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Abstract

An in-depth understanding of ultrafast magnetization dynamics and its efficient control over a
broad timescale in magnetic thin films and heterostructures have gained huge interest among
scientific communitiesately because oits potential applicationsiimodernday data storage

and memory devices. In this doctoral thesis, we have investigated ultrafast magnetization
dynamics in different ferromagnetic thin films and heterostructures from femtosecond to
nanosecond timescale. The influence of various nateand external factors, such as film
thickness, laser fluence, external magnetic field, crystal structurepdptrcouplingandpure

spin current transport on this magnetization dynamics have been studied thoroughly. We have
measured ultrafagtpin dynamics byemploying timeresolved magnetoptical Kerr effect
magnetometry based an amplified femtosecondaser system. Ultrafast demagnetization
results are analysed by a phenomenological itereperature model whiléhe damped
precessional oscillatis are modelled by macrospin formalibased Landauifshitz-Gilbert

torqgue equation. Different static characterization techniques Xkeay diffraction, X-ray
reflectivity, microoRaman spectroscopgtomic force microscoptaticmagneteoptical Kerr

effect magnetomey, vibrating sample magnetometrgfc. have been used to study the
crystalline property, layer thicknessterface quality,two-dimensional naturesurface

topographyand statiand quasbstaticmagnett properties bour samples.
The studied problems in this doctoral thesis can be breatigoriedinto threepart:

) Investigation of the effectof spin pumping in thin film heterostructures: By utilizing an
all-optical excitation and detection technique, we have demonstrated spin ptiniogd
interfacial spin transparency in technologically importabtTa/CoFeB/Si@ and
W/CoFeB/SiQ (in both U and b phases of W) rfacialtsgir f ace s
transparency, we have also extracted parameters liked#fusion length, spirmixing
conductance, spiflip probability and spin backflow factor in these heterostructures.
Additional effectdike spin memory loss, twmagnon scattering etavhich could affect the
extent of spin transport, have been examined in these syst=mnswe haveinvestigaéd the
magnetization dynamics in the sindggrer graphenéSLG)/CoFeB/SiQ heterostructure and
separated the contribution of spin pumping from other défieiciced contributions like two
magnon scattering and established spin pumpidgced spin transport as dominant
contributor to ultrafast demagnetization mechanism.



II) Fl uencedependentmagnetizationdynamics in permalloy thin films: We havestudied

the ultrafast spin dynamics in permalltlyin films of different thicknesses to realize the
modulation of ultrafast demagnetization time, fast remagnetization time, precéssiona
frequency,temporal chirpparameter anéilbert dampingparameteiof both uniform Kittel
mode and bulk perpendicular standing spave modes with film thickness and laser pump

fluence.

[I) Effect of spin-orbit coupling on the magnetizationdynamics: To underpin the effect of
spintorbit coupling(SOC) on the magnetization dynamics of ferromagnetic CoFeB, we have
used different nonmagnetic underlayé&ach as Ta/Ru/Ta, Ta, W, Pt and Ghat differ in

SOC strength. We have obged that higher SOC strength of the underlayer leads to higher
damping, faster ultrafast demagnetization, faster remagnetization and more efficient spin

transport through the interfaces which decrease the interfacial spin accumulation.
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Chapter-1

Introduction

The electronics industry has observed a boom since the invention of transistors in 1947 which brings
continuous improvement in semicondueb@sed microprocessor technoldgy. It has followedhe

Mo o r e 0[8] succassfully for decades, where the number of transistors almost doubled on a fixed
chip area every two years. The data storage density and information processing speed have alsc
increased by many folds during this time while decreasing the external mhssgration and
manufacturing cost. This technological revolution has affected almost every aspect of our life. The
introduction of advanced electronic products such as smartphones, laptops, modern automobiles, high
definition cameras, advanced manufaicigrinstruments, medical implants etc., is driving our
economy these days. With every passing day, these devices are also becoming much more cheap, fas
andmore powerful which not only broadeour economy but also incressthe quality of our life.
Nowacdays we mostly find people working on their computers, surfing the internet through the
worldwide web, or communicating through mobile phones. In general, this astounding development
in modern electronic devicesdtaansformed our daily life by making itunh more oriented towards

technological innovations.

However, tirther advancement in this semicondudiased technology is projected to face lots of

hi ndrances in near future due to several cons
nmp@grocesso technology is used by the data sto
average size, are used to store one bit of information. It has been observed that further downscaling of
this transistor size is much tougher as its size approdbbestomic limit[3]. This bottleneck has
already taken effect in some devices by increasing the power consumption, reducing the processing
speed, causing a larger heating effect and shortening the battery life in these[d§vides has led

to an urgat global search for finding different alternatives to semicondumeed electronics to keep

thedevelopmenof electronicat the pace aheMoor eds L aw.

Spintronics(an acronym for spHbased electronics) is one of the promising fiétdsolve the above
mentioned drawbacks arising from semiconduttased electronicfb, 6]. The central idea behind
spintronics is to utilize the spin degrees of freedom of a magnetic material to process and store
information. Spin is mainly connected to thagnetization of a material. This was first experimentally
observed in 1922 by Stern and Gerlfghand theorized by Uhlenbeck and Goudsmit in 1/&26The
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spin can be imagined to be the gelfation of a particle around its axis. This rotation caheeibe
clockwise (assumed to be the spilown configuration) or anticlockwisgknown tobe the spirup
configuration) which can store one fibi tbhasedof d:.
properties in different magnetic thin films anetérostructures has led to several scientific discoveries.
Among all these discoveries, the observation of giant magnetoresist@@bMR) in
ferromagnetic/nonmagnetic/ferromagnetic type sglve heterostructures was a milest¢ge 10]

The mechanism inveed behind this observation is the less resistive-pplarized currenta current
involving an imbalance between spip and spirdown states) transport between different
ferromagnetic layers wittparallel magnetic orientation. GMR technology had dir@adustrial
application as small magnetic field sensor in the read head of a hard disgHiD¥ewhich was able

to enhance the data storage density by decreasing the magnesizebitThis successful
commercialization of GMR had establishia@ field ofspintronics among the scientific community

and lal to the Nobel priz€Physics) in 2007 to Albert Fert and Peter Griinberg. Further advances in
this field also led to the discovery of tunnel magnetoresistang@MR) in
ferromagnetic/insulator/ferromagnetieeterostructure$ll]. In recent times, magnetic read heads
based on TMR technology are widely used in our laptops and desktops. Other than this, TMR is also
used in magnetoresistive rand@ocess memorfMRAM) which can lead to highensity norvolatile

memory devices. These spiased devices show some distinct advantages over conventional charge
based electronic devices due to their longer thermal stability, faster information processing speed,
higher storage capacity and more energy efficigd2}. Although many sphibased applications can

be envisioned ithe modern era but there are several challenges that need to be addressed to achieve
these applicationis reality. For instance, spibased technological advancement requires @epth
understanding of fundamental phenomena involved behind spin manipulation mechawvesnas

broad timescalén magnetic systes)which need experimental investigation of static andaghyic

magnetigoropertiesn a wide range of magnetic materials.

In the upcomng sections, an overview of the significant advancements in the field of spintronics
mainly thespin dynamics along with their potential applicatiai$be presented which hasotivated

us to carry out this doctoral thesis work.

1.1 Importance of magnetic thin films and heterostructures

The significant improvement in tlggrowthfacilities of ultrathin films of sulmanometre thickness has
led to the discovery of several interagtnew phenomena in present times. Especially use of GMR
and TMR in magnetic read heads of HDD and controlled ultrafast magnetization swijttjitngs
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revolutionized this research area. The evolution of this techndlaggrabled the achievenent ofl

TB/inck? areal density in moderday HDD devices which was KB/inch?in 1956 as developed by

IBM [14]. Initially, peoplewere using magnetic tapes, druamsldisks to store the datathe devices

In these devices, information was stored in magneiioains depending upon their magnetization
orientation and the reading and writing of information were done using GMR orld@d4&d magnetic

read headq15-17]. Subsequently, dngitudinal recording medigl8, 19] were used to store
information. These mediasad inplane magnetized domains to store individual bits which were
further retrieved by using GMR and TMBased read heads. With the ewareasing demand for
enhanced storage capacity, scientists were forced to decrease the domain size of longitudinal recording
media which ld to two main drawbacks. Oneas the difficulty to sense magnetic signals from these
very small storage areas whiclasypartly solved by usinghuchmore sensitive read heads. Another
challengewas to thermally stabilize magnetic moments in these tiny magnetic domaawiding

the superparamagnetic effd@0]. In the presence obupergramagnetieffect, thermal vibration

arising at room temperature is also able to randomize the magnetic moments of the domains which
limit their further downscaling. This superparamagnetic limit can be partially avoided by using a
pinning layer of antifeomagnetic materidbr exchange biasing the ferromagnetic laydf. Later,
magnetic thinfilm heterostructures with large perpendicular magnetic anisotfBpA) strength

(such as Co/Pd, Co/Pt, Fe/Pt etc.) were investigated and found to bedgptatically and thermally

more stable than longitudinal recording media devi@%25]. Also, the use of soft and hard
ferromagnetic materials in a spmlve structure hefpscientistd¢o avoid antiferromagnetic pinning in

these deviceR26]. In magnet thin films andmultilayers, PMA arises mainly due tioe SOCof the

layers Hence,high SOC strength materials such as Pt, \Rd Taetc, are mostly usedfor device
applicatiors. Besidesthe PMA strongly dependsponthefilm thicknessandamount of defects, initial

growth conditiongsuch as annealing temperature, doping concentrationoétthe ferromagnetic

layer, heavy metal layefdue to highSOC strength) and capping laysuch as MgO, Hf@ SiO)

which allows its efficient contrand fine tunabilityf27, 28]. Changing these external conditions can

also affect various static and dynamic magnetic propesigEh ascoercivity, saturating field,
saturation magnetizatiomagnetic anisotropy energy, Curie temperatGitlert dampingparameter

spin relaxation time, spin transport etc., which have a direct impact on magnetic data storage and
memory industry. Therefore, it is important to investigate these static and dynamic magnetic properties

systematically in different thifilm heteostructures by varying these external conditions.

Although thermal stability of very small magnetic domains and subsequent detection of these small

magnetic moments are achieved using various new technologies but for increasing data processing



speed it ialso important to switch these stable moments effectively in a very short timescale. Various
switching mechanisms were proposed over the years sunhgsetic fieldinduced switching29],
precessional switchin@0, 31], charge currerinducedswitching[32], spin curreninduced switching

[33], all-optical switching(AOS) [13], strairinduced switchind34], domainwall switching[35],
voltage controlled switchin§i36] etc. Among all these switching mechanisfamtosecondaser
inducedAOS is the fastest on&he first complete magnetization reversal usanfigmtosecond laser
pulse was achieved in 2007 by Staneiwal in a GdFeCo ferrimagnetic alloji3]. Two mechanisms

are primarilyinvolved in this switching process. The first one is the fasduced heating effect that
leads to the ultrafast demagnetization pro§@skand the other one is the inverse Faraday ef8sjt

Initial studies shoedthat theAOS process depends on the helicity of the laser beaioh iswhy it

is commonly known as atiptical helicitydependent switchinGAO-HDS) [39]. AO-HDS hasfurther
beenobserved in various thin films sfynthetic ferrimagnetg39], ferromagnet$40], granular films

[40], antiferromagnet$41] etc. Furthermorerecent studies have shown that in some materials this
switching canalsobe helicity independerid2]. The proposal to control data bits through ultrafast
laser pulse by #hAOS process motivates the scientific community to investigate various underlying
mechanisms such as ultrafast demagnetization that are involveds iswitching processThe
excitation byultrafast laser pulse caalso tune the magnetization switchingdijust by changing
excitation fluence, pulse width, wavelengénd spot sizeof the laser beamThis tunability has

significant potentiato be usedn heatassisted magnetic recordi(fdAMR) deviceq43].

The above fundamental developmeatsd promising potential applications hawvmtivated usto

investigatdaserinduced ultrafast processsdifferent magnetic thin filmand heterostructures

1.1.1 Nonmagnetidferromagnetic thin film heterostructures

A nonmagneti¢NM) layerplacednextto aferromagnetidFM) layer has attracted immense attention
lately because ofts potential applicatiors in energyefficient magnetic data storage and memory
devices. If the NM layer has high SOC strentilen these heterostructuiemn show significargpin
orbit effects like spin pumpinf44], spin Hall effec{45], inverse spin Hall effed6], spincaloric
effects [47], RashbeEdelstein effect[48], inverse Rashb&delstein effect[49], interfacial
DzyaloshinskitMoriya interaction[50] etc., which are vital in developing spambitronic devices.
These spirbased effects can generate and utilize pure spin cufbdiitto store and process
informationwhere the net flow of charg@nishesDevices based on pure spin curreave very low
unwanted power loss arising from Joule heating and the Oersted field effech iswhy these
devices areonsidered to benore efficient and less poweonsuming[52]. For uilizing pure spin

current in an electronic circuitheneedto create a source of spin imbalafetich can be called the
4



spin battery), a dissipatiefinree conductor, an external manipulagoda detector. In 2002, A. Brataas
etalproposed t hsgnbaoneepd wheme the pure spin clt
magnetization precessiamaFM layer and transported to the adjacent NM layer duleeohemical

potential differences developed in skedheterostructure$S3]. Thi s mechani sgni s Kk
pumpi ngo. The detailed theoretical demonstrat.
mechanism were further given by Y. Tserkovngahl in the same yed#d4]. Spin pumping is a well

studied and efficient nohanismfor the generation of pure spin current in NM/FM heterostructures.
This methodis devoid ofnet flow of charge across the NM/FM interfaeghich makes it free from

impedance mismatch probleiib4, 55]

Co, Fe, Ni,CoFe,CoxoFesoB20 (CoFeBhereafter) Permalloy(NigoFexo, Py hereaftgr ferromagnetic
Heusler alloys etc., afew popular FMs thahavebeenregularlyused alongside different NMs for

the generation of pure spin current through spin pumpingnng thoseCoFeB and Py are very highly
usedmaterialsdue to their low coercivity, negligible magnetostriction, small magnetic anisotropy,
high spin polarizatiorandlarge tunnel magnetoresistaneénich make them suitable candidates for
magnetic recording head sensaeell ashigh-frequency transforme[$6, 57] Also, abroad range

of NM materials such as heavy metffs], two-dimensional(2D) materials(such as graphene,
transition metal dichalcogenides etf5p], semiconductor$60], topological insulator$61], metal
oxides[62], superconductor63] etc.,havebeen investigated fapin pumping based applications.

Pt, Pd, W, Ta, Cu, Ru, Ag, Au etc. ariew extensively studied heavy metals for spin pumping study.
Among all these, W and Ta have attraageeaterattention due to thenelatively high SOC strength
combined withHower st in comparison to most commonly used materials like Pt, Au and Ag. Also,
W and Ta exhibit thicknesdependent structural phase transition from a tetragonal crystal structure
(b-phase) to a bodgentred cubic structu@phase)64, 65] T phase s higher resistive phase
with stronger SOC, but its stabilization and-offtthickness depend upon various initial deposition
conditions such as argon pressure, annealing temperature etc. Thidrahsisen influences pure
spin current generation themwhichis also evident from differergpin Hallanglesin two different
phase$66]. However, the effect of this structural phase transition on the efficiency of interfacial spin

transport across the interfaces is not been extensively studied so far.

Thepure spin current generated in NM/FM heterostructures thrspighpumpings actively used in
spintorquebased devicedeadingto a new suHield of spintronics called spinrbitronics [67].
However, the efficiency of the sporbit torque(SOT)depends strongly on NM/FM interface quality
which can becharacterizedhrough parameters such as interfacial spin transparencymsyimy

conductance, spin backflow factor €8] The interface contrslthe spincurrenttransport from one

5



layer to aother.Variousothereffects like spin memory 10$69], interfacial spirorbit coupling[70],
interfacial band hybridizatiof71], two-magnon scattering72], proximity-induced effectq73],
Rashba effecf48] etc. may appeain NM/FM interfaces which canalso affect the spin current
transport However, for efficient spicurrentbased device fabrication, it is important to increase the
efficiency of spintransfer across the NM/FM interfacbg minimizing the interfacial losseslhe
dissipation opure spin currerdppliesatorque on thenagnetization precessiontbie FM layer which
eventuallymodulates the Gilbert damping parameter of the composite system. If the NM/FM interface
is not transparent then the extent of damping modulation can get affected significantlytdee to
interfacial lossesHence,NM/FM interface plays a vital role in thefficient transport of pure spin

current for being utilized i8OT devices.

Interfacial spin transparendyl) can effectively quantify #h efficiency of interfacial spircurrent
transfer through the NM/FM interfa¢@8, 74] T determines the extent of eteonic band matching at

the interfaces and depends on various intrinsic and extrinsic factors such as interfacial defects, spin
mixing conductance, charge conductivity, sflip probability, layer thickness etc. For a suitable
device application, it isebired that NM/FM interface must have a highalue. Thiscompulsion has

ignited the investigation ofT in different NM/FM heterostructures for differel®@OT-based
applications. Recent studies have shown that overlooking the effect of-taikie leads to an
underestimation of the magnitude ®OT and spin Hall angl§74]. A major portion of this doctoral

thesis is focused on tlygantification ofT through gin pumpingandthe effect of crystal structure on
theT-valuein Ta/CoFeB and W/CoFeB heterostructures

So far primarily electrical excitation and detection techniques such as théoopalspin injection in
lateral spin vales spintorque ferromagnetic resonand&T-FMR), spin Hall magnetoresistance,
seconeéharmonic generation, inverse spin Hall effect measurement heteg been usedor the
investigation ospinpumping effecand quantification of. These electrical detection techniquesd
delicate sample fabrication technigueghich may causearious artefacts arising from electrical
contacts, impurity scattering centres and large area averaging. Values of different dynamic parameters
such as the Gilbert damping parameteradten over-estimated amid the presence of theseres
artefacts More recently, all-optical time-resolved magnetoptical Kerr effect(TR-MOKE) [75]
technique has emerged asetiable and noninvasive technique for unambiguodsterminationof
Gilbert damping parametewhich has been effectively used to sttidg spin pumpingnduced pure
spin current transpom NM/FM bilayers[75]. Here, the Gilbert damping parameter can be extracted
directly from thedecay profile of thelamped precessional oscillatigiving an edge of this method

over other electrical technique®esides TR-MOKE is a local technique whicminimizes the
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contributions arising from defects and inhomogeneities thrargle karea averaging. Throughout, this
doctoral thesis work we will use ghall-optical TR-MOKE techniqueto probe the ultrafast
magnetization dynamics from femtosecond to nanosecond timesealgarious NM/FM

heterostructures

1.1.2 Graphene/Ferromagnet tin films

To build efficient spiFbased devices with reduced power consumptioaselection of material is

very critical. As spin current is dissipative in najumng-distance transfer of information requires
materials insuch devices to have a long spin lifetinj@6] and long spin diffusion length77].
Graphene, a 2D honeycomb lattice of carbon, is a promising material in spintronics owing to the
attainmentof long spin diffusion length ofeveralmicrometes and long spin lifetime ofew
microsecondat room temperatul@8]. Theseare possiblelue to the negligible intrinsic SOC strength
[79], high electron mobility80] andlow resistivity [81] of graphene.Moreover other interesting
properties like long spin coherence len§@2], gatevoltage controlled spin transpd®3], large
magnetoresistand&4], defect and proximitynduced spirorbit coupling[85], linear dispersiof86]
andweak hyerfine interactioi87] promotegraphene to be a suitable material for dpased complex
networkingdevices Graphene has a 2D flat surface which violates the energy conservation law of
thermodynamics and makes it very unstable at room temperbtonee\er, it can bestablized in
presence of different owf-plane distortions like ripples, wrinkles, crumples €i@8] These
distortions can be engineered via oxidaf{i®8], hybridization[90], adsorptiorf91], fluorination[92]

and proximity effects[93]. Suchengineered grapherenhave enhanced SOC strength, bagap
opening(between the graphene occupied and unoccupied bands) and induced localized states around

theFermi leve] making it further interesting for spHvased stude

Among different graphenbased materials, the Graphene/FM hybrid heterostructure is the most vital
one from the spintronics point of view. When graphene is deposited in proximity,tih&M -states
of graphene hybridizeith the d-states of FMVat the Graphene/FNhterface[93]. The main reasan
behind this interfacial band hybridizatiame the symmetry matching of both the bands apdtial
overlap between their orbitals. This hybridization causes an upward shift of FM baraddamaward
shift of the graphene bands which significantly alter various magaeditransport properties of the
FM. There isalsoa charge transfer across the Graphene/FM interface which induces spin polarization
in graphene and causes anomalous sofeofrphonons. Also, this mutual transfer of atoms across
the Graphene/FM interface decreases the net spin polarization and magnetic moment 9Bl FM
Recent observations of the spin Hall effg®t], inverse spin Hall effed69], anomalous Hall efféc
[95], PMA [96], spindependent Klein tunnellinf{Q7], Rashba effect98], spin pumping59] and
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interfacial DzyaloshinskiMoriya interaction[99] in these heterostructures prove its potential to be
used in spintronic deviceBurthermorewide-range controllability of defeahduced extrinsic SOC in
Graphene/FM thin films via deposition condition$ the FM thin film and gating make these
heterostuctures a unique material wigthroad range of applications.

The nonlocal spin injectiorhas beerthe most popular technique to inject and transport spin current

in graphene. Here, the spin current is transferred across the Graphene/FM interface tme a cha
transport mechanism. The difference in resistance of Graphene and FM hinders this charge transport
significantly. This problem is widely known as the impedance mismatch problem and it decreases the
efficiency of spin transpoKsmaller than 10%). Althagh by inserting a thin insulating layer we can
avoid this impedance mismatch problem partially pet the maximumspin transporefficiency
achieved so far is only about 30%. A recent demonstration of the spin pumping in Graphene/FM,
which is free from ay charge current transport, can easily solve this impedance mismatch problem.
Due to the presence of eat-plane distortions in graphene, there is a finite contribution from the two
magnon scattering tihe spin transport alongside spin pumpiktpwever,the exact contribution of

both spin pumping and twmagnon scattering to the spin transport in Graphene/FM hybrid
heterostructurelas notbeeninvestigatedill date.This motivate us tosystematially investigae the
magnetizationdynamics in Graphene/FM heterostructume®r a broadrange oftimescalefrom

femtosecond to nanosecond raegeturing various dynamic magnetic phenomena

1.2 Femtosecond laseinduced ultrafast demagnetization

The magnetization of a magnetic material bamanipulatedsia differert mechanismsAmong these,
fundamental exchange interaction is the fastest dynamic process followed by ioptiesite spin
transfer and ultrafast demagnetizatj@d]. Thesearefollowed bysome relativelyslower phenomena
such as damped precessional dynamsgsn wave propagationmagneticvortex dynamicsand
domainwall dynamics which can effectively manipulate the system magnetizgitsin In this
doctoral thesis work, we are mainly focused on studying aktafiemagnetization and damped

precessional dynamics of various magnetic thindibnd heterostructuse

The ultrafast demagnetization mechanism was first demonstrated in 1996 by Beawtphine
ferromagnetic nickel thin filmj37]. In this article,it wasobserved that aftdseingexcited by a 69
femtosecond laser pulse the remanent magnetization of the systgmadiregy rapidly within a few
hundreds of femtoseconds followed by subsequent recovery. This rapid drop in the magnetic moment
of the systm was called ultrafast demagnetization. This magnetization drop is of an exponential type

having a time constant whichtisrmedasthe ultrafast demagnetization time. In the initya@arsafter
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its discovery, ultrafast demagnetization visterpretedo be a consequence of spin temperature rise
which is correlaed with the electron temperature aimagneticsystem. A thre¢emperature model

was proposed as an extension to thetsvoperature mod@l00] by addinghespin degree of freedom

to theexiging electron and lattice system. Although in this assumption the process of energy transfer
from the femtosecond laser pulse to magnetic degrees of freemkmemairedan enigma. Also, the
consideration of instantaneous rise in electron temperature uwittimy properly defined angular
momentum transfer mechanism makes this model even more debatable. This debate was intensified
even further when an ultrafast demagnetization tfieg¢ound 50émtoseconeavas achieved by Gudde

et al, which raisé questionsabout the concept of energy exchange mechar{iséigd To solve this
conundrum several other modelsuch as the microscopic thremmperature modegl102], four
temperature mod¢l03], superdiffusive spin transport modgL04] etc, have been proposed ovbe

last two decade$o understandthe underlying mechanisms behind tlirafast demagnetization
mechanismBesides different mechanismbavebeen proposed to explathe angular momentum
transfer processduring this suddendrop in magnetizationincluding Elliott-Yafet type spirflip
scattering[105], Coulomb exchange spitip scattering[106], electroamagnon spiflip scattering

[107], SOC[108], spin current transpofiL04], transport of nothermal electron§109] etc. Later,
ultrafast demagnetizatiomas alsdound to bean importanphenomeaninvolved in theAOS process

which can revolutionize ultrafast data storage technology by optical manipulation of magnetic bits
[13]. One can also estimate the spin poldiira of a material quantitatively from ultrafast
demagnetization measuremé¢mhiO]. The high value of spin polarizati@anresut in a high TMR
valueof a compositenagneticstructure which is mandatory for efficiemtignetic storage and memory
devices.Furthermore understandinghe mechanisms behind this phenomenon will be helpful for
understanding supicosecond no®quilibrium spin dynamics which is of utmost importance for

spintronics applications.

