0 Of¢* Q which allows one to introduce an effective Dzyaloshinskii Moriya
constant, since the frequency shifin HM/FM interfaces follows the same linear behavior
with k. Thus, this effective constant induced in the system is given Ry t 0 O .
Due to the dipolar nature of the nonreciprocity induced in the system, the effective
constant increases Mearly with thickness and quadratically with the saturation
magnetization. Despite the simplicity ofDdir, this expression is very practical and useful,
as it provides the relevant magnetic parameters for optimizing the nonreciprocal system
in order to reach the desired properties for application purposes, where the
nonreciprocity turns out to be relevant for operations in communication and logic
devices [L,13]. Also, it allows one to identify if a bilayer is able to emulate a heavgetalz
ferromagnet systemwith respect to its nonreciprocal SW propagation. For instance, in
bilayers of the heavymetalzferromagnet type, it has been found that the Dzyaloshinskii
Moriya constant DPM js around 0.7 mJdm2 for a ferromagnet of thickness 1.6 nm46].
Here, we can shw that similar properties (i.e., DPM = Ddir) can be reached for the same

thickness of the ferromagnet (1.6 nm) if a saturation magnetization dfls= 1190 kA m is
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used. To further increaseDPM, it is possible to decrease the film thickness to less than 1
nm [48], which is analogous to increasindpdir by increasing the thicknesses of both FM
layers. This, added to the wide versatility of our system, allows us to establish that a
ferromagnetic bilayer is an excellent candidate for nonreciprocal magnonic deces,
which, due to its simplicity and scalability, outperforms other systems proposed for
corresponding applications in magnonrbased data processing, where, for instance, the
control of nonreciprocity allows the creation of unidirectional caustic spin wavs [76]
that are relevant for the suppression of crossnterference between devices within a
magnonic circuit [57]. In the extendedk regime, we obtain further fromEqgs.(1) and (2)

the following analytical expression forfar for two counterpropagating spinwaves:

Ss

WwQ —t Ui M — (9.9)
Note that Eq.(9.9) is valid for the modes’Q "Q and™Q Q such a way that we predict
that both modes show asymmetric dispersion with the same magnitude of frequency
shift. Equation(9.9) shows that interlayer exchange fields are not required for generating
nonreciprocity, neither for small nor for large wave vetors. This demonstrates that the
effect results solely from the dynamic dipolar interaction. Interlayer exchange coupling
may, however, be used to (i) stabilize the AP alignment and (ii) influence the accessible

frequency range.

9.2.2. Micromagnetic Smula tions

To validate the results of the theory, micromagnetic simulations are performed using the
GPUaccelerated codemumax® [77]. For this, a long magnetic bilayer stripe with
length | = 20t m and width w = 80 nm is considered. To mimic the thin magnetidlin,
periodic boundary conditions are applied along thex and z directions. The material
parameters are chosen in accordance with those mentioned above for the two systems,
Sand Si. Using

I © @ (9.10)

as an external rffield source, the spin waves are excited with a sinc pulse in space with a
cutoff wavelengthlo = 2n ToE 9.77 nm, and in time with a cutoff frequencyo = 50 GHz.
The coordinate system is based on the global coordinate system given kig. 9.1 To

reconstruct the SW dispersion relation, the magnetization configuration is stored every
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10 ps for 12.5 ns and subsequently Fourier transformed in 2D. Addbihally, simulations
of the hysteresis loops for inplane and outof-plane applied fields are performed. In this
context, the total energy and the torque are subsequently minimized stepwise at varying

applied-field values.