1.3 Correlation between ultrafast demagngzation time and
Gilbert damping parameter

Although various models and mechanisms are been proposed to understand this ultrafast
demagnetization process lihe exact microscopic mechanisms involved in this magnetization loss
remaired elusive to the scidific community. Detailed calculations correlating the different
phenomena occurring at distinct time scales of magnetization dynaasiedeen performed by
interconnecting different models. As a result of these studiégsitbeerfound thatalthough tke
timescale of magnetic dampingapproximately nanosecond) and ultrafast demagnetization

(approximately femtosecond) diffdsy several orders of magnitudthe underlying mechanism
9



involved behindthese twoprocessesan be verysimilar. Therefore,the corelation betweerthe
ultrafast demagnetization time a@ibert damping paramet&ras thought to ba potent method for
probing thedominant microscopic contribution to the ultrafast demagnetization préceafirst step
toward this direction, Koopmaret al. suggested an inversely proportional relationship betwleen
ultrafast demagnetization time a@ilbert damping parametar 2005 based on a quantum mechanical
assumption that there are two different magnetic fi¢ids, exchange field and appliekternal
magnetic field)thatdominate at two different timescale@.e., femtosecond and nanosecofnd) 1]
However, this modekevealedseveral drawbacks due to ov@mplified assumptionssuch as
negigenceof band structure variation, inapplicability rareearth metalsandlack of experimental
validation[112]. Later by using densitfunctional theory, Fahnlet al. suggestd thatthe ultrafast
demagnetization timandGilbert damping parametean be either directly or inversely proportional

to each othedepending on governing microscopic mechanism in damdihg]. The proportional
dependence suggests a major conductiik contribution to damping governed by the iAband
scattering mechasm, whereas an inverse dependency confirms a dominant resitieity
contribution to damping through the indeand scattering mechanism. This model also had a few
drawbacks as it does not include the effect of spin transport in the ultrafast deraigpmegirocess.
More recently, Zhanget al. have shown experimentally that in Co/Ni heterostructuttes Gilbert
damping parameter shows a proportional dependendiheultrafast demagnetization time due to
dominant spirflip scattering contribution tehe ultrafast demagnetization mechani$hi4]. They

have suggested an inverse correlation between Gilbert damping parameter and ultrafast
demagnetization timenay occurdue to major spin transport contribution via spin pumping effect
mechanism in metallic th film heterostructures. Further experiments suggest that depending upon
the choice of materials and the nature of the interaction between the laser pulse and magnetic system
there are predominantly two contributions to the ultrafast demagnetizatie@sgits]. The first one
comes from spidlip scattering and the other contribution comes from spin current transport. In this
thesis work we will explore how different microscopic contributions dominate the ultrafast
magnetization dynamics in several @atially important thinfilms by correlating their ultrafast
demagnetization time witthe Gilbert damping parameter.

1.4 Objectives of this thesis

The main objective of this doctoral research work is to elucidate the ultrafast spin dysamicsg
over a long timescale ranging from femtose&tncanosecorgin different ferromagnetic thin films
and heterostructurelt aims to focus on some of the leading problems in the field of spintronics, such

as the correlation betweadtifferent microscopic processes involved with ultrafast magnetization
10



dynamicsmodulated by laser fluence and film thickness in ferromagnetic thin films, reliable probing

of all-optical lasefinduced spin pumping effect adétermination of interfacial spin transpareii€¢y

in technologically important NM/FM heterostructureee effect of crystal structure on spin pumping
inducedT, the mechanisms involved in spin transport through sitegler graphendSLG)/FM
heterostructurandtherole of spinorbit coupling orthemagnetization dynamics and interfacial spin
transport. The objective can be more precisely described as understanding the effects of film thickness,
laser fluence, external magnetic field, crystal structure-@fit couplng strengthand spintorque

on the ultrafast magnetization dynamicgesfomagnetic thin films and heterostructures

The samples for these studies have been prepared by ultrahigh vaclib@rikgnetron sputtering
techniques. Thestructural, morphologicabnd elemental propertiesf the sampleshave been
characterized by atomic force microscopyyay reflectivity, X-ray diffraction and micro-Raman
spectroscopyThe static magnetic properties have been studied bgtdtie magnetmptical Kerr
effect magnetometryand vibrating sample magnetometry. The magnetization dynamics have been
studied using custothuilt TR-MOKE magnetometry based anamplifiedfemtosecondaser system.

The ultrafast demagnetization data have been modelled by a phenomenologictnipemture
mode| the precessional data have been modelled by solving the Landau Lifshitz Gilbert egjuction

theinterfacial spin transpottasbeenmodellad by both ballistic and diffusive transport theories.

The studied systems in this thesis can be classified as follows:

1.4.1 Investigation of the effect of spin pumping in NM/FM thin film
heterostructures

By utilizing an altoptical excitation andietection technique, we have demonstrated spin pumping
induced interfaci al Sspin t r ans-padQofeB/8I@ and n t
W/CoFeB/SiQ (i n both U and héterogiricturesOther thdn inwffacial spin
transparency, we have alsxtracted parameters like sgliffusion length, spirmixing conductance,
spinflip probability and spin backflow factor in these heterostructures. Additional efféasspin
memory lossinterfacial band hybridizatignwo-magnon scatteringtc., whit may affect th&ilbert

damping have also been examined in these systems.
1.4.2 Investigation of the effect of spin pumpingon spin dynamicsin single layer
graphene(SLG)/FM thin film heterostructures

We havemvestigagd themagnetization dynamics in the SLG/CoFeB/g8W@terostructure aridolated
the contribution of spin pumping from other contributions Egen memory lossnd two-magnon

scatteringand established spin pumptrgduced spin transport as the dominant contabto ultrafast
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demagnetization mechanisrAn inversecorrelation between ultrafast demagnetization time and
Gilbert damping parametes been establishatlie tointerfacial spin accumulatiost the SLG/CoFeB

interfaceandspin pumpingnducedpure spin currents transport.

1.4.3 Fluencedependent magnetization dynamics iy thin films

The study of pump fluenedependent ultrafast magnetization dynamicgynthick films having
different thicknesses has been conducted by usinylORE magnetometry. The effect of increasing
laser pump fluence on variout/namic parameters, such as ultrafast demagnetization tiase,
remagnetization time, electron temperatwspin temperatureand lattice temperature have been
comprehensively studied and explained. Also, the modulation of precessional fregeermyral

chirp parameter anGilbert damping parameter with film thickness and laser pump fluence have been

carefully studied for both uniform Kittel mode and bulk perpendicular standingnsore modes.
1.4.4 Effect ofSOC strength on ultrafast magnetization dynamics

To underpin the effedf SOC on the magnetization dynamics of ferromagnetic CoFeB, we have used
different nonmagnetic underlaygsich as Ta/Ru/Ta, Ta, W, Pt, Cu and SifSi@., no underlayer))

that differ in SOC strength. We establish an intercorrelation between ultrafast demagnetization time,
fast remagnetization time, Gilbert damping paramater SOC strength. We have also utilized the
SOC strength of NM layers to control other important parameters like effectivemsping
conductance and spin chemical potential whaohof paramount importance for spibased device
fabrication. Ithasbeenobserved thathe higherthe SOC strength of the underlayéhne higherthe

Gilbert dampingthe fasterthe ultrafast demagnetizaticand remagnetizatiomndmore efficientthe

spin transport through the interfagedthe smallerthe interfacial spin aceanulation.

All these studies can open up new pathways for the constructifutusé spintronics and spin

orbitronics devices.
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Chapter-2
Theoretical background

2.1 Ferromagnetism

Magnetic materialin amagnetic field(H) develop anetmagnetic moment. The amount of magnetic
moment per unit volume isnown as the magnetizatiofM) of that system. The relation betwen

andH can be given by:
0 O (2.1)

Here,G is the magnetic susceptibility of the material. The dependeneyH and temperaturérl)
determines the magnetic ordering of the system. Based odejpendency magnetic systems can be
classified into five groups called diamagnetic, paramagnetic, ferromagnetic, ferrimagmetic
antiferromagnetic. Diamagnetic materials have a negative susceptibility which is indepettiantof

T. This dependency carb ex pl ai ned by Lange V[l assumindgiomlpthey o f
orbital angular momentum of the electron. Paramagnetic susceptibility is independdnitaghows

an inverse dependencyonthg8]. Thi s wvariati on c a nofpharamagnetignh ai n
[4]. The susceptibility of FM materials shows a similar inverse dependencyl orlowever, the
uniqueness of these materials is that below a critical tempe(asliexd Curie temperatufgy)) these
materials show some finitanagnetization, which is known as spontaneous magnetization.

Susceptibility of these materials is given by Cileiss law a$5, 6]:
— (2.2)

Here,Cis a constat (given as) "Qu 0 p * j Q whereN is the number of atoms per unit volume,

"Qis the Lande dactor,0is the total angular momentum quantum numberis the Bohr magneton
andQi s the Boltzmanndés const an tization Weiss assurped that n  t
an inherent molecular field always exists insideéMa Later, Heisenberg theoretically established that
this molecular field comes from the fundamental exchange interaction by assumirgghathand

spin degrees of freedom of the electf@h ForFMs, the exchange integral is positive which favours
paralel alignment of neighbouring spins. This exchangegrakis negative for antiferromagnetic
materials leading to an antiparallel alignment of adjacent spins which resulted ineaaetagnetic

moment. Inthe case of ferrimagnets, although neighbourgpins are antiparallel but they possess
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different magnitudes which leads to a reero magnetic moment at low temperature. In this doctoral

thesis, we have investigated differéMs such as CoFeB afy.

2.2 M agnetization dynamics

As discussed in the @vious section, consideration gbiis degrees of freedom o material is
mandatory for the realization of magnetization in a ferromagnetic material. Thus, to getegthn
insight into the different magnetic properties of a matewa need to understand both static and
dynamic spirbased properties of that material. Ultrafast magnetization dynamics cover a wide
spectrumof phenomena ranging over femtosecdfs) to microseconde stimescale The faster
dynamic phenomena are fundarted exchange interactian few fs), optical intersite spin transfer

( 10s fs), spirorbit coupling( 10s fs- few picosecondps))andultrafast demagnetizatiqn 100s

fs - few ps). The comparatively slower dynamic phenomena are precessional dyhaeicps- few
nanosecondns)), dampind 100s ps few ns),vortex core switching 10s ps- few ng, magnetic
writing via spin reversg| few ps- 100s ps), propagation die spinwave( 100s ps 10s ns)and

domainwall motion( fewns-f e w [83. 5 )

During lasetbased TRMOKE measurements, a short laser pylsd0s fs pulse width) excites the
magnetic material. The coherent interaction of laser photon with electron and spin degrees of freedom
of magnetic material leads to instantaneous therataiz of these electrons and spins which causes a
sudden loss in magnetization of tinaterial This phenomenon is known as ultrafast demagnetization

[9]. Ultrafast demagnetization is followed by a ta&tep recovery of the disordered magnetic system
throuch fast remagnetizatiofoccurs withinl0s ps due tahe flow of energy from electron and spin
system to lattice) and slow remagnetizafjoocurs within 108 ps due tdheenergy dissipation from

lattice to surroundings or substrate). The slow remagnietizatocess is superimposed withamped

precessional oscillation arouad effective magnetic field direction within the time range of a few ns.

2.2.1 Ultrafastdemagnetization

Before the 1990s,the use of ferromagnetic films for data writing applicasidghrough Curigooint

writing was an interesting idda0]. The time taken for recovery of magnetization in ferromagnetic
materials after excitation by femtosecond laser pulse sets the limitation in data processing speed. This
limitation is based on the fact that after the excitatioa llager pulsghot electrm gas is created above

the Fermi level which further thermalizes magnetic andmagnetic systems within 1 ps. However,

the exact mechanisms involved in the interactions of electron gas with other sigsteimas spin and

lattice) which cause modulatiaf magnetization, were unknown. It was assumed that in the states
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involving the hot electronsthe spins are excited by spilependent electron scattering through
electronmagnon interactior-lowever,thelack of experimental facilities to probe these siant hot

electron states in femtosecond timescale created an open research field. Active research in this field
was further ignited in 1996 when the ultrafast demagnetization was first obserZedimepairest

al. in anin-plane magnetizedli foil usingthe optical pumyprobe techniqu§d]. Theyobserved a
instantaneoudrop in remanent magnetization within a few hundreds of fs after excitatiob®ysa

pulsed laser beam. This first observation of ultrafast demagnetization was described by a simple
theoretical argument based on a phenomenologicatténgeerature model. With time, several stand

alone theories were proposed to explain different expetaheabservations on ultrafast
demagnetizatiofl1-14]. Despite all those proposed models and mechanisms, the exact underlying

microscopic processes involvedthis ultrafast loss of magnetizatibaveremaireddebatable.

2.2.1.1 Threetemperature model

The ultrafast demagnetization processss f i r st expl ained phenemeno
temperaturd3 T) model 0. 't wastadi exdnpdiatud DN mdbd dal avew
was proposed bgnisimovin 1974 based on electrdattice enegy distribution[15]. In 3T-model, it

was assumed that electron, spin and lattice are three coupled heat baths that inherently exist inside &
FM material. These heat baths have their specificstaat temperatuse Also, they can exchange

energy among themselves at any gitiere to bring the whole system into equilibrium.

1600 1

12001

800 -

Temperature (K)

400 -

o 1 2 3 4
Time (ps)

Figure 2.1 Temperaturevolution of dectron(E), spin(S) and latticgL) heat bathafter laser
excitation.
According to this model, after the pump laser pulse excitation, the photon energy of the laser beam is
absorbed by the electron heat reservoir and creates hot electrons above the Fermi level. This is alsc
evident from the sudden increase in the electromp&zature inFigure 2.1 During this electron
temperature rise, the total spin angular momentum of the system remains conserved due to dipole

approximation. Further, redistribution of majority and minority spins through scattering leads to an
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increase in @n temperature after a certain time delay. This rise in spin temperature causes rapid
magnetization loss in the sample. Then, energy from electron and spin baths is dissipated in the lattice
leading toafast remagnetization. After a few ps, all threethrdhscome intoanequilibrium.Figure

2.2 portray the sequence of events after laser excitasgroposed byhe 3T-model According to

this model, theemperature evolutions of tkeectron, spin and lattideeat bathg€an beexpressed by

three coupled differential equations given as

8 Y — O Y Y O Y 00 2.3
5§ °Y— O Y Y O Y Y 2.4
&5 °Y— O Y Y O°Y Y 2.5

wherethe temperatures ttieelectron, spin and lattice baths are denotetebysandT,, respectively

Cg, CsandC_ are thespecific heatapacity of theelectron, spirandlattice battrs andGes, GeL andGst

are theelectronspin, electronlatticeandspinlattice couplingparametes, respectivelyP(t) is the laser
excitation term which itkely to be Gaussian in natut@e is consideredo be proportional to thég,

i.e, Ce = 2 d, whereo is determined by the electron density of states ardb@éermi level.The
magnetization o& system at any particulaelaytime can be extractday solving equation (2.3-2.5)
combined withthe mearfield theoryof ferromagnetFrom this solution the evolution of electron,

spin and lattice temperature witinedelay time is obtained along with the values of specific heats and
coupling constantsThe 3T-model was further solved analyticalty Dalla Longeet al.in 2007[16]
under specific boundary conditigrssich as negligible specific heat, instantaneous increase in electron
temperature after laser excitation etc. This analytical solution is widggamong the scientific
community todeterminethe ultrafast demagnetization time and fast remagnetizatioa fiom the

ultrafast demagnetization data.

Laser pulse

Q
N T

Ordered b ‘ ‘ *
4

ferromagnet $

Coherent interaction Thermalization of Coupling between electron, :
of laser photon with ! charges and spins: spin and lattice energy baths :
charges and spins : :

10 100 1000  Time (fs)
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Figure 2.2 Ultrafast demagnetization and relaxation mechanisms accordihgttreetemperature
model.

2.2.2Mechanismsinvolved behind ultrafast demagnetization

Although the 3Tmodel could phenomenologicallyexplain the ultrafast demagnetizatiorand

subsequent fast recovery procebs modelalsohas a few drawbackss below.

1. It does not take into consideration the underlying microscopic mechanisms involires in
ultrafast demagnetization phenomenon such as the energy transfer process from laser photons
to ordered ferromagnetic system, angular momentum transfer mechanisms between different
heat baths etc.

2. This model couldnot explain the reason behintie twostep demagnetizatiofa subps
demagnetization followed by a slow few ps magnetization [megesobserved imareearth

ferrimagnets

Severalmicroscopic mechanissrwere proposedver timeto solve tlesediscrepanies in the 3T

model We havaliscussed these mechanisms in the following sections.

2.2.2.1Elliot -Yafet scattering

In 2010 Koopmanet al. proposed a microscopic model based upon phonediated ElliottYafet
scattering to explain the ultrafast demagnetization mechdaiThis madel could also explain both
the fast suipicosecond singlstepdemagnetization process in transition metals ferromaghgpe

| demagnetization) and the slow tstep demagnetization process of rare earth ferrimaghgie-||
demagnetization)n this model, it was assumed that ther@ fimite probability foraspin to get flpped
via ascattering event. This probability is callix spinflip probability. When a scattering everatkes
place electrors transfer some otheir angular momemtto the phonos This angular momentum
transfer resutin bandmixing of minority spinrdown andmajority spin-up states with similar spin
states neathe Fermi level and also changes the probability of finding the scattered el@ttiisn
previous spin statéeither spirup or spindown). According to this #ory, spinmixing due tothe
phononmediated spitflip scattering depends updhe number ofminority spinrdown and majority
spinupstates at thBermi level.According to this model, the temperature evolution of electron, lattice

and magnetization can be expressed by three coupled differential equations given by
0 Y — n a"yY O Y Y (2.6)

5 — O Y Y 2.7)

21



— Ya— p G 0fD— (2.8)

Here m (= M/Ms) represents theormalized magnetizatioandT., Te andTc are the lattice, electron
andCurie temperature respectiveRis the Koopmans parameter which determines whether ultrafast
demagnetization is typleor typell. R can beexpresseas:

Y ———® 0 (2.9)

Here asr, Va, €a, Eb and"O represent the spiftip probability, atomic volume, atomic magnetic
moment, Debye ener@ndelectronlattice coupling parametgrespectivelyWhereas; andQ are
the Bohr magneton and Boltzmann constlrtiasbeen observed th&tis very small for rare earth
materials(like Th, Gd etc.) while it is much higher for transition mefgilse Ni, Fe etc.).These
observations allow researchets claim that a smaller R-value can lead to twstep slow
demagnetizatiorwith a significant contribution of spilattice relaxationto the demagnetization

process.

2.22.2 Spin-orbit coupling

Zhang and Hubner argued that ultrafast demagnetization is a cooperative effect of the laser field and
the spirorbit coupling(SOC) of a magnetic materigl17]. They found that in the absenceS®C
femtosecond laser pulse aloranoiot demagnetize a ferromagnetic sampighe presence GOC

the spin angular momentum of a magnetiaterial induces a finite orbital angul@omentum This

orbital angular momentum is very much sensitiviattice fluctuations and deformations. Thisde

to a loss in spin angular momentum as electebasnable to follow the motion of spingesulting in

ultrafast demagnetization. Alsm the presence dOC both singlet and triplet states intermix and

lose their identity. This intermixingan convert various forbidden spin states into allowed states.
Further different lasefinduced spin transitions explore these allowed states leadiagsudden

decrease in system magnetization.

2.22.3 Coulomb interaction

In large SOC strength materials, electedactron scattering mediated through Coulantbraction

can be a reason for ultrafast loss of magnetiz4fi8h In thisscattering process, the available phase
space fothetransition of an electron from minority spin bands to majority spin bands is comparatively
much higher thain the electronphonon scattering process. During this process, the excitation by
ultrashort &ser pulse creates a nonequilibrium electron distribution and these excited electrons go

through both inteband and intrdband CoulomIscattering. Ultrafast demagnetization is followed by
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fast remagnetization due to energy transfer to the lattice lhedat Recent studies have also
demonstrated that the presence of these eleetemtron scattering is mandatory for the ultrafast

demagnetization process to oc{ig].

2.22.4 Electron-magnoninteraction

In materials with higlBOCstrength, electroimagnoninteraction can cause a significant reduction in
the spin angular momentum of the system. This loss was first proposed by Gadraleime2008[19].

Here, it was assumed that electrnagnon interaction can lead to sifiip scattering which is
analogous tphononmediated ElliotYafet scattering, with magnons behaving as the absorber of spin
angular momentum. Due the L-S coupling, loss of spin angular momentum &achnincreasan

the orbital angular momentum of the system. This decragadbe spin angular momentum can

contribute taheultrafast demagnetization process @explained by electremagnoninteraction.

2.22.5Relativistic spin-photon interaction

In 2009 Bigot et al. proposed a theory based on relativistic gguoton interaction that can explain
theultrafastdemagnetization mechanig@0]. As per this theory, there is a coupling between electron

spin and electromagnetic laser pulse via relativistic terms comingfi@mirac HamiltonianDue to

this coupling, the coherent interaction between the femtosecond laser pulse and ferromagnetic spins is
a relativistic quantum electrodynamic process. This process modifies the angular momentum of the
light nonlinearly. Folloving this, electrons and spins get thermalized via incoherent interaction and

lose their phase memowy.r.t. the excitation which leads to ultrafast demagnetization.

2.22.6 Phonon-phonon interaction

Dorneset al observed a spin angular momentum loss in the ferromagnetic iron sampletdae to
generation of a transverse strain wave and its subsequent propagation from surfacgfg. Aiiky
tried to understand this in tesnof conversion of spin angular moment to mechanical angular
momentum vianagnetic fieldinducedmagnetization reversal. This effect is also popularly known as
the Einsteinrde Haas effecfThey finally oncludedthat the lasemduced ultrafast demagnetization

phenomenon can be significandifected viaheinteraction of lattices.

2.22.7 Terahertz emission

In recent times, ihasbeen observed th#te ultrafast demagnetization mechanisassociated with
the emission of terahertz pulsg®]. After excitation by pump lasedifferent spinflip scattering
events occur insida magnetic systendue to itsSOC However, these scattering eveat® not

sufficient to completely demagnetize the samBlmultaneous to these siip events, there are few
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spin relaxatios betweenhie majority andninority bana. This relaxation process is mediated via the

emission of THz photons, which consequently contribtidehe demagnetization mechanism.

2.22.8Optical inter-site spintransfer

Optical intersite spin transfefOISTR) is a nely proposed mechanism that can manipulate spins of
amagnetic materidby effectively redistributing these spins between different sublafit®s?4] It

has been shown that within 26 after the laser pulse excitatidhe entire ultrafast spin dynamiiss
driven by this OISTR effect. This effect is also observeNMVFM heterostructures where spins at
the interfacehave majority spirorientation flow towards thBIM and minority spins transferred &
FM. Thar minority spins later undergo spinorbit-induced spirflip scattering to become
demagnetizedin multi-sublatticematerials the OISTR effectiominate the initial (within about20

fs) spindynamicsandleads to afasterandmoreefficient ultrafastdemagnetization.

2.22.9Phononmagnon interaction

Phonommagnonscattering[25] occurs ata much sloweritmescale o the order of a fewl0Os of ps.
This scattering mechanism is believed to be very slow for contributing significemtihe
demagnetizatioprocess of normal ferromagnets. Howewds a possible mechanism involved in the

two-step demagnetization process in raagth ferrimagnets.

2.22.10Super-diffusive spin current transport

Most of the theories developed to understand ultrafast denmeagieat focused orthe angular
momentum transfer process. These proposals are baseeassumption that the femtosecond laser
directly interacs with perfectly aligned spins and apaup different channels for angular momentum
dissipation None ofthese modeltakesinto considerationray spin transport phenomento explain

the ultrafast demagnetization mechanism. However, in 2008 Malinostsi{i observed thahe spin
transport ofhot electrons inside a synthetic antiferromagsteleratets demagnetization process
[26]. Following this experimental observatjdattiatoet al. proposed a semiclassical model in 2010
to underpin the role ofpin transport inthe demagnetiation praess[14]. In this model, they
demonstrated thdhe laserinduced demagnetization process can be exgiaiithout assuminghe
creation of any sp#flip channelsput simply through supstiffusive spintransport theoryAccording

to this theorythere exists a spidependent transport of electrons inside a magnetic system where the
electrons with majority Wspin orientation cause faster diffusion into the substrate in comparison to
the electrons with minority dowspin orientationAfter laser exitation electrons in ebands are
excited by absorbing energy from the laser photons tela@ds or ghands that exist above the Fermi
level. The mobility of these excitedlsands and{bands is much larger in comparison to the indial
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bands which miees these electrons extremely mobile. These mobile electrons travekat high
velocity in some random direction arekperiencevarious spinconserving scattering events. These
continuous scattering events create a torrent of hot electrons. Therefeotrgeneratethrough laser
excitationcan be given by the transport equation:

— — —% O Y (2.10)

Here,€¢ , T and”Y represent the density of electron, spin lifetiared electron souwe term
respectively%o.and Gare flux and identity operatarYcan be defined a¥ Y where¢ and
Y are the density of firggeneration electrons and secegeheraibn excitation termHere, the
lifetime of electrons witlthe majority and minority spins are different which resuft the gradual
decrease in the majority spins in the magnetic layer. This loss in majarigrekeads taareduction
of the net magnetization of the system that causes ultrafast demagnetiEaéiatandard diffusive
motion of particles can be chatezed by the variance of the displacemgm). For a particle
distribution with diffusive transpart, 2 can be expressed ag ® &, with n = 1. Whereas for the
Ballistic transporin = 2, i.e.,, 28 ¢. Super diffusive spin transport is neither ballistic nor diffusive.

Here,nis time-dependent andariesfrom n = 2 forashorerlifetime ton = 1 foralonger lifetime.

2.23 Precessional dynamics

In the absence of appliedmagnetic field, the electron spins inside a magnetic material are randomly
oriented. However, whenlargeenough magnetic field is applied then all spins tryetalignedalong

the magnetic fieldlirectionto minimize the total energy of the systéas shown inFigure 2.3a)).

The minimum energy state of the system where all spins are directed along the effective magnetic field
direction is called the ground state spin configuration. The whole system can be considered to be a
giant macrospin with a high net magnetic momgmdor sum of magnetic moments of all the
individual spin). Here, the total energy of the system is the sum of different energies like Zeeman,
anisotropy, magnetoelastic and exchange energy valsolsorresponds to differemajpplied magnetic

field values. Tle vector that sums up all these fields is called the effective magnetic field. Before any
external perturbation, this macrospin of a magnetic material is in equilibrium and oriented in the
effective magnetic field direction. The perturbation by a femtasddaser pulse dRF microwave

field modifies this effective magnetic fieleéadingto it beingdirected along a neaquilibrium
direction (as shown inFigures 2.8) and 2.8c)). The macrospin will try to return to its initial
equilibrium position by earting a torque along the direction of the initial effective magnetic field
direction. This triggers a damped spiral rotation of magnetization around the effective magnetic field

which is known asthe precessional dynamics. This rotational motion can bglaged bya
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phenomenological theory basepgon Landaulifshitz-Gilbert (LLG) equation[27]. The LLG torque
equation was firgbropo®d byLandau and Lifshitin 1935[28] and furthemodifiedby Gilbert who
inserted a modified damping terf29]. The theoretical formulation of LL®&quation is briefly
discussed below:

The relation between the torg(l$ experienced by a particle rotating at an orbital angular momentum
L can be written as:

T — (2.11)
If we incorporate quantum mechanical concepts such as spin angular mon{&ntunstead of
classical orbital angular momentum, then a similar equation also canttes\as:

T — (2.12)
The magnetic momem of a magnetic material is connectedstaia the relation:

0 ry (2.13)

wherea is thegyromagnetic ratio of the electron. When an effective magnetic fiettkof applied

to a material ohetmagnetic momeni¥ thenit experiencsea torque of amount:
t 0 O (2.14)

In equation 212, if we substitute the value M andUfrom equation 2.3 and equation 24, we will

obtain:
— ro O (2.15)

Where'O s the effective magnetic field ogposedof the applied external magnetic fietdipolar

field, exchange fieldand anisotropy field. The physical meaning of this equation is tha¢
magnetization precesses aroufid at a constant amplitude and frequerfelso called Larmor
frequency= 30 ) without any energy dissipation. However, in a practical scenario, the precessional
amplitude gradually decreases with time. So, to match the real precessional dymdroabgction of

an additional damping term is mandatory. Thus, Landau and Lifdhifz suggested a dynamic
equation incorporating a damping term along with the preceddiomue term. This Liequationis

expressed as

— 19 0 —b b O (2.16)
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Here,the—o © "0 term represents the contribution of dampiignagnetization dynamics,

is the saturation magnetization ani$ the Landau damping parameter vaitimensiorof OA AT T A
The LL-damping could not take into consideration the large-ednly curreninduced damping
contributiors. To get rid of ths limitation, Gilbert reformuéted this theory which was more consistent
and took into consideratioof othersignificantdamping contributions. The modified kdquation

alsoknown as thé.LG-equation can be written as:
— ro O — 0 — (2.17)

Here the first term denotes the precessitor@ueterm, while the second term is the damping term.
The directions of these torques are shown in Figuréd).3Here, he dimensionless coefficiehtis

called the Gilbert dampingarametewhichis analogougo the Rayleigh energy dissipation function

Also,| is related tQ_via the relation, —.
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Figure 2.3 Spin configuration at th@) ground stat€b) incoherenprecessional state af) coherent
precessional statéd) The magnetizatioprecessiormroundan effective magnetic fiel@Her).

2.2 3.1 Kittel equation

The foundation of precessional dynamics is baget the concept of ferromagnetic resonance. When
a FM material is placed in a static bias magnetic field arfidFamagnetic field isalso applied
perpendicular tothe bias fieldthenanenergy absorptiotakes placé&rom theRF magnetic fieldvhen

the resoance condition is mete. the frequency othe RFfield is equal to the precessional frequency
of theFM material at that bias field valu&his is known as ferromagnetic resona(feelR) and the
frequency at which this resonance occurs is cdieidR frequency( ). In general, the resonance
occurs at a much higher frequency than thahetl.armor frequency. In 1948, C. Kittel derived the
resonance conditioby solving the equation of moticeifter explicitly defining the role played e

demagnetizing field30]. The] obtained from this solution can b&presseas:
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1 ‘T O 0 00 O O O 0 (2.18)

Here,0 ,0 and0 are X, yandz components of theethagnetizing field tensor. The values of the

components of demagnetizing field tensor and corresponding resonance frequency for a few popular

shapes are:

1. For aspherg) =0 =0 =1/3 and ‘70

2.Foraplaneg) =0 =0,0 =1 and ‘r 00 0

2. For an infinite circular cylindey =0 =1/2,0 =0 and ‘T 0 —.

Other thanthe demagnetizing fieldthe magnetic anisotropy of a system also affects the resonance
frequency of a material. The equati@il8) for resonance frequency can be modified by incorporating

different magnetic anisotropy terms. Few expressions for resonance frequency with some anisotropies

are:
1. For irplane magnetized samples with uniaxial anisoti@py= uniaxial anisotropgonstant)
1 ‘r 0 16 — O — (2.19)
2. For irplane magnetized samples with cubic anisoti@py= cubic anisotropy constant):
1 ‘r 0 14 — 0 — — (2.20)
3. For oubf-plane magnetized sampl@s = out-of-plane magnetic anisotrogpnstant)
110 ot — (2.21)

2.23.2Spin wave

In 193Q F. Bloch have introduced the concept of spin wawainderstand the decrease in saturation
magnetization with system temperat{iBd]. Before external perturbation electron spins are aligned
parallelto each other and directedong the effective magnetic field direction. The excitation of
magnetic mateal increases the temperature in the excitation area which can flip an electron spin. As
spins in a ferromagnet are connected via exchange interaftifigoing of a single spintriggersthe

flip ping of the neighbouring spingith a finite phase differendeetween adjacent spirBo minimize

the exchange energy cost, this phase difference propagates in a magnetic system.asdgswaaie

is known asspinwave. The quanta of the spiavearecalled magnos[32]. For uniform precessional
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motion,exchangeoupled spinprecessround the effective magnetic fieldtae samghaseHence,
the wavelength(a) of the spin wave of uniform precessional mode isearly infinity and the
corresponding wavevect@k) tends to zero. Ithe case of nofuniform precession, there is a finite
propagation of phase difference which resuita finite and a norzerok-value ofthespinwave.

Depending upon the range of interaction aravelengthspin waves can be divided into two types
i.e.a)exchange spin wawandb) dipolar spin wave$33]. Exchangedominated spin waves are short
wavelength spin waves dominated by exchange interaction. Simdgsblar interaction dominated
and longer wavelengtépin waves are identified a§polar spin wavesFurthermorethere are some
spin wave modes where both exchange interaction and dipolar interaction play egsiat tbksr
appearance These modes generally appear at a wavelesigtilar to the exchange length. The
resonance frequency fauchdipole-exchangedominated spin wavefor a FM system of infinite

thickness can bexpresseas:

1 ‘r 0 = 0 b i e —1 (2.22)

Here, Qis the wavevectorA is the exchangstiffness constanand —is the angle betweethe

magnetization anthe magnetieasy axis of the sample

In aFM material, the exchangdgominated spin waves catsotravel across the film thicknescreate
standing waves. The spimave modes that appear in the spectrum due to these standing waves are
called perpendicular standing spuave (PSSW) modes. Here, the resonance frequency can be given
as:

V—— (2.23)

Here,¢ is the order othe PSSW modeandd is the thickness of the sample.

Control over different spin waves via external excitation such as femtosecond las¢oycenor
external bias magnetic field mayakkto various structural engineering of maghased information
processing device#n this doctoral thesis, we haw@ainly studied theuniform precessional motiogk

o

a 0) and PSSW modes of different order 1 n mag:

2.2.4 Magnetic damping

During the magnetization precession, there is always some finite dissipation of spin angular

momentum througkhe lattice which causes a gradual decrease in precessional amplitude with time.

This mechanism of known as magnetic damping. The efficient control over the magnetic damping
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parameterhas huge importance in the magnetic data storage industry as it allowseterate
magnetization recovery tehe equilibrium in the magnetization reversal process. In addition,
understanding the underlying mechanisms behind magnetic damping and its sufficient modulation via
external meansire essential for designing advancednsmnics devicesHigh magneticdamping
materiab aredesirablea eliminatethe6 r i n @f magmetizatior{precessiopduringthedatawriting
processn MRAM devices.Whereaslow damping materials are equally importanthiaspintronics
community aghey arehelpful toredue the write-currentin spintorquebasediRAM devices and
long-distance spin waveropagation in magnonic devices.

Magneticdampingis classified into indirect and direatagneticdampingbasedon the direction of
energytransfer[34]. If the energy within the magnetic system is consentednthe damping is
indirect (e.g. damping ofhe spin waves by Stoner excitatioamping due tdhe mode conversion
etc). In direct dampingenergyis transferredrom the magnetic stem to theadjacenthonmagnetic
systemDirect dampings categorigd intotwo classedntrinsic and ekinsic damping35]. Scattering
from phonons isinavoidablan a magnetic system amdnnot be reduced to zerahichdetermines
the intrinsic dampingas it cannot be controlled externallyExtrinsic dampingarises due tdhe
additional magnon scattering frotine phononswhich depends on various extrinsic factors such as
defect density, magnetic anisotropy, external temperataimpe geometry,growth quality etc
Different dampingcontributiors can also be tuned via spin currei86], phonondrag [37], eddy
current[38], doping[39], capping[40], introduction of strairj41], inversionsymmetry breaking at
interfaceq42] etc. In thefollowing section, we will describe briefly the mechanisms involved in both

intrinsic and extrinsic damping.

2.24.1Intrinsic damping
Mechanisms such as intringpin-orbit couplingof FMs,eddy current, phonon drag mechanisms etc.

are a fewgoverning factors involved in intrinsic damping.

A. Intrinsic spin-orbit coupling

The coupling between an el ect r calaspinalpticouplimgnd o
(SOC) This coupling plays a vital role in determining the electronic and ategproperties of that
material viacontrolling the electrofilow, spinflip scattering,magnetic anisotropyspin relaxation

time and dissipatiorateof thespin current in these devicda the presence &OCin a materialthe

spin magnetic momeims converted intarbital magnetic moments which are very sensitive to lattice
fluctuations. This leads to a certain loss in the total magnetic moment of the systdmeventually
causesfinite magnetic damping. Detailed theoretical calculationthed dependency of intrinsic

damping onthe SOC strength was given by V. Kambersky in 1976 through the tecquelation
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model [43]. According to this model, there are two processes that cotrdgnificantly to SOE
induced magnetic dampinge. i) phononmediated spilip scattering(explained bys-d exchange

interactior) andii) ordinary scatteringexplained by breathing Fermi surface mgdel

I. Phononmediated spinflip scattering

Through the scattering theory approach, Elliott and Yafet proposed a phwmthated spiilip
scattering mechanism in 1954 for energy dissipation in ferromagnetic rftald5] In 1956, its
mathematical formulation was given by Kittel aviitchel basediponthe s-d relaxation mechanism
[46]. According to this modethe SOC of a material unfolda possibility of spirflip scattering via
phonondetween two spin subands Always in these materials, the localizedldctrons are coupled

to itinerant selectrons via gl exchange interaction which helps to transfer the spin angular momentum
from d-electrons to ®lectrons. This leads tanincoherent spifilip scattering(where thetotal spin
angular momentum is not conserved) of betrsl delectrons. Th extractedlvaluefrom this model

can be written as:

o}

| 0O

(2.24)

Here,t , Dr and] "@epresent electrephononcollision frequency, density of states in the Fermi
level anddeviation in the electronic-factor, respectivelyUandDr shows a proportional relationship

indicating that a densé&ermi level will help to enhance the damping.

lI. Ordinary scattering

The theory of the ordinary scattering mechanism was given as the brdahmgurface modgh7,

48]. According to this modekpin subband with different wave vectorare considered to be nen
identicalin the presence of SOGScattering withinthesesubband has soméinite contributionto the
damping procesfluring the precessional motion, magnetization orientation changes continuously and
the energy states of the different spin baratg randomly. As a consequence, a spin state asioiee

of theFermi level at a certain delay time aaperiencatransition to the otheside of the Fermi level
atanother delay time. This transition can createlactronhole pair and results in fastelissipation

of spin angular momentum. The damping contribution according to this model can be written as:
| _ (2.25)

Here,, is the SOC strength of the material. It wasrfd later that tabreathing Fermi surface model

has not taken into consideration the effect of electron scattéhnaigconesfrom tenperature variation
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in the system which may lead to underestimatiothef . Later, it was found that there can be two

types of contribution to damping depending ugmageneration of electrehole pair[49]:

a Intraband electrothole pair generatiorBoth electron and hole occur he same bandDamping
has amajor conductivy-like contribution (as it varies directly praptional to the material's

conductivity)and varies proportioniglito, . Thisis mostlyvalid at low temperatuse

b. Interband electrofhole pair generatiorElectron and hol@ppeain different band. Damping has
amajor resistivitylike contribution(as it varies directly proportional to the material's resistiaty

varies as . Itis mainly valid at high temperatwse

B. Phonondrag mechanism
In 1998, H. Suhl proposed a magrphonon scattering mechanism that can enh#émedamping
process in magnetostrictive materifi®]. Thereare two ways excited phonons can dissipate their

energy:

a. Direct energy dissipation to tlegtice from uniform precessionascillation.
b. Indirect energy dissipation via namiform spinwave excitation.

The direct energy dissipation process is also knowhegghonondrag mechanism. The dampitirgat

arises due to this mechanism can be given as:
= (2.26)

Here(,Y,Band-r epresent th¥oPongéd&somddulras,i omagandt oel
phonon viscosity of the systemespectively. Th phononrdrag mechanism is onlgresent in the
materials where the ferromagnetic resonance frequency is driven along the film thickness by the elastic

waves.

C. Eddy current mechanism

As per F a r adleatpraative foragemf) wallrbe generated due to thiene-dependent
magnetic field. This emfwill oppose any further change ithe applied magnetic field. The
magnetization precession inFM material is similar to the timdependent magnetic field, that can
produce an emf. This emf can induce a finite aqurie thatFM material which is known as Eddy
current. Fol | owi nHldy Eurent appoged sany thange in theh inagnetization
orientationw.r.t. the external magnetic field which leads to damping enhancemenEddy current

contribution to damping is more prominent foghly conductingFMs of higher thickness which is
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closeto or even higher thathe skin depth ofthe microwave excitation field51]. The damping

modulationthatarises due to this mechanism can be expressed as:
| — — ¢, Q (2.27)

wherel is the electrical conductivity of tHeM material,c is the light speed ithe vacuumandd is

thethickness of th&M material.

2.24.2 Extrinsic damping

Few external factors can affect the damping parameter significantly in a magnetic system. This
addtional damping contribution is known as extrinsic damping. It can batlelocal and nonlocal
contributions. In local dampinghe energygetsdissipatedvithin the phononandelectronsystem of
themagnetic materidtself. For example, if there are defects and inhomogeneities in the sample then
it can generate neaniform resonance modes in addition to the uniform ones, which can enhance the
damping of the composite system.a magnetic material,omlocal extrinsic dampingarises when
another magnetior nonmagnetic material is present adjacent td is additionaldampingarises due

to spintorqueson the magnetic systergenerated due to spin curréata different spirorbit effects)

or transfer of spimngular momentm out of the magnetic systef@so known as spin pumping). The
additional nonlocal damping strongly influenced by the layer thicknessSOC strength of materials

and nature of the interfaceere we presentin overview of the popular extrinsic mechanisms that can

affect the damping of the uniformly precessing spins.

A. Inhomogeneous magnetic anisotropy

In presence of magnetic anisotropy in a material, the magnetization of the system prefers a few specific
directionsover others[52]. In presence of sufficiently high magnetic anisotropy in the sartipe
precessional dynamiazan bemodified which could enhance the magnetic damihthat material
significantly. This damping enhancement is more prominetite lower applied field as spins are
loosely bound alonghe magnetic field directiorand henceare easier tobe perturbed throughhe
anisotropy fieldThe gronger the anisotropy field in comparison to the external magnetic field higher

is thevalue ofU With adecrease itheexternal magnetic fieldincreases exponentially which shew

apeakat the anisotropy field.

B. Magnetic impurity

In a magetic materialany defect or impurity centre can act as a scattering point f@rédoessing
spins. The scattering process is inelastic in nature. These scattering centres lead to depthesing of
precessional oscillation lemd) to a loss of energy from the magnetic system aml ensuing
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enhancmentof| . This contribution to magnetic damping daacontrolledby decreasing the defect

density of the sample.

C. Two-magnon scattering

The presence of magnetic defects and inhomogeneities in thehiftrenagnetic films can cause
scattering otthe uniform precessionamode(k = 0) by nonuniform mode (k i 0). This process is
commonly known as twnagnon scatterinTMS) [53, 54] It is an inelastic scattering mechanism
where energy is conserved but magnon momentum is not conserved. There are mainly three factors
that influence the TMSortribution to precessional dynamjasamelyi) precessional frequency) ii

angle betweerthe easy axis of the sample and the external appliagneticfield andiii) magnetic

film thickness.

The number of degenerate magnons that are ablailfor scattering increases with increasing
precessional frequency. This also indicates thamagnonmagnonscattering probability increases
with increasing frequencyVith anincrease irtheangle betweethe easy axis of the sample and the
external aplied magneticfield, magnon degeneracy decreases gradually. Finally, the degeneracy
vanishes when the sample magnetization is directed pertdotigthe outof-plane direction. Té

TMS contribution to the showsaninverse square dependency on & layerthickness.

D. Spin memory loss

Spin memory loss causes partial depolarization of spin current generatedidRhmethod at the
interfaces. This loss was first proposed in 1993 by T. \é&let in the study of currerperpendicular

to-plane GMR[55]. According to this proposal, & is the amount of spin current generated on the

FM side after excitatiorthen only(1 T dsgancross theNM/FM interfacwh er e U i s t he s
| oss coef fisisiabsarbed in thehinterfacze dile to the interfacial-efiit couplingor

defects. Different theoretical calculations and experimental studies have confirateml ¢hrrent
discontinuity arises at thdM/FM interface due to spin memory loss where the interface acts as a
perfect spin sink56-58]. This loss affects the spin transport and increaséds-trueof a composite

system by decreasing theansparency of the interface. For spiwsed device fabrication, it is
recommended to minimize this effect in a composite structure by creating a transparent, sharp and

defectfree interface.