9.3. Experimental Details

9.3.1. Sample Preparation

A Ta(5 nm)/CoswoFes0B20(5.7 nm)/Ir(0.6 nm)/Ni s1Fe19(6.7 nm)/Ta cap layer stack is
prepared on thermally oxidized Si substrates by magnetron sputtering in an Ar partial
pressure of 0.35 Pa (2.62 mTorr) at room temperature. The degidion rates of each
individual material are precalibrated by xray reflectivity (XRR). An underlayer of Ta (4
nm) is used to improve the adhesion. Ferromagnetic CoFeB and NiFe layers are deposited
from alloy targets with compositions of CaoFesoBz20 and NisiFe1o (in at.%), respectively

(at a deposition rate of 0.3 A/s). The ferromagnets are separated by a (nonmagnetic) Ir
spacer layer to achieve antiferromagnetic alignment at zero field (via RudermaKittel z

Kasuya Yoshida (RKKY) coupling). A Ta cap layerused to provide an oxidation barrier.

9.3.2. BLSMeasurements

To investigate the spinwave nonreciprocity, BLS measurements are performed in the DE
geometry, i.e., by applying a bias magnetic field in the sample plane but perpendicular to
the plane of incidence of the laser beam. This allows for probing the spin waves
propagating along the inplane direction perpendicular to the applied field, i.e., in the DE
geometry, where the nonreciprocity in the spinwave frequency is maximal at room
temperature. BLS relies on an inelastic lighsscattering process due to the interaction of
the incident photons with magnons. The conventional 180backscattered geometry is
used alongwith the provision of wavevector selectivity to investigate the spinwave
dispersionrelation [78,79]. Monochromatic light (wavelengthl = 532 nm and powerP =

65 mW) from a solid-state laser is focused on the sample surface. In the light scattering
process, the total momentum is conserved in the plane of the thin film. As a result, the
Stokes (anti-Stokes) peaks in the BLS spectra correspond to the creation (annihilation)
of magnons with momentumk = 4a 7 3in [, wherel is the wavelength of the incident
laser beam and refers to the angle of incidence of the laser. Crogmlarizations between
the incident and scattered beams are adopted in order to eliminate any phonon

contribution to the scattered light, and only the magnon contribution is measured.
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Subsequently, the frequencies of the scattered light are analyzed using a Sanderetyge

six-pass tandem FabryPérot interferometer from JRS Scientific Instrumentsd0]. To get
well-defined BLS spectra for the larger incidence angles, the spectra are obtained after
counting photons for several hours. Because of the low frequency in the ABupled

region, a free spectral range (FSR) of 30 GHz (20 GHz) for higher (lower) wavevectors

and a 29 channel multichannel analyzer are used during the BLS measurement. The
frequency resolution is determined by estimating FSR®H m8mnuv ' (U | m8m¢

higher (lower) wave vectors for the Stokes and antbtokes peaks of the BLS spectra. The

z s A 9~ N s oA

OAi DI A T Acl1 AOCEUAOETT EO AEOOO OAOOOAOAA Au A

mT followed by reducing the field slowly to the bias magnetic fielgloH, andBLS spectra
are measured at that field for different values of the wave vector. The maximum value of
the wave vector in our experiment is 20.4 ra@d m and the resolution is 2.06 rad m.
For the first few wave vectors, the Stokes and anrBtokes peaks mergeavith the tail of the
elastic peaks and cannot be resolved; hence, we present the BLS spectra from
k=6.1radl' m. The nonreciprocity in the spirwave frequency ) is calculated by taking
the difference between the antiStokes and Stokes peaks observed ithe BLS
spectra. Note that the BLS measurements are performed in the conventional way, i.e., by
investigating thermally excited spin waves. The effect on the frequency nonreciprocity,
however, relies solely on the dispersion of the system and is thus niwifluenced by the

exact method of spinwave excitation.

9.4. Results and Discussions

To obtain the information about the magnetigground stateand the material parameters,
magnetometry measurements were performed. Conventional vibrating sample
magnetomety (VSM) measurements have been performed using a MicroSense VSM EZ7.
The sample magnetization,M(H) was determined using superconducting quantum
interference device vibrating sample magnetometry (SQUHYSM), using a Quantum
Design Magnetic Properties Meagement System (MPMS). Only the ascending hysteresis
loop for the SQUIBVSM measurement is shown. The effective anisotropy constarkef)
was determined by acquiring inplane and outof-plane hysteresis loops. Moreover, the
in-plane hysteresis loops prouviled an independent access to the bilinear and biquadratic
coupling constants to be compared with the ones resulting from the FMR fittings.