E. Spin current-induced torque
Magnetic damping of BM materid can be significantly altered spin current injection via different
interesting spirorbit effects like thespin Hall effec{ SHE)[59], RashbeEdelstein effec(REE)[60],

different spin caloric effec{$1] etc Theinjected spin currerdgppliesatorque on the precessing spins
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and modulatetheir energy dissipation proce#fscharge current is applied a high SOGtrengh NM
materia) then spin polarizion is developed alongs transverse direction due to sglependent
scattering. This phenagnon is known athe SHE. Ths spin polarization flow as pure spin current
andis transferred to thadjacent FMayerthroughthe NM/FM interface and exesta torque on the
precessing magnetizatiofthe FM, which can either increagdamping like torga) or decreas@ntr
damping like torque) the of the composit&M/FM system REE is another spinhargeconversion
mechanismwhich appears in the presence of spatarized surface states. When the charge current
passes through these spiolarzed surface stateshen a finite spin accumulation appears at the
interfaces. This spin accumulation flows as a spin cuardtexer a torque on the magnetization
dynamics. Similar to SHE and REE, thereai®w spin caloric effects such teespin Seebeck effect,
spin Nenst effect andspin Peltier effect that could intepnvert betweethermaland spin current.

Here the temperate gradient can generate spin current and modulatgnificantly.

F. Spin pumping

In an NM/FM heterostructure, an external excitatioaug®s magnetization precessibecause of
which spinangular momentum is transferred frohe FM layerto theNM layer inthe form of pure
spin currentThis effect is known abespin pumping effeds itis analogous tthephysical pumping
mechanism. As a result, the amplitude of precession suffertea d@say leading to an enhancement
of| . This effect iINM/FM layered systemwas firstproposed in 1988 by Hurdequittal.to interpret
the results of aspin resonance experimef®2]. Here, theauthorsargued that the precessing
magnetization ighe source of a nonequilibrium spin accumulatibat diffuses out of theNM/FM
interfaces into the adjaceNM layer where iis dissipaté by spinflip processesThe spin pumping
induced enhancement|jinwas furherdiscussed in 1996 by Berger al.in NM/FM/NM type spint
valve structures[63]. Their expression for thenodulationof | scales as a function a@he layer
thickness and few material parametersiowever, this modulatiodoes not vanish with vanishing
exchange splittingvhich makes its validitwery doubtful. In 2002 Y. Tserkovnyak and A. Brataas
theoretically demonstratedishrdamping enhancement MM/FM heterostructureby employng the
time-dependenadiabaticscatteing theorywhich got widely accepted among the scientific community
[36, 64, 65] In thar study, they predicted thatn presence od NM layer adjacent tohe FM layer,
spin current will bepumped from the FM layer to the NM layer and getrtially or fully absorbed.
The pumped spin currefi©O ) from the FM layer to the NM layeatue to spin pumping effect can

beexpressed as:

0 2y — ' — (2.28)
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Here"(¥’ and"(faretheimaginaryandreal parts of thespin-mixing conductanceThe presence of a
large but finite NM reservoattached to one side of the FM is expected to induce-aamshing spin
accumulation at the NM/FM interfacéhe chemical potential difference between gginand spin
down states asts a perturbation joumpthese accumulated spiost from theNM/FM interfaceand
allow them torelax through spinflip scattering.For a slow enough variation afiagnetizationthis
spin accumulation is expectedftow back into the=M layer by generating apin backflow current
(O ).0O iscontrolled by the spiraccumulation at th&lM/FM interface anddepemlenton the
spinbackflow factor( ) of the NM layer The largesenhancement afamping isnoticed wherthere
is nobackscattered spin curremthich means, thdt Y. When'O  becomesignificant,damping
enhancementeduces from théiighestvalue. On the contrary whenb > X¥ |1 the damping
enhancemens negligible Thepumpedspin current to th&lM layer isalmostentirdy returnedto the
FM layer.

For becoming an efficient spin sink, the Nd§erthicknessshould be dew times higher thaits spin
diffusion length The enhancement of ti@&lbert damping parameter fsgherfor NM layers with a
higher spinlip relaxation rate(i ). These NM layers with high values could overcomethe spin

accumulation at thBIM/FM interface Thisi can beroughlyexpressé as
18 ® (2.29)

Herg Zis the atomic number. The heavidemens withZO 5 0 Vew highi value,whichmake
them ideafor being used aspin sinkmaterial Therefore, largdamping enhancement is expected for
NM/FM heterostructurein which theNM layer isa heavy metal like W, Td&t or Rd. However for
light materialswith Z O50, such asCu, Ruor Al thei is considerably smaller, making them less

effectiveasspin sinkmaterial

2.2.5 Interfacial spin transparency

The spin transparency) of aninterface betweetheNM and FMlayer takes into account gdbssible
effects that lead to the electrons being reflected instead of being transroitiéde NM/FMinterface
and controls the flow of spin angular momentum across the inteffaegends on both intrinsic and
extrinsic interfacial factors, such #gethickness of NM and FM layer, resistivity of NM layer, spin
mixing conductancg bandstructure mismatch, Fermi velocity, interface imperfections Feticpure
spincurrentbased device applicatisnen interfaceis desired to have high and tunablealue whih
makes the investigation of in NM/FM heterostructuresmaimportantresearch topic of modern
spintronics.To find theT-valueof an NM/FM interfacetwo models can bfollowed, namely i) spin

Hall magnetoresistance modéb, 67] and i) spin transfer torqudased mode]l68]. The spin Hall
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magnetoresistanaaodeltakes into consideration the effect of spin backflow whtre spin current
density that diffuses into the NM layer is smaller than the actual spin current density generated via the
spn pumping in the FM layern the pin transfertorquebasedmode| T-valueis calculated in the

light of damping and fieldike torquesautilizing the driftdiffusion approximation. Here, the effects of

spin backflow are neglectddy assuming the thickness thie NM layer to be much greater than the

spin diffusion lengthgs it causes a reduction in the smprque efficiencies.

2.2.6 Relationship between Gilbert damping parameter and ultrafast

demagnetization time
The wification of magnetization dynamics occurring over a femtosecond to nanosecond timescale is

an enduring problem for the magnetism community. In 2005, Koopetagproposed a microscopic
model to draw a correlation between a femtosecond phenomenon like ulteafesgrobtization with
ananosecond phenomenlite magnetic dampinf69]. This model was based on the assumption that
both ultrafast demagnetization and magnetic dampaugiire spirflip scattering to dissipatéhe
energyto the lattice whiléhe dominant angular momentum transfleannels irboth situationsare the
same According to this model, at a temperature much below the Curie tempérajutiee correlation

between ultrafast demagnetization ti(tie) and can be given as:

t > (2.30)

However, this model could not explain these phenomena at higher temperatures where ordinary
scattering beconsalominant. Alsgit hasafew drawbackslike i) anoversimplified treatment of the
electronic spirlip scattering by just one effectiveapameterand ii) the effect of band structure
variation is neglected. A micromagnetic model was further developed by Djordfealcin 2007,

where an additional magme relaxation path wasuggestd [70]. They proposed an instantaneous
ultrafast demagnetization due to the sfiiim scattering events and followed lay energy transfer
between excited magnetic swtend spinwave relaxation chains through different spuave

relaxation channels.

In 2008,Walowski et al challenged the Koopmans model and showed a discrepancy in the inverse
relationship betweeh and for rare eartt{Dy) dopedferromagnetic Py filmm[71]. This discrepancy

is due tomissing electron relaxation channétat appear in the presencerafe earth metal Only

one spin relaxation channel was considered for both femtosecond and nanosecond smetsclale

is not true in the presence eb&nd electronsThis f-band has a vergmall contribution much above

and belowhe Fermi level due to slight hybridization. Therefore, its contribution to the femtosecond

relaxation process is negligible, while it plays a significant role in the nanosecond spin relaxation
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process. In 2009, Radet al also observed similadl i scr epanci es agai nst

investigatingt and in presence of Dy, Ho, Gahd Tb impurities in Py filmg72].

To solve these discrepancies, M. Faletlal proposed another model to correlate betwieeand|

[73]. They considereche electronic band structure details and different possible electronic transitions
between states to make this model a universal one. Depending upon the dominant contribution to
magnetic damping, the relation betwdenand can either be proportional or inversely proportional.
There will be a proportional relation between and| if the damping has a dominant conductivity

like contribution. This conductivityike contribution to damping is due teeintra-band relaxatio of
electrons and holes and can be modellethbyi b r eat hi ng Fer mi sulnthimc e o

case, lhe relation betweeh and| can beexpressed as

t — (2.31)

Here p is a materiabpecific parameter® is the spiamixing parameterand "O is a quantity
determined by the properties of the electronic stafesinverse relationship between and| is
expected when resistiviiyjke contribution dominatethe danping mechanism. This resistivitike
contribution is due tdhe inter-band relaxation of electrons and holes and can be modelldteby
Abubbl i ng Fer mithedampirfgalrctieisdcase) thd elhtioncb&twdenand| can be
given by:

T — (2.32)

Here, O is a quantitydetermined by the properties of the electronic stat¢# is different froniO .
However, this model from Fahnét al ignored the contributions from any spin transport effexs.
this model is only valid for standafMs with only spinflip scattering contribution to both ultrafast
demagnetization and damping. Later, Zhahal [74], Panet al [75] and Guillemardet al [76]
showed a strong correlation betwekenand| in ferromagnetic Heuslalloy thin films. Recently,
Tvetenet al theoretically predicted the possibility of explainihg in terms of spircurrentinduced
damping inNM/FM heterostructures bad on electrormagnon scattering theofy7]. This was later
experimentally demonstrated in different systems. It was argued that ultrafast demagnetization
mechanismsare generally divided into two categories: spinflip scattering(including electron
phonon, electromlectron, electromagnon etc.) and) spin current transport. A directlationship
betweent and U would validate spifflip scattering as the major contribution toe ultrafast
demagnetizatiof78], while aninverse dependenayould point towards thepincurrenttransport as

the dominant microscopic mechanism behiindultrafast demagnetization procgds®)]. From this
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inverse dependence, one can also extract the spin chemical potegtimr different NMFM

interfaces using the equation
— - 2.33)

Here | is the intrinsic Gilbert damping parameter in the absence of any NM underlapers.
femtosecond lasenduced spin current igery shorlived (subpicosecond), whilespin pumping
induced spin current can live for nanoseconds. However, despite ocaitvadifferert time scales

the physical natureof both the spin currentare similar. The femtosecond spin current causes a
lowering of thef , while the spin pumpinghduced spin current leads to a lowering of the precessional
relaxation timgi.e.,increased ). Therefore;t and becomes inversely proportiorexdtherefore

connecting the effects of the two is justified

2.3 Magneto-optical Kerr effect (MOKE)

The interaction of the light beam with magnetic material leadsctange in polarization, intensity,
phase and spectrum of the output beam. This effect is known as the magrestbeffect which was

first propogdin 1845by Michael Faraday when he observed that a linearly pethhght is converted

to an ellipticaly polarized light after transmitting through a glatste placed under a magnetic field

[80]. This effect is recognized as the Faraday effect. Later in 1877, John Kerr observed a similar change
in polarization of light after being reflected from the soefaf a magnetic materig81]. This effect is
known after his name and called as magugtiical Kerr effect(or simply MOKE). Subsequently,
MOKE is proved to be an efficient method to detect the magnetization of a magnetic material.
Nowadays, it is veryidely used to investigate the static and dynamic magnetic properties of different
magneticmaterials at a broad rangé length and time scale$he angle of rotation in the plane of
polarization due ttheKerr effect is known as Kerr rotatigds) and he ellipticity introduced is called

Kerr ellipticity ( ). Bothdkand] are proportional to the magnetization of the system and retated

each other vigherelation:
— D —-,whereQL i (2.34)

Here,k andr are the components tfe electric field vecto(E) of thereflected beam alongith the
perpendicular and parallel direct®d o understand the origin of MOKE, several theories are proposed

based on semiclassical and quantum mechanical principles areictiscussed briefly below.
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2.3.10rigin of MOKE

There are two theories to explain the origin of MOKE one is macroscopithamather one is
microscopic[82]. According to the macroscopic point of view, when light propagtteugh a
magnetic mediumelectrors inside the magnetic medium follow the electric field vector of the light
beam. These electrons will go throute left circular motion for left circular polarized.CP) light

and right circular motion for right circular polarizé@CP) light. Theradius of this circular motion

will depend upon the force exerted on these electrons. A linearly polarized light can be considered to
be a combination of LCP and RCP of equal amplitude. When a linearly polarizeis ligtitlent on

a magnetic material without any magnetic field, the radius of left circular motion and right circular
motion of electrons are equal. In this case, the dielectric tensor will be equal in both left and right
polarized modes. However, in the prese ofamagnetic fielda Lorentz force is felt by the electrons.

This additional force affects the radius of left circular motion and right circular motion and nesult

a finite difference in the dielectric tensor between both madence,the refleced light will not
remain in the same linearly polarizaethte but convert intoan elliptically polarizedstate This
conversion of linearly polarized incident light to elliptically polarized light upon reflection is popularly
called as MOKE.

Microscopicaly, MOKE can be assumed to be originated from the-epiit interaction. As per this
theory,themovement of the electrons under the influence of the electric field of lightsitiecspin
orbit interaction of theystem. This change in sporbit intelaction can be given bylY n, "Yand
nw are the spin angulamomentumof an electron andthe electric field acting on the electron
respectively. Although this effect is presenbothFM andNM materialsbutit is more prominentn

FM materials, becae of the imbalance between-spin and dowsspinin them

(a) Transverse
m
Sample plane /'y

Plane of
incidencex

Figure 24: (a) Schematics of polalpngitudinal and transverse MOKE geometries are sh{oyn.
The geometry of the Kerr rotatioftk) and Kerr ellipticity(G).
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2.3.2MOKE Geometries

Depending upon the orientation thfe magnetization of the sample.r.t. the plane of incidence of
light and sample surface, MOKE can beided into three configurations, namely, polar, longitudinal
andtransverse Kerr geometries as represented ur&Ry(a). Figure 24(b) schematicallyshows the
—, T and respective orthogonal componeatsthe electric field vector(k andr). In the polar
geometry the magnetization of the sample is parallelthe incident plane but perpendicular to the
samplesurface. In the lagitudinal geometry, sample magnetization lies parallel to theimcident
plane and sample surface. Both polar amgjitudinal MOKE occur fors- andp-polarized light. On
the contrary, in the transverse MOKE geometry magnetizatitti,eadample lies perpendicular to the
incident place but parallel to the sample surface and Kerr rotation in this geometry is only observed
for p-polarized light. In this transverse MOKE geomegétectrons move in the perpendicular direction
w.r.t. the ircident plae. Hence,s-polarized light in this geometry fanagnetization of the sample
parall el t o t hepegpéndiaulartodhe in@dent ptatieencely x B/= 0hb Ttherefore,
there is no additional Lorentz for¢&hich isproportional tov x B) on the electroandhencethere is

no Kerr rotation. However, reflectivity changes slightly in this case when magnetization reverses.
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Chapter-3
Experimental methods

3.1 Introduction

In this chapter, wevill give an overview of the sample preparation, static characterization and dynamic
magnetic properties measurement tools Haatebeen used to investigate different systems in this
doctoral thesis work. Fabrication of higluality samples with dimensions dowrthe sulbnanometre
range is of paramount importance for future technological innovafidrs miniaturization depends
solely on advanced engineering with high si®n on-chip device growth and the choice of ideal
materials. To achieve these demands, scientists have developed several sophisticated fabricatior
techniques to grow different thifilm heterostructures and confined nanostructures wWithh
perfection andminimal unwanted defects.Wo different method$ave been mostly followed to
fabricate these desired samples. Onedottomup approach or chemicaiethod while theother

one isthe top-down approach or physicahethod The bottoraup approach relies uporhemical
reactions to synthesize different nanowires, nanoparticles etc. Although this methoeeitectise

and easier to handlé is very difficult to control this deposition process. Alsbe deposition of
ordered crystalline structures and moispdrsed samples using this process is very tough. On the other
hand, by usingthe top-down approach, one can efficiently deposit higfality nanostructures,
ultrathin films and multilayers with desired structure and composition. In recent times, a @dmbin
process using both botteop and topdown approacksis used tdabricatehigh-quality sampless

per the convenienacaf the userThe works presented in this thesis have used different thin films and
heterostructures deposited the RFDC magnetron sgttering technique. By using this sputtering
technique, one can achieve ultrahigh quality films on a substrateslithrp interface and minimum
structural disorders. After deposition oé#ethin films, different static structural characterizations are
performed using atomic force microscdgyM), X-ray reflectivity (XRR), X-ray diffraction(XRD)

and micreRaman spectroscopy analysis techniques. The static magnetic properties are measured by
the staticMOKE (S-MOKE) magnetometer and vibrating sample magneton{&t®M). Finally, we

have employed a custebuilt non-collinear TRMOKE magnetometer for studying the magnetization
dynamics. In the following, we will briefly discuss the working principles osé¢hfabrication and

characterization techniques
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3.2 Sample fabrication technique

There are various techniques such as molecular beam epitaxy, thermal evaporation, chemical vapo
deposition, electron beam evaporation, magnetron sputtering, passzdieposition etc., to deposit

thin films on a substrate. One can control the quality of the samples by choosing the suitable technique
for its desired material deposition and controlling various deposition corglittooptimize this
technique. We havdeposited our thin films and heterostructures usimgmagnetron sputtering

technique as thassome distinct advantages over other technicgies) as:
i) In sputtering entire target surface act as the source
ii) Better adhesion with theubstrates achievediue tothehigh velocity of sputtered particles

iii) Deposited materials have higher melting temperatlme to several cooling procedures.

3.2.1 Magnetronsputtering

Magnetron sputterinffl] is the most versatile and efficient physical vapdeposition technique to

grow goodquality thin films and heterostructureRrimarily, there are four major parts insitte
sputtering chamber. They are the targeade of the material that we want tepdsit), substratéon

which we want to deposit), sputter gand plasma. The working principle of sputtering ishave
momentum transfer between particles through elastic collisions which eventuadiyol&aeltransfer

of molecules from the target thd substratel he target is negatively charged and placed at the bottom
portion of the sputtering chambevrhile thesubstrate is used as ground potential and placed at the top
part of the sputteringhamber(shown inFigure 3.1) A high voltage powesupply is used to ionize

the inert gas and create plasma that coathm electrons, iongndneutral atoms inside the chamber.

The electrons in this plasma are repulsed from the negatively charged target and collide with neutral
atoms. This collision pauces secondary electrons and hetp maintain the electron density inside

the plasma. The positively charged ions are acceleratedeay high velocity towards the target and
dislodge somef the target atoms. Subsequently, thdiseodgedatoms are dected towards the anode

(the substrate) and get deposited over it. All these processes inside the sputtering chamber occur unde
a vacuum of about 10T orr or better. Among the inert gasagyon is widely used inside the sputtering
chamber due to two asonsi) argon atomsareheavier tharhelium andneonatomsandii) argon is

much cheaper thakrypton andxenon. The efficiency of a sputtering system can be given by a

parameter called sputtering yigld) which can be written as:

e (3.2
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whered andd represent the mass thfetarget and inert gas atom. A very strong magnetic field is
applied during deposition to direct the secondary electrons on a helical track around the terget. Th
increases the ionization probability of inert gas inside the chamber which causes an enhancement in
the sputter yield, reduces the concentration of the impurities and allows to lower the substrate

temperature during the deposition.

Anode =p
WG— Substrate

Crystal sensor /
© Argon atom

Sputtered
@ Electron ¢ source atom
o
L8
© Argon ion o e l
Plasma\e ° o ° Magnetic lines of
Source atom Eas %) fpree
e g
/ L e Source
Magnetron cathode ==p- material
Magnet Vaccum
chamber

Figure 3.1 Schematiaiagramof RFDC magnetron sputtering

Depending upon the power supply used during the deposition, sputtering can be divided into two
categories:i) direct current(DC) sputtering andi) radio frequency(RF) sputtering. In the DC
sputtering,a DC voltage is applied between the electrodes during the deposition. AltiaQgh
sputtering is an efficient and cesstfective method to deposit conductive materidls not suitable

for the deposition of dielectric or nonconducting materials such akinss and oxides. Deposition

of dielectric or nonconducting materials using this sputtering technique generate a polarized charge
near the target that can cause problems, such as @értieigsely focused discharge comes out from

the target which can cae noruniform deposition) and the target poisoning with some unwanted
charged particles that can completely damage the sputtering chamber. To avoid this polarized charge
building problem, RF sputtering technique is employed whieedarget material is gainuously
bombarded with positive and negative ions by changing the electrical poterthaltafget at radio
frequencies. All in all, higtguality ultrathin films and multilayers can be grown by ushregsputtering
technique by suitably selecting tle¢ectrode voltag€dDC or RF), controlling the deposition rate

througha quartz crystal monitor and optimizing pressure inside the sputtering chamber.
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3.3 Static characterization techniques
3.3.1 X-ray diffraction

The crystalline properties of a mateaa investigated by usintpeX-ray diffraction(XRD) technique
[2]. This widely used technique was proposed in 1912 by Max von Laue. As per his propesel, X
have a wavelength comparable ttee lattice spacing of crystalline materialdence,the internal
crystalline structure of that material can be probed from the diffraction pattern. According to Bragg's
law [3], if the X-rays of wavelengtle-are diffracted from the lattice planes thate separated by
distanced then it satisesBragg'scondition:¢Qi Q¢ ¢ _wherenis the order of diffraction and

is the incidehangle.During the XRD experiment]is varied in very small ste@sd the intensity of
the diffracted Xray beam a2d anglew.r.t. thedirection of theincident beanis recordedsee Figure
3.2). The position of diffraction peaks gives information about the atomic planes from wia X
beams are reflected and the gpg between these planes that kelp identify different elements
present in the sample and their crystal strucideing the measurements thegreperformed for this
thesis work, waised a CkK UX-ray source of wavelength 1.54A.

Incident X-rays Diffracted X-rays

(b)

Sample

Figure 3.2 (a) Schematiaiagramof X-ray diffractometer(b) X-ray diffraction from thelattice

planes.
3.32 X-ray reflectivity

Any thin film-basedtechnological application neggrecise determination @he thicknessof these
films. This isbecausemost of theproperties of a thin film are thicknedependentTherefore the
determination of the thickness of thin filmgith high precision is very important for these
technological applications{-ray reflectivity (XRR) is anoncontactand nordestructive technique
for probing thequality of the surfaces and interfaceghich was firstapplied in 1954y Lyman G.
Parrattto explore the surface of @ppercoated glas$4]. This measurementechniqueprovides
information about théhicknessjnterfacial roughnesandaverage electron densities of differentsub

layers of a thin filmThe operational principle of XRR is to monitor the intensity of the reflected X
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ray beam from the sample placed at a grazingeaAgmonochromatic X ay beam of wayv
is incident on a sample placed at a grazing atigled the reflected intensity aRd angle is recorded.

The X-ray beams are reflected from different surfaces and interfaces which act as agssisalue

to different refractive indesand electron densits Whend is below the critical anglg O 0 . 3 f
most materials), the total external reflection occurs. The valdgfof a material is determinebly its

electron density. Above, the reflected beams will interfere and produce interference fringes. The
period and decay profile of these fringes decide the thickness and roughness of differem léysrs.
thesis, we havanalysedthe reflectivity déa by using théParrattFormalism.If the sample surface and
differentinterfaces are not smooththen the intensityf the reflected Xay beamwill deviate from

Fresned $aw of reflectivity. Ths deviationis analysedby the classical treatment d¢iie changing
electric and magnetic field vectors this formalism only a single reflection from each layer is
consideredwhich significantly reduce the contribution of the higher order reflected terms in the
overall reflectvity of the multilayergsee Figure 3.3)f the surface is not smoattihen the reflectivity

(R) can be expressed as:

Y — —Q Qa& (3.2
Here ” is the electron density profil@ = 4 Sind/a; whereads thewavelength otheX-ray.” is the
densityof thematerialat the bottorrmost position. There atevo differentregions in the XRRlata
i) Whend < dc, thenR = 1, whichmeans 100% of the incident radiation is reflected.

i) whend Od,, thenR® Q* andXRR-tracesshowoscillations withanangle which arecalled Kiessig
fringes
According to t he r&iaofrefeded and tranhsmittesglitudesbetweerfi"and
j+1" layers(®) can be given as:

i

& h _Q  f (3.3

h

Here 'Q represer the thickness dhej"layer, O is the zcomponent of the wavenumbamdi f,

is the Fresnel 6s coefficient which can be rep]

iy —t (3.9

h h

In the convention of this modul® Ttis theair and’Q & p is the substrate. The assumption that

no reflection was from the substrate makkes 1. Reflection from random rough surfaces ppae
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lot of analytical problems as the inclusion of the boupdanditions for the electromagnetic wave is
nontrivial. A simplifying assumptiorproposed by N evot and Cro¢8] has beenncluded in our
Parratd analysis modulewhere the roughness profileis considered to have a nature similar to the
error functon having the functional form

01 "Gw = Q Qo (3.5
Also, in ourParratd snalysis module,hie — and total film thicknessl are approximated by the

relation:
—_ — 0 —_ (3.6

WhereN is the peak number and the angles are in radian.
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Figure 3.3 Schematic of multiple reflectiafrom a multilayer film having fayers on a substrate
with n+1interfaces.

3.3.3 Atomic force microscopy
The domic force microscopyfAFM) technique was first developed in 1986 by IBM to study the

morphology and topography afsample surfacg]. This sanning microscopy techniqwan havea

vertical resolution of 0.1 nm and lateral resolution of about 20 nm under ambient condition. In this

techniquethe atomic force between a cantilever tip and sample surface is probed and later imaged.

This method careasily characteriza wide range of materials such as polymer, ceramic, glass,
composite materials, thin films, biological membrsete. A multimodal AFM setip has mainly four
parts:i) optical headii) piezoelectric scanning stage) mechanical cantilever with a sharp &pd

iv) controller which is connected to the compuysdrown in Figure 3.4)The optical head contama
laser and a few photodetectoi$ie ample is placed on a piezoelectrig/sz scanning stage that

enablsvery recise and accurate scanning vétiesolution better than the optical diffraction lin#.
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sharp tip(coated with metals or doped diamond etc.) attached to a can{deated with Rtr, Co-Cr

etc.) is uilized to scan the sample surface. When tiaatiever tip is brought closer to theample

surface, it starts to experience different atomic forces such dtapaporce, electrostatic forcéhe

force due to chemical bonding, magnetic force, van der Waals force etc. These forces cause the
deflectionsfrom the usual cantilever motion. This deflection is mapped by the lasas tiefiected

from the upper surface of the cantilever and this laser deflection is detected by sensitive photodetectors
attached to the optical head. The signal from the phatottetis collected via the controller in terms

of voltage and a thredimensional image of the sample surface is formed in the computer.

4 quadrant

photodiode Feedback control

Laser source

Monitor

Figure 34: Schematic otomic force microscopy
Any change in surface topographwydeto adeflection of the cantilever tip and this deflection can be
imprinted onathreedimensional image collected throutjte controller. An AFM setup can operate
in three different modes$) contact modeij) non-contact modgandiii ) tapping mode. In theontact
mode of operation, the tip of the cantilever is kept very close to the sample gwithoe a few A
distance) which experiences repulsive van der Waals force. To avoid any damage to the cantilever
tip and the sample surface during the scanpiogess, these cantilevers are made of highly flexible
substances. In the n@ontact mode of operation, the cantilever tip remains at a distance from the
sample surfaceoghat it could experiencanattractive van der Waals force. Tapping mode is thetmo
preferred modef operationfor AFM setup. In this casethe cantilever tip vibrateat the resonance
frequency and the distance between tip to sample surface oscillates between contacbtdawbn
mode. Hereclose to the sample surfadbe tip experience a repulsive force which resalin a
decrease in the oscillation amplitude. With increasing distance betweenahd thesample surface,
the strength of this repulsive force decreases and eventually turns into an attractive force at a certain

distance. The final AFM image is an imprint of the changing amplitude of the cantilever tip.
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3.3.4 Micro -Raman spectroscopy

Micro-Raman spectroscopy] is one ofthe most informative spectroscopic technique to characterize
carbonbasedmaterials. Raman scatterin§] was first proposed in 1930 by C. V. Raman where
photonsareinelastically scattered from the molecules and medtheir energy. The difference in the
energy between the incident photon dnelscattered photon is calléde Raman shift. This energy
difference gives information about the amoafhphonon excitation and change in the electronic state
of a material due to the scattering process. Raman scattering can be of two typesStakeslsnd
anti-Stokes. In theStokesscatteringthe energy of the photons after scattering decreases while after
the scatteringmolecules are in a higher vibrational energy state. In contrast, photon energy increases
by lowering the vibrational energy states in the -&udkes Raman scatieg process. Different
wavelengths from various types of lasers can be used for Raman spectroscopy. Optaaiglsare

used to acquire the transmitted laser beams from the samples and acoli@igd device displays it

as the Raman spectrum. Inglhesis work, we have used thmgro-Raman spectroscopy to determine
the defect densityquality andnumberof graphene layers. For this measurement, we have used a 532
nm wavelength argeion laser, a thermoelectricalyooled chargecoupled device detector with
1024 x256pixels, a1l00X objective and 600 gr/mm grating with a numerical aperture i&s8r spot
diameteroD 0 . 7 (Schejnatic of the setp is shown in Figure 3.5)

Beam Rayleigh Charge-coupled

Mirror-2 splitter Lens filter device
. ‘ -
Diffraction
grating

Microscope %
Objective ol
Sample ¢ *

| Monitor
Scannin .
g Mirror-1 Laser source
stage

Figure 35: Schematiaiagramof micro-Ramanspectroscopy

3.35 Vibrating sample magnetomety

The magnetic moment of a material can be quantified by several methods siemdsctive method,
magneteoptical method, force meth@hdelectrical method. Vibrating sample magnetom§@it$M)
[9] is an efficient and widelysed inductive method to investigate the magnetic moments of a material
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as a function othe applied magnetic field and temperature. This measurement technique was first
developed in 1956 by Simon Foner. Overykars, its versatility and sensitivityyv&improved.The
basic working principle behind VSM measur emen
According to this law, a change in the magnetic flux passing through a coil can generate an induced

electromotive forcg€E) in that coil. ThisE can be given as:
O 0 60— (3.7)

Here,Ais the area of each coll is the number of turns in the coil aBds the magnetic inductiom®
is connected to the system magnetizafigh through the relationd O t1“ 0, whereH can be

assumed to be a constant parameter. Utilizing the valBenoéquatior3.7, we will obtain:

o 106 (3.8)
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Figure 36: Schematic ofvibrating sample magnetometer

During the VSM measurement, the sample is mounted on a nonmagnetic plastic or quartz rod and
placed vertically hanging in between two magnetic pole pieces of an electrorfsamEigures.6).

This electromagnet will provide the samplith a uniform magnetic field and will try to align its spins
along the field direction. A piezoelectric transducer is attachatie sample rod which helps to
oscillate the rod sinusoidally along the veatidirection. This vertical oscillation of the sample will

provide a perturbation to the external magnetic field which will eventbalpicked up by the coils.
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This perturbation will change the magnetic flux linking through the coil and induekeemomotive

force that can be given by:

O ¢ Qg O I0AT © Qo (39
Where 0 andw arethenumber of pickup coils and the distance between the cilandz arethe
frequency and amplitude of thébvationandmi s t he sampl eds Thi€indmaed net i
electromotive forcés detected by a loeka amplifier. The reference signal for the leickamplifieris
given from the piezoelectric transducer. To obtain the magnetic hysteresisdoepsan vary the

external magnetic field, while the temperatdependent magnetic measurement will give the Curie

and Neel temperature of the sample.

3.3.6 Staticmagnetooptical Kerr effectmagnetometry

The SSMOKE is a magnetmptical method thas usal to measure the magnetization of thin films and
nanostructures in terms of Kerr rotationellipticity [10, 11] It is a local and neimvasive technique

for magnetization measurement. AlthougiM®KE can measure Kerr signal in all three MOKE
geometies but inour thesiswe have primarily used the longitudinal Kerr geometry where the sample
magnetization is parallel to both the incident plane and sample surface. A contvaxeusieNe
laser(wavelength = 632.8 nm) is used for the detection oKtrerotation Beforeexciting the sample,

the laser beam passes through a polarizer to make the incident beam fully linearly polarized. An in
plane magnetic field is applied via an electromagnet. The reflected beam from the sample is directed
towards an optiddridge detectofOBD) which can detect the rotation in the plane of the polarization.
The output signal from the OBD is measured in a plsassitive manner using a leak amplifier

(see Figure 3.7). Thiaserbeam ismodulaed ata 1 kHz frequency by a photo elastic modulator
(PEM). The optical head of PEM is connected to a controller unit via an electrical head. The frequency
of the PEM provides the reference signal to the diocamplifier. For the magnetic Bteresis loop
measurementhe external irplane magnetic field is varidcbm the positive direction tahe negative
direction andhechange irtheKerr signal is monitored at each field value with the help of LiaW

software.
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Monitor

Figure 3.7:Schematic of gatic magneteoptical Kerreffect setup.

3.4 Dynamic measurement technique

To investigate the ultrafast spin dynamics of the magnetic systems, we have usemlimear TR

MOKE magnetometry based on the amplified femtosecond laser systeMOKE is a dualbeam
pumpprobe experiment, where a pump pulse first excites the system under the investigation, after
which a probe pulse, detsthe pumpinduced changes in the system at different delaystja@13].

By scanning over a broad timescale, the temporal evolutitreafystem after the initial perturbation

can be obtained. It can detect a series of phenomena such as ultrafast demagifetizatoima few
hundredsf femtosecond timescale), fast remagnetizafomeurs in a few picoseconds timescale) and
slow remagnetization superimposed with damped precessional oscillaticours in a few
nanoseconds timescale). This amplifier ldsased TRMOKE magnetometry Maalso many

advantages like:

1. This technique haavery hightemporal resolutionf ~ 35 fs.
2. No canplicated microfabrication is required for measuring a sample using this technique.
3. lItis alocal technigue with a spatial resolution o080 1 eamal hence have minimeffects arising

from large area averaging.
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4. The amplifier laser is used for this TROKE operation which haa very highaveragepulse
energy of ~ 4.2 nmipulsewhere we camasily deliververy high fluence valueof ~ 100 mJ/crh
Also, we can vary the wavelength of the laser beam from 250 nm to 2200 nm by using an optical
parametric amplifier syste.

5. This is an alloptical and nohinvasive measurement technique that is also free from any effects

arising from electrical leakages.

In the following section we will discussthe experimental arrangements of thisigein detail.

3.4.1TR-MOKE magnetometry

In the TR-MOKE magnetometer sefp, a fundamental laser pulse of 800 nm wavelength and 35 fs
pulse width is generated hige regenerative amplificatiofRA) method. The apilifier laser system

(Libra, Coherentinc.) consists of14]:

I. A seed lasefnamed Vitesse)
II. A pump lasefcalled Evolution)
lll.  Regenerative cavity
IV.  Stretcher and compressor grating
V.  Synchronization and delay generator

In this pumpprobe seup, the fundamentdaserbeam is slit into two parts. One part is frequency
doubled(wavelength = 400 nm)y using a seconrtdarmonic generator, which is usedths pump
beam to excite the sample. The other pagvelength = 800m) is used as the probe beam to detect
the subsequent dynamicBhe pump bearis incident on the sample obliquely while the probe beam
is incident normal to the plane of the sample. The baflkected probe beam is used to measure the
time-dependent polaferr rotation and reflectivity signasimultaneouslyBelow, we will elaborately

discuss different components of this-aptand their working principles.

3.4.11 Vitesse

The Vitesse laser module acts as the seed laser in the regenarapliication proces§l5]. This
module generatei®00 nm moddocked laser beam withr e pet i ti on r at e 80
sub100 fsandan average output power200 mW. There are two main components of this Uihi¢

first one is the laser heaaitiand the other one is its power supply that also contains a diode laser
assembly calledfibre array package. These two components are interconnected via an umbilical that
carries a bundle of file cables for transmitting the laser beam from theefésray package to the laser

head. This umbilical also carries electrical cables to control and monitor the signals between the power
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supply and the laser head. The laser head unit has thresysteins(See Figure 3.8)i) a diode
pumpedsolid-statelaser @alled Verdi attached with @i: Sapphire oscillator, ) an assembly mirrors

along with a powetrack mirrorandiii) a Verdipumped ultrafasfVPUF) laser.

Input

Output

Power-track

mirror
A\ <

Figure 38: Schematiaiagramof theVitesse laser head.

A. Verdi laser head

Verdi lasethead is designed to produce muttt-level singlefrequency continuoug/ave greerf532

nm) laser by employing intreavity seconeharmonic generain. The optical elements of Verdi
consist of a gain medium of Ndbped yttrium orthevanadatg(Nd: YVOa), a frequency doubling
crystal of lithium triborate(LiB30s, commonly called LBO), an intreavity etalon for the single
frequency selection, astigmatic compensator, an optical diode, two end mivtdbrg pump mirrors.

All these optical elements are maed upon aimmovable base plate attached with a strong Invar
slab with zero thermal expansion coefficient, high specific heat capauitgood passive thermal
stability. The permanently aligned resonator assembly is kept in arcleanenvironment insela

sealed enclosure. The NdvVO4 gain medium of Verdi is pumped layp 808 nm laser beam obtained

from the filre array package and emits a strong sifigdgguency beam of 1064 nm. This output beam

is passed through the LBO crystal which generates a 532eam by seconrtarmonic generation.

The laser resonator goes through a unidirectional singdgiency oscillation by using an intcavity

etalon along with the optical diode. The sinffequency selectivity is enhanced by teenperature
stabilized Rbry-Perot etalonwh i | e t he opti cal diode uses the
achieve a unidirectional lasing. Any thermal gradient inside the laser resonator can cause astigmatism
due to thermal focusingvhich can be mimized by temperature optimizatioAstigmatism may also
appear due to the use of spherically curved mirrors inside the resonator cavity which is eliminated by
using the Brewster plate compensator. For maximum efficiency of the Verdi laser thealdBO

crystal need to satisfy a band matching condition where the fundamental beam and its-second

harmonic travel inside the crystalthesame velocity. This phase matching can be achieved by tuning
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the temperature of the LBO crystal which is approximateB’C4or the fundamental laser beam of

1064 nm wavelength. To avoid sudden temperature fluctuation, which can damage the optical coating
on the LBO crystal, there iscantral processingnit to continuously monitor this temperature. A slow
heater rampup cyde is used to heat the LB@ystalwhile a slow cocldown cycle is utilized to cool

it down There is a battery backup circuit in the power supply for the controlled cooling of the LBO
crystal in case adisudden power cut.he532 nmwavelengthoutput been from the Verdi laser head

is guided towards the VPUF laser head through the ptaek mirror.

B. Power-track function

The powettrack function is used to maintain the alignment of the Verdi pump beam into the VPUF
laser cavity. This helps to minimizee fluctuations inside the cavity which eventually Et@dstable
output power. These powarack mirrors are connected to some levers which help them tq\saan
changing the tilt and altering the pointing direction) in the-p{ahe. These levers are controlledaby
piezoelectric transduc€PZT). When the Vitesse system is turned on, then the PZT controlleresuppl
some voltage to the levers and seasterscanning by changirntgepump beam position on the mirror.
After a set of course adjustmsrnhe raster scan is transformed into a smaller amplititter scan
(thechange in the PZT voltage is much smaller) for fine adjustment. System electroniistingnidh

the change in PZT voltage betweaaster scan andither scan througlanincrease irtheoutput power

which allowsfor optimizationof the pump beam alignment by fhening this PZT voltage.

C. Verdi-pumped ultrafast (VPUF) laser

The Ti: Sapplire is the active medium of the VPUF laser system. The 532 nm contimamesoutput

laser of the Verdi laser head is used to pump this gain medium which gives a pu&e0 sibutput

beam of 800 nm wavelength. In this laser hé&atr-lens moddocking technique is used to achieve
modelocking. Interaction of a material with a laser pulse can change the refractive index of that
material by creating atomic distortion. This effect is called as optical Kerr effékaedase of pulsed

laser beam, theentral portion of the beam hashigher intensity than that #e edges. Due to the
optical Kerr effect, the refractive index at the eslged the centre of the pulsed laser beam will also
be different forming a Kerr len3his laser beam will narrow down and only the intense potion will
only allowit to pass through. This output narrow beam is passed through a slit that allows only that
narrow portion of the beam to pass through unattenuated which pdkaelriving forcefor the
modelocking. The laser beam also pes through different optical components with different
refractive indces This causes ehangén the shape of the laser pulse and introdspectral chirping
(negative or positive) in it. This effect is kmo as group velocity dispersi¢@ VD). Also, Kerr lensing

leacs to different phase shdtfor different frequency components which can further increase the
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chirping and cause pulse broadening. This effect is known aphsede modulatio(SPM). A few
negdive dispersion mirrorswvhich are mainly FebrPerot etalonsare employed inside the cavity to
minimize the effect of GVD and SPM. Finally, a sb@0 fs pulsed laser output of 800 nm is obtained
from theVPUF laser head which is further used for the amgifian.

3.4.1.2Evolution

The Evolution30 is a Qswitched laser made of Neodymitaoped yttrium lithium fluoridgNd:

YLF) gain mediuni16]. This gain medium is pumped bBpAlGaAs diode laser. It delivers a 527 nm
output laser witha repetition rate of 1 kHz and average pulse energy greater than 20 mJ. An LBO
crystal is employed for the maximum possible sedoacnonic generation with a namitical phase
matching procedureThe entire evolution system consists of four unffs: optical laser bench
assembly(2) power supply(3) controlling computerand (4) closedlioop chiller. These units are

described below in detail.

A. The optical laser bench assembly

A sealed monolitla aluminum chassis that contains the parts (iRfour high-power laser diodes
(il) a diodepumpedNd: YLF laser (iii) an optical resonato(jv) a LBO crystal(v) an acoustaptical
switch, and (vi) a safety shutter constitute the entire opticaéddsench assembly fahe evolution

laser system. Brief discussions about these components are given below.

i. Diode lasers:TheEvolution-30 laser system employs four AlGaAs diode laser bars in altweke
arrangement to pump the laser gain medium. A wadeted heat sink is connected with the diode
laser bars for continuous temperature maintenance. These diode lasers arpusgadth@Nd: YLF

gain medium.

ii. Nd: YLF laser: TheNd: YLF gain medium is very efficient for the generation of hagtergy pulses

with alow repetition rate. This is due to its long upgtate lifeime (approximately 470 us) which is
very efficient instoring energy. Its natural birefringence and low thermal lensing help to avoid beam
quality loss. An intrecavity polarizer allowone to choose either 1047 nm or 1053 nm as the emission
wavelength. However, EvolutieB0 normally operates at 1053 nm waarejth due to lower thermal

lensing at this wavelength.

iii. Acousto-optic Q-switching: Interaction of an optically transparent material with the ultrasonic
vibration leads to a coupling between the refractive index of the material and the strain field of
ultrasonic vibration. This effect is known #se photoelastic effect and it converts the optically
transparent material into a grating. If a laser pigdsecident on this grating, then it diffracts the laser

beam with different refractive imcksin different directions. This results in a loss of energy within the
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cavity and decreasehe Qfactorof the cavity. A PZT is used to produce ultrasonic vgdvem an
electrical signal. By switching off the PZT voltage one can stop the ultrasonic vibration in the optically
transparent materigin our case fused silica) and tune the laser cavity into a hifgtctQr state. So,

by tuning the voltage of this traducer a witched laser pulse is emitted.

iv. Frequency doubling component:A nonlinear LBO crystal, which provides higfficiency
frequencyconversion and a large acceptance angle, is employad agput coupler to generate a
frequencydoubled @Qswitched beam. A heater is used to maintain the temperature of the LBO crystal
at 3274°F (164.1°C) for its maximum efficiency. This LBO crystal can also work efficiently in
between the 157°C and 171°C temperature range. It converts a 1053 nm input lasetdassa7

nm beam. The crystal is coated wathanti-reflection coating for reducinipereflection for 1053 nm

and 527 nm laser beam

B. The power supply assembly

The main function of the power supply assemblyo apply DC voltage to all thelectronics. It is
connected to the optical bench assembly through an umbilical cable. The major components of the
power supply assembly are master control electronics, diode power supply, LBO temperature

controller, QSwitch driver and few accessory electics.

C. Control computer

All the operations inside EvolutieBO are controlled througthe A Ev ol ut i ond LabVi
installedon an external computer. The laser system is connected to thtemfigured computer
througha USB interface.

D. Closedloop chiller
A closad-loop chiller unit is provided for the waste heat dissipation inside the Evol@ieystem.
Also, it maintains the wavelength of the diode lasers and ensures its maximum absorptiddin the

YLF gain medium. The temperature and puesof this chiller uniarekept at 18.5°C and 60 PSI.

3.4.1.3Working principle of Libra

Different phenomena are involved in the regenerative amplification process inside Libra. All the

phenomena are described in the following section.
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Figure 39: Schematic diagram dihe stretcher regenerative ampliér andcompressooptical
components

A. Chirped pulse amplification (CPA)

CPA is a techniqu#or obtainng a high energy pulse froomailtrashort low energy pulsBeforethis
amplification, the laser pulse is temporally stretched by approximately 10,000 times. This stretching
help to avoid energy loss due to siel€using where a highly intense beam loses some energy due to
avery short path length. After stretching, theak power ofhelaser pulse is significantly reduced.

This low-power pulse is then amplifidaly about a factor of by using the regenerative amplifier.

After amplification, this amplified laser pulse is compressed back to its original temporal muratio

B. Pulse stretching and compressing

Pulse stretcherand compresserare devices that can delay certain frequencies relative to others by
sending different frequencias different directions. These devices are mainly diffraction gratings
which can gketch a short laser pulse into a longer one and compress a long laséntpudsshorter

one. Inside the stretcher optical components, the (higgner) frequency travels a longer optical path
than the reddeflower) frequencies. Thus, the redder fraggies exit from the stretcher first and the
optical pulse get stretched due to positive group velocity dispeiGiéD). The output laser pulse is

also callechpositively chirped pulse. Pulse compression is the reverse mechanism of pulse stretching.
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Here,the bluer frequencies tend to travel a shorter optical path in comparison to the redder frequencies
resulting in a negative GVD. In this case, the output pulse is calleegatively chirped pulse.
Although after passing through the stretcher the lasésepges stretched temporallyafter
compressionit returrs to its initial temporal width again.

C. Regenerative amplification

Regenerative amplification is a process to convert a low peak power laser pulse into a high peak power
laser pulse. ATi: Sapphire crystal is used in this amplification process. This Ti: Sapphire crystal is
highly thermaistrainresistivewhich makes it durable for highower optical pumping. The operation
principle of regenerative ampliéir (RA) is to amplify a confined single laser pulse by using its
polarization state followed by dumping the cavity output.afdea]ouleorder laser pulse is amplified

into amilli -Jouleorder pulse that indicagéts amplification by a factor of £0The amplifi@tion factor

in each pass through tfi@ Sagphire crystal is only 3 times, but this huge $mes amplification is

achieved by multpassing the seed laser through the punipe8ayphire crystal.