Subsequently, the BLS measurements has been performed with an external fielqual =
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& mT, where the small plateau indicating the field region of AFM alignment is clearly
visible in the in-plane hysteresis curve. However, extraction of the material parameters
indicates a strong biquadratic coupling constant present in the system, as evidssd by
the strong curvature of theM(H) loop in Fig. 9.2(a).The out of plane hysteresis loop is
shown in Fig. 9.2(b) The observed behavior wasnodelled using the simulation code
mumax3. The open symbts in Fig. 9.2 corresponds to the averaged magnetization
extracted at the applied field for both, the ascending and descending hysteresis loop
branches. Thehigh-resolution transmission electron microscopy (HRTEM) image of the

studied sample is presented irFig. 9.2(c).
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Figure 9.2: Hysteresis loops for (a) 1= 90 ° (in-plane external field) and (b)[ =0 ° (out
of-plane external field). The solid lines correspond to the SQUIISM (black) and
conventional VSM (red) measurements. The open symlsotlenote the micromagnetic
simulations from mumax® for the ascending and descending hysteresis loop
branch. Tre inset shows the AF state for small external fields. The black arrow marks the
external field applied for the BLS measurements. (c) Representative HREEM micrograph

of the Ta(5.0 nm)/CowFeiwB20(5.7 nm)/Ir(0.6 nm)/Ni siFeis(6.7 nm)/Ta(0.9 nm)/Ta
oxide(3.7 nm) layer stack deposited onto thermally oxidized silicon.

To illustrate the main findings of the paper, permalloy (Py) and cobalt (Co) layers are first

considered. For Py [assumed as layer (1)], a saturation magnetizatids(l) = 658 kAl m
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and an exchange lengthe{?) = 5.47 nm are used, while for Co [layer (2)jhe saturation
magnetization isM«? = 1150 kAl m andle{? = 5.88 nm. Also, the gyromagnetic ratio is
=1.7587 x 1@1rad/ T s, for simplicity assumed to be the same for both layers. Two kinds
of bilayer configurations are addressed, a Py/Py bilayer ferred to as $ and a Co/Py
bilayer denoted by S, for which a uniaxial anisotropy field of oHu(® = 69.6 mT is assumed
because of the hexagonal Co layer. In order to induce an AP alignment between the two
FM layers, we introduce ans = 1 nm thick spacer, leading to an interlayer exchange
coupling constant ofJE  Mp 8m?. The*spinwave dispersion relations calculated for
different thicknesses of the FM layers for systems 8nd Si are shown inFigs. 9.2(a)and
9.2(c). Here, the frequency of the counterpropagating SWs is calculated as a function of
the wave vectork for AP magnetization. Micromagnetic simulations are performed and

are shown by the open symbols.

The main deviation between theory and simulatin occurs for large wave vectors, which
corresponds to wavelengths of the same order of magnitude as the film thickness, so that
the nonhomogeneous profile of the dynamic magnetization through the thickness will
start to have a significant influence on thenode frequencies. In effect, the profile will tend
to lower the nonreciprocity, so that the frequencies of the micromagnetic simulation are
lower than those predicted by theory. In case of the nonsymmetric systemi,Sthe
deviation for large thicknesses ocurs already atk = 0, because of the strong breaking of
symmetry of the effective field due to the two layers having different magnetic
parameters. Our calculations and simulations fol in the case of parallel orientation of

the two magnetizations yiet a fully reciprocal dispersion.
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Figure 9.3: Nonreciprocal magnon spectrum for coupled ferromagnetic bilayers. (a)
Nonreciprocal spinwave dispersion relation for the Py/Py systents and (c) for the Py/Co
systemS. (b), (d) Corresponding frequency shtff of two counterpropagating spin waves
as a function of the wave number, for the case of antiparallel equilibrium states of the
bilayers. In all plots, the open symbols show the results of the micromagnetic simulation
and the solid lines depict the theoy. The material parameters are given in the main text.