The optical component&shown in Figure 3.9that are involved in the amplification process are

described below:

(1) Stretching operation: The path traversed by a laser beam during the stretching operation is as
follows:  SM1:SM2-FI-SM3-SM4-SM3-SG-SM5-SM6-SG-SM3-SM4-SM3-SG-SM7-SM8-SM9-
SM10-RA cavity

(2) Regenerative amplification operation:A Ho1 d configurationo i s
regenerative amplifier cavity. The path of the laser beam during this regenerative amplification
operation is as follows: RMRWP- RPC1-RI1-RM2-RTS-RM3-RP-RI2-RPC2RM4.

Synchronization and delay generator and the Pockels cell$he Pockels effect mainly appean
materials like lithium niobat@ iNbO3), which shows inversion symmetry breaking.eBemateriab
constitute Pockels cells (PCs) whigtoduce birefringence througihelinear electreoptic effect with

the application otheelectric field. FZ is a major component of electaptic modulators and mainly

acs asavoltagecontrolled waveplate. Two@ ae used in the regenerative amplification operation.
With the application of voltage, thes€#®act like quartewave plates and rotate the polarization by

90° by a doublepass mechanism. The firsCRraps the beam inside¢he resonator cavity for the
regererative amplification while the secondCRejects the amplified beam out of the cavity. This
trapping and ejection of beams need to happen in a synchronized way with a time gap of approximately
150 ns in between them. Also, the firsE Bust be synchronizedith the pulse train ofhe Vitesse

seed laser to allow only a single laser pulse into the resonator. These synchronization operations are

62



controlled by the synchronization and delay gener@OG) unit[17]. In addition, SDG introduces
anoptimum delaybetween two Bs to achieve maximum gain during the nypltiss operation. SDG
is connected to the baivddth detectoBWD) interlock system for the protection of the regenerative
amplifier unit from any intense laser pulses that can damage the unit.

(3) Compressing operation:The path of the laser beam during the compressing operation is as
follows: CM1-CG- CM2-CM3i CG-CM4-CM5-CG-CM3-CM2-CG-Output.

Finally, the Libra laser systemesgiith e 800 nm fundament al pul sed |
fs,averagepul se elBmy gyrepetitianmdout ptue po Wedhpbdayd W.
operation this output pulse is optimized remotely by tuning a knob connected with the compressor

grating and a few associated mirrors inside the Libra.
3.4.14 Verification of cavity buil d-up process inside libra laser system

The efficiency of theregenerative amplificatiomprocess depends upon tpeecise coordination
between Vitesse seed pul&olution pump pulse and amplifier PCEhe alignmenproceduref

theregenerative ampliéir (RA) have three distinct steps:

i. Prealignment of optics using H¥e laseDone at the time of installation).
ii. Alignment ofthe Evolution pump beam.

iii. Alignment of Vitesse seebdeam

To optimize the RA cavity, th€&i: Sapphire crystal in the RA is pumped by the Evolution laser pulse.
This pump beam is focused into thie Sapphire crystal by maintaining a constant heighb inches).
Furthermore, the stretch&ttesseseed laser pulse from the stretcher is used as an input to the RA.
Someportion ofthe modelocked seedlaser beam islsodirected towards a photo diogéhich is
connected toraoutput line(called regen buildip line)located at the backside of the Likrlassis

This output line and a trigger coming from the frontpanelof D@ b el | ed as dédsync ¢
connected to a 1 GHiigital oscilloscope to monitor the int@avity buildup during system operation.

The timebase of tfs oscilloscope is set to 1800 ns per division. Thiescilloscopeproducesan
output of a megahertz pulse trattere,each pulse is the same laser pulse on its multiple passes through
the RAcavity. The photodiode signal without andtlva wellaligned seed beam is shown in Figure
3.10@) and 3.1(b), respectively. In the weliligned condition, thelelay timebetween two PE€is
optimized througlSDG to cavity-dumpthe amplified output pul¢as shown in Figure 3.1€)) and
achieve maximumoutput powerAfter efficient generation of amplifiedulse,the pulse width of the
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beam can be optimized byeuser externallypy fine-tuningthe compressor delay stage. R cavity

remains stable if the temperature, humidity and dust levBEkimir is maintained carefully.

Figure 3.10Photodiode signal §a) unseededp) seeded angt) perfectlyoptimized condition of
RA cavity.

3.4.15 Secondharmonic generator

In our pumpprobe experiment, the 800 nm fundamental output beam tirenhibra is used as the
probe while its secondarmonic, i.e., 400 nm wavelength is used as the pump. A séeonobnic
generato(SHG)(Model number: Harmonic, HG9) is used to generate this 400 nm seebadnonic
beam for our pumyprobe experiment. Thimodel also can generate a third harmonic beam of deep
ultraviolet wavelength. The basic operational principle of SHG depends on the nonlinedngy in
optical properties of a dielectric material. The polarization and refractive index of dielectriataater
can have both linear and higkhander nonlinear electric field terms. In the Forear crystalsthe
generation othe secondharmonic beam is the result of coherent dipole radiation which is connected
to the seconarder polarization term. If dipateof a norcentrosymmetric crystareplaced under an
oscillating electric field of frequency ¥, the

¥y and i-bhar mecioadf r e qu e-mmmpnicoutput pdwereanbeexpressed as:

Lo

(3.10

Where ais the length of the nelinear crystal Py is the input powers-is the norlinear coefficient,
%ois the phasenatching coefficient and is the beam spetize.To increase the output powef the
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secondharmonicbeam the beam spot size is decreased and collimated by using pair of lenses. The
collimated beam is then tightly focused on the-tinear SHG crysta{which is Barium Betdorate

(BBO) for our case) which generates a horizontptarised frequenegoubled beam and a
vertically-polarized residual dhefundamental beam. These two beams are isolated by a prism which
diffracts the secontiarmonic beam onto another pair of prisifisis type of optical arrangement has
three purposesi) the seconéharmonic beam becorsparallel to the fundamental beafii), the output

beam maintaiga fixed direction independent of the crystal orientatam(iii) the ellipticity induced

in thesecondharmonic beam is compensated. In the end, both the fundamental andis@coaodic

beans exit parallelly through two different output ports. To minimize the temporal broadening due to
GVD, a very thin BBO crystal is used. In addition, for avoidingisture accumulatiom the crystal,

it is kept within a sealed cylinder with antireflection coating and filled with indakching fluid.

Seconhd harmenia
generatgy

The amplified laserunit . @ @ "~

a5

&l parametric
amplifier

Figure 311: Photograplof the noncolinear TRMOKE setup in our laboratory.
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3.4.16 Description of thenon-collinear TR-MOKE set-up
The verticallypolarized output beam of the Libra amplifier laser is split into two parts using a beam
splitter. One part of this fundamental beam is eds$sto the SHG for frequency doubling. The
frequencydoubled output bearaf SHG is used as the pump beam. The other fundamental part is
attenuated into a very low power beam which is eventually used as the probe beam. Before probing
the sample, this beam is collimated by using a pair of ptanvex lenses of 10 and 15 cm fbca
length. This collimated beam is steered into a motorized delay (ftageNewport, ModelESP301
1N) with aretroreflector(Modet M-IMS500PB for the introduction of a variable time delay. The
output beam from the retm@flector is guidedowards the sample and fatnto the sample surface
after passing through a plagonvex lens. A GlaiThompson polarizefThorlabs, Model: GTH5M)
with a 100000:1 extinction ratio, is used in the probe beam pattihédrigh degree of polarization.
Few varable attenuators are placed in the pump and probe paths for power adjustment. The sample is
placed on a holder which is connected toxay-z translational stage. The pump beam excites the
sample obliquely while the probe be&mcident normally on theample. Both pump and probe beam
are kept slightly defocused on the sample to avoid any damagerntwthliic thin filmsample. The
spotsizeothepump and pr obe beam,raspectieely.dheprob2 Be@m iaptaded 1 0 C(
at the cenk of the pump beam to avoid probing any Roniform excitng part of the sample. The
reflected pump beam from the sample is blocked while the reflected probestsgitninto two parts
by using a beam splitter. One part directly dalh a silicon photodetector to measure the total
reflectivity of the sample. The other part pasthrough a GlaiThompson polarizefwhich works as
ananalyzer) and falk on a silicon photodetector to measure the Kerr rotation ahldyselis kept at
the extinction angle so that it only passes the Kerr rotated probe beam with a minimal reflectivity
background. The output of both silicon photodetedtomseasured by two different loak amplifiers
(Stanfordresearctsystem Model: SR83(Q. An external magetic field in the desired configuration is
applied by using a permanent bar magnet. The pump beam is periodically c{ubymxr frequency

3 7 3by &hzopticalchopper(Thorlabs, Model: MC2000B with 16lots ¢copperblade. This
chopper also provides the reference to the-ln@mplifiers foraphasesensitive measurement of both
time-resolvedreflectivity and Kerr rotation. The timgependent dynamic data is collected by using a
homebuilt LabView software. The humiditgnd temperature of the laboratory are maintained below
30% and 22°C respectivel. photographand schematic diagraof the TR-MOKE setup is shown
in Figure3.11 and Figure 3.2
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Pump =400 nm\;' .
Mo'“,

Lock-in amplifier-2

Lock-in amplifier-1

Figure 312: Schematiaiagramof the noncdlinear TRMOKE system.

3.4.17 Standard measurementprotocols of time-resolved dynamics

After maximizing the output power from the Libra amplifiaser and th&HG, the probe and pump

beam are kept at a suitable fluence for the furtherttineng of the TRMOKE system. Usuallythe

total reflectivity signal of a reference silicon substrate is monitored at different delabymeving

the motorized delay stage. The reflectivity data shawharp rise followed by an exponential decay.
The onset of this sudden rise of refleit}i can be identified as the position of zatelay position

when there is perfect temporal overlapping with no time delay between probe and pump beam. The
profile and decay time of exponential decay in the positive delay provide information aboutitige qua

of pumpprobe alignment. This alignment can be improved by adjusting the mirrors placed in the path
of the pump beam. After optimization of the transient reflectivity signal, the magnetic samples are
placed in the place @fsilicon substrate and a gpaetic field is applied along the desired direction by
using a bar magnet. The reflectivity and Kerr rotation signal are captured in the computer at different
time delag through an automated way by using a hdyuét LabView program. The total delay time

depends upon the length of the delay stage which is &butor our case.
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Chapter-4

All -optical detection of interfacial spin transparency
from spi n pla/@oreBrihgy filman D

4.1 Introduction

Development of advanced spintrofie4] devices with minimal power dissipation has attracted great
interest in recentimes. The major goal of modern spintronics is to harness pure spin ¢or&hto
enable more efficient information processing through-valatility, rapid switching and energy
efficient onchip integration of magnetic bits in memory devices. Singe gpin current does not
involve net flow of charge, Joule heating and stray Oersted field effects can be avoided in spin current
based devicefr]. Pure spin current or flow of spin angular momentum can be originated from the
spindependent scattering ireavy metals such dise spin Halleffect[8, 9], Rashb&aEdelstein effect
[10,11], spin pumping12,13], electrical injection from ferromagnet in a Alocal geometry14,15]

and spin caloritronic effe¢6,17]. The fundamental concept of spin pumping is depicted as follows:
precessing spins i@FM transfer angular momentum to the conduction electroas afljacent NM
layer. This can act as a sensitive probe for many bulk and interfacerbfieffects. Tie extent of
spin pumping is calculated from the modulationtbef Gilbert damping parameter; the latter plays an
important role in determining the switching efficiency of spin transfer tebgised spintronic devices.
The plethora of works in the emergifigld of spirrorbitronics[18] have revealed that interfacial
transport observed in spin Hall eff¢8t 9], RashbaEdelstein effect10,11], spirSeebeck effedtl9],
spirntNernst effec{20] etc. is highly influenced by spin conductance at the interfaterfacial spin
transparency21] as a functiorof spinrmixing conductancg22] effectively determines the extent of
spin current diffused through tiM/FM interface. The role of transparency in ab@sed interface
while determining the amount of spifall effect has been reported in recent stufikdg. Later, the
influence of spin transparency thespin pumpingffect has been studiedaCoF e AdTd irfierface
usinganelectrical detection techniqyi23]. However, tahebest of our knowledge, westigation with
aperspective of determining spmixing conductance and interfacial spin transparency by using all
optical excitation and detection technique is missing in the literature. In adtigatetermination of
interfacial spin transparency bfe c hn ol o g i c arb/CofFeBiisralpocabsenain the liferature.
It is worth mentioning th&t-Ta posseses alarge spin Hall angle, in addition to being a good spin sink
material and costffective in comparison to Pt. On the other hand, CoFe&sblogically important

because of high spin polarization, exhibition of large tunnel magnetoresistance when E$&d as
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electrode in magnetic tunnel junction and low intrinsic Gilbert damfihg.pesence of Boron at the
interface betweeh-Ta/CoFeB makethis system intriguing as some of the earlier studies suggest that
small amourg of Boron help in achievinga sharp interface, although excess Boron leads to

contamination at the interface.

In an NM/FM bilayer, there are other mechanisms of dissipaifospin angular momentum at the
interface than interfacial spin transparency, which may affect the magnitude of spin puragEpg)
memory los$24], Rashba effe¢iL1], two-magnon scatterin®5], interfacial band hybridizatidi26],

etc. However, for the sake of energjficient device fabrication, the interface in the engineered
structure should hava high spin transmission probability. So, it is imperative toay@eep insight

into the mechanisms involved optimizethe efficiency ofyeneration and transfer of pure spin current.

In this chapterwe have performed TMOKE measurementf27] to explore the effect of spin
pumping phenomena ithe b-Ta/CoFeB bilayer system. Measurementshafspin pumpingeffect
performed so far by ging electrical excitation and detection techniques, such astaspine
ferromagnetic detection techniq(®T-FMR) andspin Hall magnetoresistance methdkat require
extremely delicate micréabrication. Extraction of magnetic damping from FMR linewidth
measurement, where excitation of multiple modes and effect of impurity scatterings ceay lead

to inhomogeneous line broadening, resulting in an overestimation of damping valugsveease

reliably probed spin pumping and interfacial spin trangpay using a neimvasive aloptical method

without the requirement oh complicated micrdabrication procedure. Magnetic damping can be
directly extracted from the decaying amplitude of tirasolved Kerr rotation data, free from any
experimentalartefacts. In the case of multmodal oscillation the timeresolved data can be
appropriately analyzed to extratte damping of individual modes precisely. From modulation of
damping with Ta thickness, we have determined the intrinsierspimg conductancefd®-Ta/CoFeB
interface(which does not involve the backflow of spin angular momentum) and spin diffusion length
[2 8] -TaflLatdr, effective spimixing conductancéwhich involves backflow of spin angular
momentum) is estimated from the dependencempitag on FM layer thickness. By using a spin Hall
magnetoresistance modé&9], we have calculateithe interfacial spin transparency bfTa/CoFeB.

We further investigate the possible effects of other interface phenomena, including spin memory loss,
byinomr porating a thin CdaapCoEeB layels.dNggegible inceldlaivon efn  t
damping with Cu spacer layer thickness confirms the dominance of spin pumping generated pure spin

current and its efficient transport in this system.
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4.2 Experimental details

The heterostructured thin films of Sub/T@/CoFeB (d)/SiO> (2 nm), where nonmagnetic layer
thicknesst =0, 1, 2, 3,4, 5, 6, 7, 10, 15, 20 nm and ferromagnetic layer thickhesk, 2, 3, 4, 6,
10, 13 nm, were depositedth RF/DC magnetron sputtering system on(800) wafers coated with
100 nmthick SiQy. The depositions were done at an average bassyre of 4.0 x 10Torr and argon
pressure of about 1.0 mTorr at a deposition rate oR52Very slow deposition rates were chosen to
have films with uniform thickness even at a very thin regime down to 1 nm. The Ta ande3eD
deposited usingF power 0f40 and 60 Wrespectively, while CoFeB was deposited ugivoltage

of 380 V. All other deposition conditions were carefully optimized and kept almost identical for all
samples. In another set of samples, we introduced a thin Cu spacer lagievaerbthe FM and NM
layers and varied its thickness from 0.4 to 1 nm. The Cu layer was depositB€ aoitage of 345

V, argon pressure of 1.0 mTorr and deposition rate oRs2

TR-MOKE technique is exploited to study the precessioranetization dynamics of the samples in
polar Kerr geometry. The fundamental begmise width ~ 40 fs, wavelength ~ 800 nm and repetition
rate ~ 1 kHz) of an amplified laser systénibra, Coherent) is used asprobe while a part of this

beam is frequesy doubled(wavelength ~ 400 nm and pulse width ~ 50 fs) to be usédegmimp

pulse. The probe and pump beamgp ot si ze of 100 and -@lnearlycom, re
the sample to detect the polar Kerr rotation as a function of the timeluiagen pump and probe
beams introduced througtvariable delay generator. The sample is subjected to a magnetic field with
10° to 15° out-of-plane tilt from the sample plaraadthe inplane component of this field is referred

to as the bias magnetiefi (H). This introduces significant demagnetizing field which is modulated

by the pump pulse to launch the precession in the sample. The probe was placed carefully &t the cent
of the pump spot so that there is no additional effect on the Gilbert damping teelissipation of
energy of uniform precessional mode flowing out of the probed area. All the measurements are

performed in ambient conditisn

4.3 Results anddiscussias

Static characterizations Figure4.1(a) shows the Xay diffraction patterns of Sub/T8/CoFeB(3
nm)/SiG (2 nm) heterostructures at the glancing angleofie formationodh i ghl y {Ta& xt ur
phase is established from the presence of veeng®0 0 2 ) p e a-Kasphasefat atMalee ob~
33.%. We have not observed any ss@f the UTa phase, which generally appeatshe2d value of
~ 38.8, in our experimental thickness regime. The d | ue obt ai-feptak &tr3dsBn t h
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correponds to ~ 2.8\, which ensures the growth ofthefehi n f i | ms i n t-phasedes i

having a preferential orientation @02) plane$30].

Further, we measured the thicknelependent resistivity dhe Ta layer from the heterostructures.
Charge current was applied along the length of the sample and the experiment was performed in
constant current mod&he sheet resistan¢®s) of the film stack as a function of Ta thickness is
plotted in Figuret.1 (b). The result has been fitted using the parallel resistors model. We have obtained
ast abl e -paosesthe wbhdle experimental thickness regime with constant resigtivijyof

248 N 24 egq.cm @nd) fios CoFed t o wkicharéBgclddetd 3 ¢

the values reported in the literatyiB4].

(a) [p-peak(33.5)
t= 20 nm
’5 1
= t= 10 nm
3
e t= 7.nm
S
= t=6n
= '
2 t=4pm
Q 1]
-
£ . t=3nm
1
: (I i A
30 32 N 3(4’ 36 38
2 e
. (deg)

Pr.= 248 uQ.cm
e Pcores= 139 pQd.cm

Sheet resistance (Q) &
w
o
o

0 5 t(nW‘l) 15 20

Figure 4.1 (a) X-ray diffraction patterns measured &tdrazing angle incidence for different Ta
thicknesses. Peaks correspondingheb phase of Ta ar e @hvariationoki t h
sheet resistance with Ta thickness. The solid line igcjitMeasurement of topographical properties

of samplesising AFM.

Table 4.1 The average topographical roughness values obtained using atomic force microscopy for
Sub/Ta(t)/ CoFeB(3 nm)/SiQ (2 nm)samples with different Ta thickness.

t (nm) 0 2 4 6 10 15 20

Roughnes¢nm) | 0.16 | 0.15 | 0.19 | 0.13 | 0.16 | 0.25 | 0.17
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The AFM images for Sub/T@)/CoFeB(3 nm)/SiQ (2 nm)samples arevestigated to study surface
topography as shown in Figu#el(c). From these images, we obtained the average topographical
roughness for the samples withk 0, 2, 4, 6, 10, 15 and 20 nm as listed in TdleThe roughness
values vary a little when measured at various regions of space of the same sample. @werall, t
topographical roughness is found to be significantly small for all the samples. Due to the small
thicknesses of the thin film heterostructures, presumably, the interfacial roughness will clearly show
its imprint on the topographical roughness. We tlarglude that the average interfacial roughness, if

any, present in these heterostructures is very small and is similar in all samples.

The principle behind the determination of spin pumping: Along with the local damping which

arises due to energy dissipation within the electron and phonon of ferromagnet itself, nonlocal damping
in the NM/FM system when magnetic energy is dissipated from FMeaadjacent NM layer can be
present. The opticalinduced magnetization precession in the FM layer cabsggeneration of spin
current at the NM/FM interface. These spins carry angular momentum to the adjacent NM layer which
acts as a spin sink by absorbing the spin current after traversing thefg@imailength and leads to

an enhancement dfie Gilbert damping parameter. This phenomenon is known as spin pumping and
can be destbed by the modified Landalifshitz-Gilbert (LLG) equation as given below:

— [0 Qtrlobd — 50 (4.1)

where o is the gyromagnetic ratidQQ ¢ is the effective magnetic field,, is the intrinsic Gilbert
dampingparameterV is volume andVisis saturation magnetization of the ferromagriéte total spin
currentls consists of the DC curref® which does not exist in our case, current due to pumped spins

from the ferromagneé®  andcurrent returned to thieM (backflow current)O
"0 0 B"MPHack (4.2)

Spins tlatare pumped out can either accumulate at the interface or relax througdhpspoattering
causingaflow of angular mometum fromthe FM to theNM layerthrough the NM/FM interfac& he

NM layer does not always act as a perfect spin reservoir dilne pin accumulation effect which
mainly cause¥0 . This backflow of spin current towards FM solely depends on the spin diffusion
length of the adjacent NM layer. On the other hand, the flow of spin angular momentum through the

NM/FM interface § quantified by spimixing conductance.

The theoretical framework described by Y. Tserkovngill.[12,13] includes a backflow factor of

spin angular momentum during relaxation of injected spins into the NM layers, which is given as
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f ¢ W -t anh (4.3)

whereUis the ratio of the spigonserved to spiflip scattering timegspin-lip probability), which is

material dependerind can be given as:
whereas andaare the mean free path and spin diffusion length, respectively.

Nonlocal damping at NM/FM interface directly depends on-smiking conductance. It can be of two
types:(a) intrinsic spiamixing conductancgGy }, which does not consider the backflow factor and
(b) effective spirmixing conductancéGes), which considers the backflow of spin angular momentum
[32]. Gy describes the electronic conductance property of channels in the interfaecerbé&tiv and

FM, where NM thickness is kept much longer than its spin diffusion length so that no backflow can

occur. Its dependence on the Gilbert damping parameter and NM thickness is di88/88};

. . - d M
Qi & p Q et gl (4.5)

ns

00| | eff| (46)

d Mg ¢

Here, the factor of 2 in the exponential term signifies the distance traversed by the spins inside the NM

layer dueto reflection from the NM/air interface, which is assumed tthb@erfect reflector.

The spin transmission probability of the NM/FM interface may be determined from the spin backflow,
which is linked toGes. Thereforethereduction of spin transmissigarobability can be explained by
intermixing and disorder at the interface. The interfacial spin transpa(@hdetween two layers

takes into account all such effects that lead to the electrons being reflected instead of being transmitted
at the NM/FM inerface and controls the flow of spin angular momentum across the interface.
Furthemore it is known thafl depends on both intrinsic and extrinsic interfacial factors, such as band
structure mismatch, Fermi velocity, interface imperfections,[21G35] To find the transparency of
channels we followed a spin Hall magnetoresistance nj@8¢where the spin current density that
diffuses into the NM layer is smaller than the actual spin current density generated via the spin
pumping in the FM layer. Thisan be linked to the effective spmixing conductancéGer) by the

following relation[21]:

o e flfa A-h
Y —mMM— 4.7

e fCf0 =h ——
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wherej is the resistivity ana-is the spin diffusion length of the NM layer.

All -optical investigation of magnetization dynamics¥igure4.2(a) showsa schematic othe spin
pumping mechanism along with the experimental geometry. Fg2i@®) shows the timeesolved
Kerr rotation @ta for the Sul2oFeB(3 nm)/SiQ (2 nm) sample at = 1.73 kOe which consists of

three different temporal regimes.

(a)
)
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Figure 4.2:(a) Experimental geometryp) Timeresolved Kerr rotation data for SawFeB (3
nm)/SiG (2 nm) sample at applied field,= 1.73 kOe is shown. The three different temporal regimes
are indicated in the graph.

When a femtosecond laser excites the sample, a sharp drop in the magnetization is observed
immediately after zero delay which corresperd ultrafast demagnetizatigregime 1). Regime 1
corresponds to the fast remagnetization due to thelaice relaxatiorandregime Il consists of

slower relaxation along with magnetization precession. The slower relaxation is due to heat diffusion
from the lattice to the surrounding. We are mainly interestéleiextraction of decay time from the
damped sinusoidal oscillation about a bias magnetic field and its modulation due to the spin pumping
effect. The red line in Figurd.2(b) corresponds to the biexponential background present in the
precessional data in regime Ill. We subtract this background from the raw data and fit the resulting

data using the damped harmonic function
D0 0O mMQ silno - (4.8)

whereUis the decay timdj is the initial phase amd = 2f being the precessional frequency. From
the fit, we estimate the effective dampikly;, using the expression

p
et f Top g - (4.9)

o0 calbei g
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whereH is the applied bias magnetic field aMis is the effective magnetization. The bias field

dependence of precessional frequency can be fitted tshgttel formula mentioned below:
QU — 00 tADas¢” (4.10)

whered = "QA 1o is the gyromagnetic ratiandg is the Landeg-factor. From the fitMesf andg are
determined as fitting parameters. For these film stagksobtained effective magnetizatidves ~
1200 + 100 emu/cc ang = 2.0 = 0.1. The comparison betwekls obtained from the dynamic
measurement an#ls from the VSM measurement proved that fatmost all the film stacks
investigated heréylerris close to the saturation magnetizatidg which indicates that the interface

anisotropy is small in these heterostructures.

Modulation of Gilbert damping parameter due to spin pumping:In Figure4.3(a) we have shown
background subtracted tirtesolved data for Sub/T&/CoFeB(3 nm)/SiQ (2 nm), where we have
variedt from 0 to 20 nm. The intrinsic Gilbert dampitig ) of 3nmthick CoFeB layer is found to be

0.006 + 0.0005 fothe high field regime, where the magnetization remains saturated. In presence of

Ta underlayer, effective dampifg ) is found to be increased nonmonotonically in the lower

thickness regime whereas it gets saturateldedtigher thickness of Ta.

(a) t=0 (b)
26 2, =0.006 0.003l & %
t=1 T +
g b 4
E a_, =0.007
off — -
; t=3 0.002}
= v 5 Si0,(2 nm)
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8 a,. =0.009 Ta(t
o RRABERRGRR0s 0.000 | :
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Figure 4.3(a) Timeresolved Kerr rotation data fo= 0, 1, 3, 6, 10 and 20 nm at 1.73 kOe fi¢h).

Modulation of damping with Ta thickness, fitted with a spin pumping model to extract spin diffusion

length and intrinsic spimixing conductance.

As shown in Figurd.3(b), the modulation of damping in the FM layer is found to be more than 40%

due to the spin pumping in these heterostructures.| Theshows exponential dependence with Ta

thickness with an asymptotic value of 0.009 + 0.0005% H®. Thus, we have f
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equation(4.6), where we determined the intrinsic spiixing conductanc€Gy } = (7.22+ 0.05) x

10 cm?136,37].Subsequently, we obtained the spin diffusion lerfgtiof Ta to be 2.44 + 0.16 nm

as a fittng parameter, which is very close to the literature vE23¢ Using values foe (about 0.5

nm for Ta)[38] anda-derived for these heterostructures we have determined théigpnobability,

U= 1.4 x 10 From equatior{4.4). For a nonmagnetic rte to be an efficient spin sink, the requirement
isUO 1. @[15]. SAWe can infer that the model descrikimgspin pumpingeffect is applicable

for our experimental film stacks aride b-Ta layer acts as an efficient spin sink here. The backflow
factor b is mainly elementlependent and can be extracted from equgdd). We have quantified

the modulation of backflow factqg®b) to be 61% within our experimental thickness regime of 1 nm
OtO 20 nm. The spin transmission probability

spin backflow, which is linked tGef+.
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Figure 4.4 (a) Timeresolved Kerr rotation data fdr= 1, 4 and 13 nn{b) Variation of dampingvith
FM layer thickness linearly fitted by using a spin pumping formalism to extract intrinsic Gilbert
damping parameter and effective spirxing conductance.

To experimentally determine the valueGa, we have investigated precessional dynamics for Sub/Ta
(4 nm)/CoFeB(d)/SiO; (2 nm) samples by varying FM layer thickness as, 10u013 nm atH =

1.73 kOg(Figure4.4(a)). The is observed to vary linearly with the inverse of ferromagnetic layer
thickness and saturates > 10 nm, while the thiakess of the NM layer is fixed at 4 nfRigure
44b) ) . Thi s 1 s an o-Tahiseargood spim Bink material resuhing in fa attong lspin
pumping effecf15]. After fitting those data with equati¢h.5), the effective spimixing conductance

of the Ta/lCoFeB interface is found to 1§6.92 + 0.04) x 18 cm2. For energyefficient applications

of spin current in multilayered devices, large interface transpaf@hcy required and this primarily
becomesassociated witlGess (t) [37]. After determining the resistivity of these heterostructures and
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Geft experimentally, v have found the value dfas 0.50 = 0.03 by using equati¢h7), which is
comparable with Pt/FM interfac§38]. To the best of our kmdedge, this is the first measurement of
interfacial s p iTalCoReB hilaysrmrdrthes rslwows the dormatibraohoderately

transparent interface.
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Figure 4.5 (a) Timeresolved Kerr rotation data féy ;= 0.4, 0.6 0.8 and 1.0 nrfb) Variation of
damping parameter with spacer layer thickness is shown. The dotteddigeide totheeye.

There is a probability in these heterostructures to have some lspsaingular momentum due to
interfacial depolarization, known as spin memory loss, where spin angular momentum cathied by
spin current is not transferred to NM, but instead transferred to the lattice through interfagiabgpin
scattering22]. Sq the total transfer of spin current to the NM will be determined by a combined effect

of interfacial spin transparency and spin memory loss. It is the loss of spin information at the interface
due to spirflip scattering. In this case loss of spin polatian occurs due to interfacial spanbit
scattering. Whereas, interfacial spin transparency is an electronic property of a material interface and
transmission of conduction electrons depends upegrlectronic band matching of two materials on
either sde of the interface. There can also be other interfacial effects, such as Rashba effect, two
magnon scattering, interfacial band hybridizatimeldefects, which may affect the net transfer of spin
current to the NM. To understand the contributions o&theve effects in addition to the spin pumping
effect, we have introduced a copper spacer layer of different thicknesses between the Ta and CoFeB
layers. CoppefCu) hasavery small spirorbit coupling and spiflip scattering parameter, so it shows
avery high spin diffusion lengtfi28]. Thus, a thin copper spacer layer is not expected to affect the
damping of the FM layer due tbe spin pumping effect but can change or eliminate other interface
effects. Consequently, if other interface effects are ifgeigntly present in our samples, the
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introduction ofthe copper spacer layer would significantly vary the damping with the variation of
copper spacer layer thickne@s ). The timeresolved Kerr rotation data for the Sub/{Banm)/Cu

(0 )/CoFeB(4 nm)/SiQ& (2 nm) heterostructures with 0.4, 0.6, 0.8, 1.0-tinick copper layers are
presented in Figuré.5(a) atH = 1.73 kOe and Figuré&5(b) shows the plot of damping as a function

of copper layer thickness. Almost no modulation of damping wittittickness othe copper spacer

layer is observed, which confirms that Cu/CoFeB interface is nearly transia®lesmnd other possible
interface effects are negligible. Thus, the transparency of Ta/CoFeB is similar to that of Ta/Cu/CoFeB
due to similar eletronic structures. Thus, we have been able to measuspithpumpingffect and
interfacial spin transparency by the-afitical TRMOKE technique in a new thin film heterostructure,

which is very important for future spintronic applicason

4.4 Conclwsions

We have investigated s-aCaFeBthimfims fragn the medolatiomeoh a |
Gilbert damping by usingnall-optical TRMOKE magnet omet er . -TAowerthe st a
thickness range between 0 and 20 nm, we have extractepinhdiffusion length as 2.44 £ 0.16 nm

and intrinsic spirmixing conductance g3.22 + 0.05) x 18 cm from the variation of damping as a
function of Ta thickness. By considering the backflow factor in our theoretical model, we have
extracted the effeiste spinmixing conductance at the Ta/CoFeB interfac@a@2+ 0.04)x 10t cnv

2 from the variation of damping as a function of CoFeB thickness. By fitting our data with the spin
Hall magnetoresistance model, we have obtained the interfacial spin teargpaf Ta/CoFeB as 0.50

+ 0.03 for Ta thickness of 4 nm which shows the Ta/CoFeB interface is comparable with various
studied heavy metal/ferromagnet interface such as Pt/FM. To understand the effects of other possible
interface effects, which may affettte Gilbert damping apart from the spin pumping effect, we have
introduceda thin copper spacer layer of varying thickness and found negligible modulation of
damping. This is due tthe similar spin conductivity of copper and Ta and confirms the absence o
other interface effects in these structufidse low intrinsic Gilbert damping parameter, high effective
spirmi Xi ng conductance with mo-TaéCoReB @dysr sybtengntaket r a

it a key material for spin transfer torque magneiiraswitching and spin logic devices.
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Chapter-5

Structural phasedependent giant interfacial spin
transparency in W/CoFeB thin film heterostructure

5.1 Introduction

The rapid emergence of spintronics has promised a new paradigm dfaspith electronics either
associated with the charge or by it§&H3]. This hagpotential advantages of nawolatility, decreased
electrical power consumption, enhanced data processing apdettreased integration densities as
opposed to its semiconductor counterpdft A major objective of modern spintronics is to exploit

pure ®in current, comprisingheflow of spins without any net flow of charge curr€ht 6]. This has

the inherent benefit of reduced Joule heating and Oersted fields together with the ability to manipulate
magnetization. Three major aspects of spin currenitaigeneration, transpahdfunctionalization.

Some popular mechanisms ftbre generation of pure spin current ahee spin Hall effect [7, 8],
RashbeEdelstein effecf9, 10], spin pumpin@l1-13], current injection in a lateral spin valve using a
nontlocal geometry14, 15Jandspincaloric effect§16, 17]. Among these, spin pumping is an efficient

and extensively used method of spin current injection from FNIMo Here, the precessing spins in

FM cause spin angular momentum transfer to the cormfuetectrons of the neightsang NM layer

in an NM/FM heterostructure, which eventually gets dissipated by-fiipirscattering. The spin
pumping efficiency is parametrized by spmxing conductance of the NM/FM interface and spin
diffusion length of the\M layer. The spin current dissipation into the NM layer resultsreéduction

of spin angular momentum in the FM layer leading to an enhanced effective Gilbert damping parameter
(Cer). Thus, spin pumping controls the magnetization dynamics in NM/FMdsgtectures, which is

crucial for deciding the efficiency of switching in sgorquebased spintronic devices. The
enhancement ibkis greater in heavy metals having large SOC due to strongeiasiiie interaction.

Intense research in the field gginrorbitronics has unfolded that interfadependent spin transport is
highly influenced by spin transparency, which essentially decides the amount of spin current passed
through an interfacgl8, 19].

The hi ghl yw, whicls shews ia digtortda tetragonal phase generally knowheas15

structure, is well known for exhibiting large spin Hall angldSHA) (up to ~0.50) [20, 21] in

comparison with other heavy metals like(Pt 0 .[2028]) da(d © [71 Besides, in W/FM

heterostructures, highly stable perpendicular magnetic anisot{@3y, large spin Hall

magnetoresistand®4] andinterfacial DzyaloshinskiMoriya interaction[25] have been observed.
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Another important feature related to Vits thicknesslependent phase transition in the-4@nm
thickness regimf26, 27]. Generally, sputteteposited W thin films having thickres well below 10

nm are found inheb phase with high resi st iasabovel)nmahei | e
predominantly ithel ow r e s i s(bcc strecturd). Asimadl © enoderate SHA has been reported

f or -Whaad mixed(U + BA) (<0.2) [26]. As SHA is correlated with effective spinixing
conductancéGeff), one would expect thatterfacial spin transparen¢y), which is also a function of

Get, should depend on the phase of W thin films. Furthermore, the magnitude -ofrlsipitorque

(SOT) depends on spin current transmission efficiefiey, T) across the interface dfiM/FM
heterostructures. It is worth mentioning that due to its high SOC strength, W is an acceptadbikspin
material and also cosfffective as compared to the widely used NM like Pt. Whereas, CoFeB due to

its notable properties like large tunnel magnetorasc, high spin polarizatioand low intrinsic

Gilbert damping, is used as FM electrode in magnetic tunnel junctions. The occurrence of boron at the
NM/CoFeB interface makes this system interesting as some recent reports indicate that a small amount
of boron helps in obtaining a sharp interface and increases the spin polarization, although an excess of
it causes contamination of the interfg28]. To this endthedetermination oT of the technologically
important W/CoFeB interface and its dependencenen/crystal phase is extremely important but

still absent in the literature.

Besides spin pumping, there are different mechanisms like spin memor{SM&3 [29], Rashba
effect[10], two-magnon scatterin@f MS) [30] andinterfacial band hybridizatiof81] which may also
cause decay of spin angular momentum at NM/FM interface, resulting in an incredseant
decrease of the spin transmission probability. However, for improved energy efficiency, the NM/FM
interface insuch engineered heterostructures must possbigh probability of spin transmission.
Consequently, it is imperative to get a deeper insight into all the processes involved to generate and
transfer pure spin current for optimizing its efficiency. In thissis chapter, we have investigated the
effects of spin pumping on the damping constant in W/CoFeB bilayer thin films as a function of W
thickness using a recently developed-agitical technique, which is free from delicate micro
fabrication and electral excitation and detectidB2]. This is a local and nenvasive method based

on TRMOKE magnetometry. Here, the damping is extracted directly from the-d@pendent
decaying magnetization precession amplitude, which is free from experiraeefalcs stemming

from multimodal oscillation, sample inhomogenedtyd defects. From the Whickness dependent
damping modulation, we have extracted the intrinsic-spking conductanc€Gy } of the W/CoFeB
interface which excludes the spin angular momentumfleacland spindiffusion length(asq) of W.
Furthermore, we have mdtkd the spin transport using both the ballistic transport ni88eB4] and
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the model based on spin diffusion thef3%, 36]. SubsequentlGer, which includes the spin angular
momentun backflow, is extracted from the CoFR#édckness dependent damping modulation. By
using both the spin Hall magnetoresistance mi&iglandaspin transfer torqubased model utilizing

the driftdiffusion approximatior§38], we have calculated theof the W/CoFeB interface. The spin

Hall magnetoresistance model ginaelewer value ofT than the driftdiffusion model, but the former

is considered more reliable as the latter ignores the spin current backflow. We found a giant value of
Texceeding 0.8 in the b phase of W, whi(@hblxhi
pha® using the spin Hall magnetoresistance model. Furthermore, we have investigated the other
possible interfaceelated effects in our W/CoFeB system, by insertimgper(Cu) spacer layer of
varying thickness between the W and CoFeB layers. Insignifilzanping modulation with Cu spacer

layer thickness affirms the domination of pure spin current stemmed from spin pumping and its

subsequent transport in the modulation of damping in our system.

5.2 Experimentaldetails

Thin films of Substrate/Wt)/CoFeB(d)/SiOz (2 nm) were grown using RF/DC magnetron sputtering
system on Silicoif100) wafers having 286mthick Si0; coatingWe varied the W layer thickness as
t=0,05,1,15,2,3,4,5, 8, 10 and 15 nm and CoFeB layer thicknesslag, 35 and 10 nm. We
deposited the films at 1.8 x I0rorr average base pressure and about 0.5 mTorr argon prassure
rate of deposition of aboud.2 v/s. A slow deposition ratavas adoptedor achievinga uniform
thicknessof the flmseven at a veryhin regime down to subhm. The W and CoFeB layers were
deposited using average DC voltages of 320 and 370 V, respectively, whilw&@eposited using
average RF power of 55 wattll the other deposition parameters were thoroughly optimized and
maintained at the same level for all the samplesanother sample set, we inserted a thin Cu layer in
between the CoFeB and W layers and varied its thickness from 0 nm to 1 nm. The Cu layer was
deposited aan argon pressure of 0.5 mTorr and DC voltage of\880d a rate of deposition of about
0.2v/s.

AFM was exploited to study the surface topography and VSM was utilized to measure the static
magnetic characteristics of the samples. By utilizing a conventionapfobe method the resistivity

of the W filmswas extracte@ndgrazing incidence RD (GI-XRD) was employed to investigate the
structural phase of Wr'he thickness, electron densagdinterface roughness of different layers in
W/CoFeB heterostructures are determined by XRR measureleentyvestigate the magnetization
dynamics, we used a customized-WROKE magnetometer based on a teaour, collinear optical
pump-probe technique. Here, the frequestgubled 400 nm laser pul§aulse width >40 fs, repetition
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rate = 1 kHz) of a femtosend amplified laser, obtained using a regenerative laser amplifier system
(Libra, Coherent) was employed to excite the magnetization dynamics, whereas a small fraction of the
fundamental 800 nm laser outgptise width ~40 fs, repetition rate = 1 kHz) wasployed to detect

the timevarying polar Kerr rotation in the samples. The pump laser beam was slightly defocused to a
spot diameter of 300 um and was obliquefymaking ~30° angle with the sample normal) incident

on the sample. The probe beam havirgpat size of 400 um was normally incident on the sample,
keeping a perfect spatial overlap with the pump spot to avoid any spurious effects contributing to
Gilbert damping due to the loss of uniform precessional mode energy flowing out of the probed
volume. We applied a sufficiently large magnetic field making an angl€6f with the plane ahe

sample to saturate its magnetization. Subsequently, we reduced the magnetic field to the desired bias
field value(H is the inplane component of the biaglfil) to ensure that the magnetization remained
saturated along the bias field directidiime magnetization tilt from the sample plane ensured a non
zero demagnetizing field along the pump beam direction, which was further altered by the pump beam
to generte precessional dynamics in the samplee pump was modulated at a frequency of 373 Hz
using an optical chopper and the dynamic Kerr rotation angle in the probe beam was picked up in a
phasesensitive manner using a leak amplifier. The probe and pumjuénces were kept constant at

2 mJ/cnt and 10 mJ/cr) respectively, during the measurement. All the measurements were conducted
under ambient conditions at room temperature. These ensure that no unwanted effects-like inter
diffusion of B atoms at the W/CoFeB interface or the variation of the crystal sewftthe W layer

occur due to a large rise in temperature during the onset of precessional dynamics in the studied

samples.

5.3 Results anddiscussions

Static characterizations: Figure 5.1a) displays the GKRD data from Substrate/\f)/CoFeB (3
nm)/Si(2 nm) at a glancing angle of 2W.anWaré hi s
noted. The highly intense &RD peak atD44.5° and lowintensity peak aiD64.0° primarily
correspond (X crystalestrubturep dof WALE) andwW (222) orientation, respectively.
Interestingly, we find these peaks to appear at all thicknesses of W, but wibemm, an additional

peak atD4 0. 1 A cor r eW withn1d0) rrgstaltooentdilon appears. Consequently, we
understandthatfarO 5 nm, W itheb-phase, whalefoty y5 imm a fracti on
appears, which we refer to as the mixed+ b ) phase of W. These resu
existing literaturd26,27]. Some repastlaimed that this phageansitionthickness can be varied by
controlling the conditions of the W thin film depositif80]. The average lattice constants obtained
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from-W hpee abk at -Wipéak &t A0.1aaordespbhnd to about 4.93 and 3, IBspectively.
By using the Deby&cherre formula, we find the average crystallite sizétinb athed p bai s e

W to be about 14 and 7 nm, respectively.

The formation otheb-W phase can also be characterized by its high resistivity due to the A15 crystal
structure which is relatedo the strong electtop honon scatt er Wi gxhibitswh e r e
comparatively lower resistivity due to weak electpionon scattering. We measured the change in
resistivity of W with its thickness across two different phases, using thepfobe method. The
inversed sheet resistan@@Rs) as a function of W thickness is plotted in Figurgh).1A variation in

the slope is observed beyond 5 nm, which indicates a modification in the W resistivity. The data have
been fitted using the parali@sistors modgR6]. We extracted the resistivity of ) i n b and
U+b) phase as about 287 N 19 and 112 RN 14 Ogq.
Jcoped S found to be 139 N 16 ¢ q. citmthoseTohtbesXRD t h e

results.
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Figure 5.1(a) X-ray diffraction plots oSubM (t)/CoFeB/SiQ (2 nm) samplemeasured at 2° grazing
incidence angle for different W thicknesd) Variation of inverse sheet resistance SiibMW
(t)/CoFeB/SiQ (2 nm) samplesvith W thickness(c) AFM images of th&SubMW (t)/CoFeB/SiQ (2

nm) samples showing the surface topogragdy XRR spectrgsymbols) forSubM (t)/CoFeB/SiQ
@2nmm)sampl es fitted ugsoldegdlRes) ratt 6s for malism

The AFM image of Substrate/\t)/CoFeB(3 nm)/SiQ (2 nm)(t= 1, 5 and 10 nm) samples in Figure
5.1(c) revealed the surface topography. We have applied the WSxM software to analyzagihe
[40]. The variation in the average surface roughness of the films with W thickness is tabulated in Table
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5.1. The variation in topographical roughness is very small when probed at different locations of the
same sample. The surface roughness otémeples is found to be small independent of the crystal
phase of W. Due to the low thickness values of various layers in the samples, the interface roughness
is expected to reflect its nature on the measured surface roughness. We thus understand that the
interface roughness is reasonably small and similar in all studied samples. The interfacial roughness
values of Substrate/\{{)/CoFeB(3 nm)/SiQ (2 nm) thin films have alsbeen extracted from -Xay
reflectivity (XRR) measuremen{é&s shown inFigure 5.1d)). The variation in the W/CoFeB interface
roughness of the films with W thickness is tabulated in TableTh&.interfacial roughness values
obtained from XRR measurements are also small and close to those obtained from AFM
measurements.