We note, however, that this is not the case for the asymmetric system $r which a small
nonreciprocity of about 0.6 GHz (atk = 20 radf tn) remains even in the P case.
Nonetheless, in both cases the nonreciprocity for antiparallel alignment by far exceeds
that for parallel alignment, so that via switching between these two configurations the
nonreciprocal behaviour of spin waves can be turned on and off. This, in turnll@aws for
fabricating a nonreciprocal magnonic device that relies solely on the dynamic coupling of
the spin waves in the FM bilayer. In order to understand the physical mechanisms behind
the large enhancement of the spiwave nonreciprocity, the dynamic dpolar stray fields
outside and inside the FM films are carefully analyzedrigures 9.3(a) and 9.3(b)depict
these fields created by the magnetic charges in the bilayer system for the AP state, where

the large arrows represent tre orientation of the dynamic magnetization.
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Figure 9.4: Dynamic stray fields induced by the surface and volumetric magnetic charges
in a ferromagnetic bilayer. The large arrows depict the orientation of the dynamic
magnetization, while the static magndtations point along the i directions. The
distributions of dynamic magnetizations and stray fields are shown in (a) fok >0 and
(b) for k <0, for an antiparallel equilibrium state. In agreement with Fig. 9.3, the lower
energy state is obtained fork > 0, shown in (a), where the dynamic magnetization and
stray field are almost parallel.

The main feature of these configurations is that the rative orientations of the dynamic
stray field and the dynamic magnetization depend on the static magnetization alignment
and the wave numberk. Therefore, the dynamic dipolar interaction energy densityl =

M ¢/ 2)m-hstray differs between the cases presentd Here, the distribution of the stray
field hstay and the dynamic magnetizations fok >0 andk <0 are depicted inFig. 94. In
the AP state withk >0 [Fig. 94(a)], the stray fields and the dynamic magnetizations are
always parallel, in such a way thatl becomes small. Thus, this frequency represents a
state of low energy that appears only in the AP configuration. In the configuration shown
in Fig. 94(b) (k <0), the stray fields are always opposite to the oubf-plane dynamic
magnetization, inducing a higherd as compared with the case presented ifig. 93(a),
notably increasing the SW frequencies, and therefoiatroducing nonreciprocity into the
system. In strong contrast to the DMI previously used, the nonreciprocity effects
presented here are strongly tunable by the FMayer thicknessd, which also affects the
maximum frequency difference. Furthermore, in thease of system it is easy to see that
inthe limitsd® m d°T A OEEO EOANOGAT AU AoOUuii AOoOu AAAT
a particular wave vector for whichfap is maximum, which can be determined from the
relation tanh (k*d/2) = k*d/[1+ k*(d+9)].

153



(a)

¥ = T v T T 8 v T
[ Af=2.20 GHz ok (rad/um)]
204

1

BLS counts (arb. units)

0 5 10 15 20
k (rad/pm)

Figure 9.5: Representative Brillouin lightscattering spectra for DamonEshbach spin

waves recorded at an external applied fielfoHE Mu [ 440F&dB2o(R7 nth) Ir(0.6

nm)/ Nis1Fe19(6.7 nm) bilayer sample for two counterpropagating directions. The spectra
correspond to a specific wave vectok as given in each panellThe open symbols are the
experimental data points, whereas the solid curves (red and blue) are fits using a
Lorentzian function. To show the frequency asymmetry ¥f), the mirror curve of the

antiStokes peak (blue dotted curve) is superimposed. (b) Asymmetric spwave

dispersion relation measured atfoHE M™Muv [ 4 j ET OEA AT OEEAOOI |
region). (c) Variation off as a function ofk. The solid lines in () and (c) correspond to

analytical calculations.

Consequently, only the geometrical parameterd and s determine the wave numberk?,

for which the largest nonreciprocity is expected. Moreover, it is noted that the maximum

frequency shift fapr(k?) decays exponentially with the separation of the layerss and

increases with the layer thicknessd, due to the dipolar nature of the induced
nonreciprocity.

To further validate the theory presented, BLS experiments are performed[28]. Three
representative Brillouin light-scattering spectra for DE spin waves recorded at selected

wave numbers under an inplane bias magnetic field{oHE ™Muv | 4QqQ A®id OET x1

9.5(a). According to vibrating-sample magnetometry (with a conventional VSM) and
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SQUIBVSM loops, this corresponds to the antiferromagnetically coupled region for the
CowoFes0B20(5.7nm)/Ir(0.6nm)/Ni s1Fei9(6.7nm) sample investigated, where the
thicknesses are estimated from transmission electron microscopy (TEM) measurements.
In order to estimate the frequency differenceDf between the counterpropagating spin
waves (anti-Stokes and Stokes peaks), the mirror curve of the arfitokes peak is shown
by a blue dotted curve for each spectrum. It is evident thdtincreases with increasing
wave number. The value of attains a maximum of 2.20 GHz & = 20.4 radfl tin. Figure
9.5(b) shows the spinwave dispersion relation measurel atfoHE Mu | 48 4 EA
relation is asymmetric with respect to the two oppositely propagating spin waves. Shown
in Fig. 95(c) is the variation of f as a function ofk for the AP state. In order to fit the
theoretical model to the experimental data, all the material parameters, besides the
exchange constant, are determined experimentally. Ferromagnetic resonance (FMR)
experiments are carried out to measure all magneticrpperties of the bilayer, such as the
effective magnetizationt oMes, the bilinear (biquadratic) interlayer exchange coupling
constant b (Jq), and the anisotropy field{ oHu. As already discussed above, both the
spacer thicknesss and the FMlayer thicknessesd are crucial parameters for describing
the nonreciprocity. These geometric parameters are determined by TEM. The
experimentally determined material parameters are listed in Table 9.1. The agreement
between the theory and the BLS experiments is gooth Fig. 95(b), it is visible that the
positive wave numbers fit almost perfectly. However, for negative wave numbers the
agreement is somewhat less perfect. To exclude the possibility that the material
parameters cause this etfct, the spinwave dispersion for the parallel alignment was also
measured. For the parallel case, the agreement is almost perfect. The deviation in the
branch at negativek with higher group velocity may be related to the fact that in our
system the inplane anisotropy is rather weak (about a millitesla), so that some small
tilting of the two ferromagnetic layers away from the AP alignment is not unlikely, due to
a nonvanishing biquadratic coupling contribution. This scenario is confirmed by
magnetometry data. In any case, such a small misalignment would lead to a reduction in
the nonreciprocity, in particular for higher wave-vector values. A tilt angle of 25would

lead to a reduction in the nonreciprocity of approximately 50%.
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Table 9.1: Experimentally determined material parameters. The magnetic properties are

determined by FMR, SQUID, and conventional VSM. The layer thicknesses and the spacer

thickness are determined by crosssection TEM

d HoMg | WoH, Ini Jiy S
(nm) | (mT) | (mT) | (m]/m?) | (m]/m?) | (nm)

Nig, Fe,q 6.7 |9425 |40 |-0.195 |-0.044 |06
Co,Fe By |57 | 1442.90.0

To achieve a parallel alignment of both layers, a strong magnetic figloH =140 mT was
applied. Figure 9.6(ac) are the representative BLS spectra recorded at variodsvalues.

The solid lines inFig. 9.6(d) correspond to the presented theory. Since most of the
parameters were already set by fitting the FMR, SQUID, VSM and TEM measurements, the

only parameter left and needed to fit the BLS data was the intralayer exchange constant.

Figure 9.6:(a-c) Representative BLS spectra recorded at various SW wave vectors as
mentioned in each panel for the sample measured in parallel alignment. (d) the measured
dispersion relation for the sample CaoFes0oBz20(5.7 nm)/ Ir(0.6 nm)/ NisiFei9(6.7 nm). The
open synbols represent the frequencies obtained from fitted BLS spectra. The solid black
lines are calculated using the thery presented in the chapter.
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