Table 5.1.The average surface roughness values of SubstrétgG@FeB(3 nm)/SiQ (2 nm)

samplebtained using AFM.

t (nm) 0 0.5 1.0 | 15 2 3 5 8 10 15

Average 0.23| 0.21 | 0.32|0.28| 0.25| 0.21| 0.19| 0.29 | 0.28 | 0.22
Roughnesgnm)

Table 5.2The parameter values obtained from fitting XRR spectra for St)/@bFeB(3
nm)/SIG(2 nm) wusing Parrattdos formali:

t (nm) 0.5 1 15 5 8 10 15
Interface
roughnesgnm) 0.30 0.22 0.32 0.28 0.2 0.2 0.3

Principles behind the modulation of damping with layer thicknessin an NM/FM bilayer magnetic
damping can have various additional contributions, namelyntagnon scattering, eddy curremtd

spin pumping in addition to the intrinsic Gilbert damping. Agpdimese, the spin pumping effect is a
nor-local effect, in which an external excitation induces magnetization precession in the FM layer.
This precession of magnetization causes an accumulation of spins at the NM/FM interface. An adjacent
NM layer, which ats as a perfect spin sink, absorbs these accumulated spins {ypsprattering,

leading to an enhancement of the Gilbert damping parameter of FM. In 2002, Tserkovnyak and Brataas
theoretically demonstrated the spin pumpinduced enhancement in Giltbelamping in NM/FM
heterostructures using tintkependent adiabatic scattering theory where the -vangng
magnetization combined with spin pumping can be expressed by a modified {lafsthéa-Gilbert

(LLG) equation a&1-13]:
87



— & Qsrlod — HO (5.1)

whereais the gyromagnetic ratids is the total spin currenHet is the effective magnetic fieldp is
the intrinsic Gilbert damping parametéf,is the volume of ferromagnet aids is the saturation
magnetization of the ferromagnets Ahown in equatio(b.2), s generally consists of a direct current
contribution”© which is nonexistent in our case as we do not apply any charge cl@ent, i.e.
pumped spin current from the FM to NM ai@l , i.e. a spin current backflow to the FM reflecting

from the NM/substrate interface assuming it to be a perédector.
0 0 "BUTMPrHack (5.2)

Here,”O is controlled by the spin diffusion length of the NM. Its contribution to Gilbert damping
for a heavymetals with a small impurity concentration is parametrized by a backflow faetbrch
can be expressed p&l|:

I ¢ :t a nh (5.3)

whereUis the materiatlependent spifiip probability, whose value is also equal to the ratio between
spinconserved to spiflip scattering time. It can be expressed & 42]:
- _i_ o (5.4)

whereaanday are the spin diffusion length and electronic mean free path of NM, respectively.

The spin transport through the interface of NM/FM depends directly on thensgimg conductance,
which has two different typega) Gy 7 which ignores the contribution opis angular momentum
backflowand(b) Get, which includes the backflow contribution. Spimxing conductanceepresents
the conductance property of spin channelthatNM/FM interface. Also, spin transport across the
interface affects the damping parasregiving rise tdlk« of the system that can be méed by both
ballistic and diffusive spin transport theory. In the ballistic spin transport modeltreexpressed
by the following exponential functidr33, 34, 41]

Qi x p Q <l

| et fl (5.5)

ns

Wl et il 5.6)

dMrs ¢
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Here, the exponential term signifies thackflow spin current contribution and a factor of two in the
exponent implies the distance travelled by the spins in the NM layer owing to reflection at the interface
of NM/substrate.

The ballistic approach does not consider the resistivity of the NMyeals the NM thickness is
considered to be smaller than its mean free path. To account for the charge properties of NM on spin
transport, the spin diffusion theebased model is used to represast(t). According to this model,

the dampingnodulation due to spin pumping can be express¢85$6, 39]:

. ns dM
Q¢ | et fl 5.7)

ny

N | et fl mm 5.8)
dM

wherey is the resistivity of the NM layer. Here the term—=A i ®E denoteshe spin current

backflow into the FM layer.

A reduced spin transmission probability in an interface img@itgk of electronic band matching,
disorderandintermixing at that interface. The spin transparentyf an NM/FM interface includes

all such effects that hinder the transmission of the electrons. Furthefimelies on both the extrinsic

as well as the intrinsic properties of the interface, e.g. interface imperfections, mismatch-of band
structure, Ferinvelocity, etc [19, 41] According to the spin Hall magnetoresistance model, the spin
current that is detected in the NM layer is lower than the actual spin current generated in the FM layer.
This model connectet@iwith "Q ¢ by the following relatiorj37, 41}

o efl anh
Y (5.9)

efGO0th——

The interfacial spin transparency was also calculated bgtRaiin the light of fieldlike torque and
dampinglike torqueutilizing a driftdiffusion approximation. Here, the effects of spin backflow are
neglected as it causes a reduction in the-gpiue efficienciesAssumingtl &= and a very h

of d, T can be expressed E38]:

i . — (5.10)

s )

where,"O representshe spin conductance of the NM layer.
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In an NM/FM heterostructure, other than spin pumpihgg is a finite probability of having a loss of

spin angular momentum due to interface depolarization and surface inhomogeneities, termed as SML
and TMS, respectively. In SML, loss of spin angular momentum occurs when the atomic arrangement
at the interfacects as an ideal spin sink due to the interfacialepit scattering or proximity effect
causing a loss of spin angular moment[28]. The TMS arises when a uniform FMR mode is
destroyed andegenerate magnsiwof different wave vectararecreated30]. The momentum nen
conservation is accounted for by considering a psewoimentum derived from the internal field
inhomogeneities or secondary scattering. SML and TMS may result in increment in the Gilbert
dampingparameter considerably. Recently TMS is found to be the dominant contributieGadbert
dampingof PYFM heterostructuregt3]. In the presence of TMS and SML effective Gilbert damping

can be approximated §43]:

U= Wb+ Usp+ UsmL+ Urms

S T 5.11)

whereO i s the fdeffect iandgbrw8 ML ac ofincdouecftfainccieeont of 7
both interfacial perpendicular magnetic anisotropy field and the magnetic defect density at the FM
surfaces.

TR-MOKE measurement of magnetization dynamics:A schematic showing the spin pumping
mechanism andhe measurement geometry is presented in Figur@)5.A representative time
resolved Kerr rotation data for the Substi@d/eB (3 nm)/SiQ (2 nm) sample at a bias magnetic

field, H = 2.30 kOe is shown in Figure 3@ which comprises of thresistinct temporal regimes. The

first regime is called ultrafast demagnetization, where a sharp fall in the Kerr r@tatignetization)

of the sample is observed instantly after femtosecond laser excitation. The second regime represents
the fast remagnetation where magnetization recovers to equilibrium by-fdirce interaction. The

last regime consists of slower relaxation due to diffusion of heat to the surroysdivgirate)
superposed with damped magnetization precession. The red line in Fig{me denotes the bi
exponential backgrounthat exiss in the precessional data. We focus here on the extraction of
precessional decay tinfél from the decaying sinusoidal oscillation around an effective magnetic field

direction and its variation with éhthickness of FM and NM layers.
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Figure 5.2 (a) An illustration of the experimental geometry gbdla typical TRMOKE data from
CoFeB (3 nm)/SiQ (2 nm) heterostructure at an applied bias magnetic field of 2.30 kOe. The three
importanttemporal regions are specified in the figure. The red solid line signifies a biexponential fit
to the decaying background of the thiependent Kerr rotation signal.

We fit the timeresolved precessional data using a damped sinusoidal function gijé#]by

— 0 0Q siqnQo0 - (5.12)
whereA is the precessional amplitudds the precessional decay tindiés the initial oscillation phase
andf is the frequency of precession. For all these samples we have investigated the precessional
dynamics at varying bias magnetic field magnit(tdeusing TRMOKE. Fast Fourier transformation
(FFT) of the exponential background subtracted precessionalatisaillprovides the value of
precessional frequendyfor different values oH. Thisf vs. H data is fitted using the Kittel formula

given below to find the effective saturation magnetizathdg):
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MM — 00 tADgs+¢” (5.13)

whereo=gus/ Jkgand<arethelLandgf act or and reduced PlMgaodk 6s ¢
g are determined as the fitting parameters hate obtainedMerd 1200 N dn@gG2.8mu/ cc
0.1 for our film stacks from the fit. The values\és obtained as above ah extracted from VSM
measurements are found to be close to each other, wigicifies that the interfacial anisotropy is
negligible in these thin film§45, 46]. This avoids any significant increase in the Gilbert damping
through spidattice relaxation. We have observed a smaller valudsadf the CoFeB films with or

without W underlayer than the nominabFeB saturation magnetization of 1500 emufd€]. This

may indicate the dead layer formation at the interface as reported [24048] We estimate by

using the expressioa9]:

p

—_— (5.14)
O W CADgt ¢

| et f

whered = 1.76 x 16Hz/Oe,Uis the decay time obtained from the fit of the precessional oscillation
with equation(5.12) and) , ¢i$ the effective saturation magnetization as obtained by fitting the bias

field dependent precessional frequency with the Kittel formutaation(5.13).

w
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Figure 5.3 (a) Background subtracted timnesolved precessional oscillations at different bias
magnetic fields foSub/W (0.5 nm)CoFeB(3 nm)/SiQ (2 nm) samplewhere symbols represent the
experimental data points and solid lines represent fits egjugtion5.12).(b) The FFT power spectra
of the timeresolved precessional oscillations showing the precessional freqen&ariation of
effective damping with precessional frequency is shown by symbol and the dottedaligeide to
the eye.
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We have shown the variation of timmesolved precessional oscillation with the bias magnetic field and
the corresponding power specobtained from FFT in Figure %8 and Figure 5(®) respectively.
The extracted values bk« are found to be independent of the precession frequé¢Btypwn inFigure
5.3(c)). Recent studies show that in presence of extrinsic damping contributions like BidBould
increase with, while in presence of inhomogeneous anisotropy in the sy$teshould decrease with

f [50]. Thus, frequencindependenths rules outany such extrinsic contributions to damping in our

system.
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Figure 5.4 (a) Background deducted timesolved Kerr rotation signal showing precessional
oscillation for Substrate/Wt)/CoFeB (3 nm)/SiQ (2 nm) asa function of W thickness at aapplied
bias magnetic field of 2.30 kOf) Experimental result of variation damping witfsymbol) fitted

93



with theoretical modelgsolid and dashed lines) of spin pumping. Two different regions corresponding
totheW crystal phaWeh) namel yhéodbwand

Modulation of the damping parameter: In Figure 5.4a) we have presented timesolved
precessional dynamics for Substratef)¥CoFeB(3 nm)/SiQ(2 nm) s amptiOe sl 5wintrh a
H = 2.30 kOe. The value db for the 3nm-thick CoFeB layer without the W underlayer is found to
be 0.006 + 0.0005. The presenceheW underlayer causdss to vary noamonotonically over the
whole thickness regime as shown by thevs.t plot in Figure 5.4b). In the lower thickness regime,

i . etO D HWncreasegs sharply by about 90% due to spin pumping but it saturat€s foB  n m.
However, fot> 5 Bdrmops bgpabout 30% which is most likely related to the thickdeggndent
phase transitio of W. At first, we have fitted our result fo© 5 n eguation®.6) ofthe ballistic
transport modehnd determinedy 7= (1.46+ 0.01)x 10 cm?andas¢ = 1.71 + 0.10 nm as fitting
parametersNext, we have also fitted our results wafuation(5.8) based on spin diffusion theory,
where we have obtaing®y = (2.19+ 0.02)x 10" cmi2 andas¢ = 1.78 + 0.10 nm. In the calculation

of Uk using the ballistic transport model, the W resistivity is ignored while the W thickness is

considered to be smaller than its mean free path which causes the v@juyaangtheballistic model

(wherethecontribution of spin backflow is given by axponential ternf) ) to be about 28% lower

than that of spin diffusion theory(contribution of spin backflow is given by the

ng

term Ai ®E )while the value ois nearlythesame in both models whidgvery close to

the reported vaks in the literaturg¢51]. Using values foras (2 b o u t 0. 4W) frommthef or
literature[52] andasq derived from our experimental data, we have extracted theflgpprobability
parameter,J = 2.30 x 10 2from equation(5.4). To be considered as an efficient spin sink, a
nonmagnetic metal must hate®O 1 . % andheric®, we can infer that the Wtsas an effective
spin sink herg13]. The backflow factob is determined from equatiq®.3). We have obtained the
backflow factor modulatiofgb) as about 68% in our experimental thickness range.
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Figure 5.5 (a) Background deductednte-resolved Kerr rotation signal displaying precessional
oscillation for Substrate/M# nm)CoFeB(d)/SiO (2 nm) as a function aZoFeBthicknesdd at a bias
magnetic field of 2.30 kO¢€b) Experimental result of variation of damping va (ymbol) fitted with
theoretical modelésolid and dashed lines).

To determine the value &  directly from the experiment, we have measured the tempuecdlition
of precessional dynamics for Substratg\hm)/CoFeB(d)/SiOz (2 nm) samples with 1 ndd O10
nm atH = 2.30 kOe as shown in Figure @k Thelk is found to increase witthe inverse of FM
layer thicknesgFigure 5.8b)). We have fitted our results first with the latter half of the equ#Sicy)

and equatiorf5.7) (given as'Q ¢ ; | et ¢l ), from which we have obtain€é@ {and to be

(1.44+ 0.01)x 10> cm?and 0.006 + 0.0005, respectively.
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Figure 56: (a) Effective spirmixing conductanc€Q ¢) wvariationwith W layer thickness (symbol).

The solid line represents a guide to the @yeContributions of SP, SML and TMS to the modulation
of damping for differenCoFeBlayer thicknessl (symbol). The solid line represents a guide to the

eye.

By modelling the Wthickness dependent modulation of damping of Figur@obusingequation5.5),

we have obtained ;g f

o

W/ C o fprasywherey &

0) ad(B+ b )

mi x(whdreYp h a s e

& 0)dWtbe(l.44+0.01)x 10" cm?and(1.07+ 0.01)x 10' cm?, respectively. From these,

we conclude thaheb-phase of W has higher conductance of spin channels in comparisorliotte )

mixed phase. The modulation"®f s with W layer thickness is presented in Figurg&®)Bwhich shows

that"Q  increases nemonotonically and nearly saturates fo® 3 . Form> 5 nm,'Q  shows a

sharp decrease in consonance with the variatidbof

We have further fitted the variation bt with the inverse of FM layer thickneg@&igure 5.%b)) using

equation(5.11) to isolate the contributions from SML, TMS and spin pumg8ig). The values

of 'O

andbrusare found to bé2.45+ 0.05)x 10" cm? and(1.09+ 0.02)x 108 cn?, respectively.

‘O is negligible in comparison withiQ ; which confirms the absence of SML contribution in

damping. Contribution of TMS to damping modulatipn
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‘Q ) is also below 2% for all the FM

thicknesses. The relative contributions are plotted in Figur@)5.8 is clear that spin pumping



contribution is highly dominant ovéhe SML and TMS for our studied samplése value of our
Qiifn-WbCoFeB is found to be mud&CoReBldlhmeeasuredhbg n t |

the all-optical TRMOKE technique as well as various other NM/FM heterostructures measured by
conventional techniques as listed in Table 5.3. This provides another confirmation of W being a good
spin sink material giving rise &trong spin pumping effect.

We subsequently invegtite the value of for the W/CoFeB interface, which is associated with the
spinrmixing conductances @ hninterface, spin diffusion lengtandresistivity of NM as denoted in
equations(5.9) and(5.10). T is a material property that depends upon inteafaelectronic band
matching of the two materialfter experimentally determining the resistivity, spin diffusion length

of W and spiamixing conductances fdhe W/CoFeB interfacewe have determined the value of
which dependstrongly on the crystal structure W. Using equatior(5.9) based on thspin Hall
magnetoresistance mod&hw andT @ + ay are found to be 0.81 + 0.03 and 0.60 + 0.02, respectively.
However,the spin transfer torqubased model utilizing thdrift-diffusion approximatior(equation
(5.10) givesTe.wandT @ + ayto be 0.85 £ 0.03 and 0.63 £ 0.02, respectively, which are slightly higher
than the values obtained frapin Hallmagnetoresistance model. However, we consider the values of
T obtaired from thespin Hall magnetoresistance model to be more accurate as it includes the
mandatory contribution of spin current backflow frone W layer into the CoFeB layer. It is to be
mentioned that the value dfdoes not change significantly if we coreit!ls instead oMesrduring its
calculation due tavery small variation oMest from Ms. Nevertheless, our study clearly demonstrates
that the value of -WiCoFeB interfaceis theahighestaeportedfamonchtee b
NM/FM heterostructures as listed in Table 5.3. This high valde admbined with the high spin Hall

an gl ew makes iban extremely useful material for pure spin cwisased spintronic and spin
orbitronic devices. The structural phase dependengdasfW also provides a particularly important

guideline for choosing the correct thickness and phase of W ficatpgn in the above devices.
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Figure 5.7 (a) Background deductednte-resolved Kerr rotation signal displaying precessional
oscillation for Substrate/\WW4 nm)/Cu (c)/CoFeB (3 nm)/SIQ (2 nm) as a function of Cu layer
thicknesgc) at a biasnagnetic field of 2.30 kOg€b) Experimental result of variation of damping vs

c. The dotted line represents a guide to the eye, showing very little dependence of the effective damping
constant on Cu spacer layer thickness.

Finally, to directly examine thadditional possible interfacial effects present in the W/CoFeB system,
we have inserted a thin Cu spacer in between the W and CoFeB layers. Cagpassgsmall SOC
strength and spiflip scattering probability due to which it exhibits a very longhagiffusion length.
Thus,theintroduction of a thin Cu spacer layer must not influence the spin puamnged damping

of the FM layer but can influence the other possible interfacial effects. Therefore, if other interfacial
effects are substantial in osamples, the insertion of the Cu spacer would cause a notable modulation
of damping with the increase of Cu spacer layer thick(@sgL9, 41].The timedependent Kerr
rotation data for the Substrate/il¥ nm)/Cu(c)/CoFeB(3 nm)/SIQ 2 nm)t hi n f i | e® Iwi t t
nm are presented in Figure @Y atH = 2.30 kOe and Figure 1) showdlktas a function of. The
invariance of(k« with ¢ proves that the Cu/CoFeB interface is transparent for spin transport and
possible additional interfacial contribution to damping is negligible, which is in agreement with our

modelling as shown in Figure 3.
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An important aspect dCoFeBbased thin film heterostructure is the variation of interface properties
as a function of annealing temperature. Bmmealing temperature can play an important role in
controlling the structural and magnetic properties like crystallite size, cigrcsaturation
magnetization Kerr rotation, exchange constant and Gilbert damping parameter in NM/FM
heterostructureb3-55]. Annealing of amorphous CoFeB alloys at moderate temperature may lead to
its crystallization tahe bccCoFe phase with a subsequent B migration resultirgdecrease ithe

Gilbert damping parameter. On the other hand,-teghperature annealing may lead to higher Gilbert
damping due to degradation by alloying, atomic intermixing, dead layer formatidrninterface
shifting effects. It can therefore be conjectured that annealing temperature may also tune and optimize
the interfacial spin transparency in an NM/FM heterostructure. A detailed study with the whole range
of FM and NM thicknesses at diffeteannealing temperatures would be necessary to underpin the
effect of annealing temperature ©n

Table 5.3:.Comparison of the effective spmixing conductance and interfacial spin transparency of
the W/CoFeB samples studied here with the important NMffidtfaces taken from the literature.

Material Effective SpinMixing Interfacial Spin
Interface Conductancéx10cm?) Transparency
Pt/Py 1.52[19] 0.25[19]
Pt/Co 3.96[19] 0.65[19]
Pd/CoFe 1.07[34] N.A.
Pt/FM 0.6-1.2[38] 0.340.67[38]
b-Ta/CoFeB 0.69[41] 0.50[41]
b-Ta/ CFA 2.90[42] 0.68[42]
Pab.25Pt.79Co 9.11[43] N.A.
Auo.28P1%.79Co 10.73[43] N.A.
Pd/Co 4.03[43] N.A.
Pb.2sPh.75FeCoB 3.35[43] N.A.
Auo 2P 79 FeCoB 3.64[43] N.A.
Graphene/Py 5.26[56] N.A.
Ru/Py 0.24[57] N.A.
Pt/YIG 0.31.2[58] N.A.
MoS,/CFA 1.49[59] 0.46[59]
Pd/Fe 0.491.17[60] 0.040.3360]
Pd/Py 1.40[61] N.A.
Mo/CFA 1.56[62] N.A.
MoS,/CoFeB 16.11[63] N.A.
Ta/YIG 0.54[64] N.A.
WIYIG 0.45[64] N.A.
Cu/YIG 0.16[64] N.A.
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Ag/YIG 0.05[64] N.A.

AU/YIG 0.27[64] N.A.
b-W/CoFeB 1.44(This work) 0.81(This work)
Mixed (U + B\YyCoFeB 1.07(This work) 0.60(This work)

( (N.A. = Not available))

5.4 Conclusions

In summary, we have systematically investigatedefifiects of thicknesslependent structural phase
transition of W in W(t)/CoFeB(d) thin film heterostructures and spin pumpinguced modulation

of Gilbert damping by using an aiptical timeresolved magnetoptical Kerr effect magnetometer.

The W filmhas exhibitedhs t r uct ur al phase transi t(G+obn) fprhoars ea
t > 5 nm. Subsequentlyhe b-W phase leads to larger modulation in effective dampibg than

(U + BN). The spin diffusion length of W is found to be 1.7D.20 nm, while the spin pumping
induced effective spimixing conductancé ¢ is found to bg1.44 + 0.01) x 18 cm? and(1.07 +
0.01) x 16°cm?f or b a@dabmi pddhse of W, respecQiiwel y.
attributed to different interface qualities leading towards different interfaciatospit coupling.
Furthermore, by analyzing the variationlgf with CoFeB thickness in i nm)/CoFeBR(d)/SiOz (2

nm), we have isolated thentributions of spin memory loss and twagnon scattering from spin
pumping, which divulges that spin pumping is the dominant contributor to damping. Blingpdar

results with the spin Hall magnetoresistance model, we have extracted the intgrfadrahsparency

() oeW/CoBeB andU + B\YCoFeB as 0.81 + 0.03 and 0.60 + 0.02, respectively. This structural
phasedependentT value will offer important guidelines for the selection of material phase for
spintronic applications. By investigating thredulation oflsas a function of W layer thickneasd
modelling it by diffusive and ballistic spin transport formalisms, the-dgfasion length(asd) of W

and spirmixing conductances dfie W/CoFeB interface are extracted. Irrespective of the oeetkl,

the value ofT for the W/CoFeB interface is found to be highest among the NM/FM interfaces,
including the popularly used Pt/FM heterostructures. The other possible interface effects on the
modulation of Gilbert damping are found to be negligible@®pared to the spin pumping effect.
Thus, our study helps in developing a deep understanding of the role of W thin films in NM/FM
heterostructures and the ensuing spibit effects.The high effective spimixing conductance, low
intrinsic Gilbert dampig parameter combined with very high interfacial spin transparency and spin
Hall angle can make the W/CoFeB system a vital material for@pih torquebased spin logic,

magnetization switching and spirave devices.
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Chapter-6

Femtosecondaser-induced spin dynamics in single
layer graphendCoFeBthin films

6.1 Introduction

Graphend1], a monolayer of carbon atoms, is an extremely promising material for spintf@hics
because of the observation of long sgiffusion length[3-5] andprolonged spifrelaxation timg6].

This is a consequence of weak SOC that causes electron spins to remain unaffected over unprecedente
distanceg$7]. Besides this, graphene has manyeoihteresting properties like high electron mobility

[8], massless Dirac fermions in the linear dispersion of its electronic stry&jrevell-defined
monolayer formation10], gate tunable spitrtansport in spirvalve deviceg11], proximity-induced

SCOC [12], low resistivity[13], small nuclear spifl4] andweak hyperfine interactiofiL5], which

project it as an attractive material for spintronics application.

The wo-dimensional crystal structure of graphene is not stable at r@onperature due to
thermodynamic violation of the energy minimization which makes its formation only byf-@léne
deformations like wrinkles, rippleand crumples[16, 17] Engineering of these deformations by
adsorption, hybridization, fluorinatiomnd proximity with FM leads to a strong enhancement of the
SOC strength and controlver the properties of graphene by openihg bandgap and inducing
localized states at the Fermi levid8]. When graphene is placed adjacent to FM, the strong

hybridizatono f gr ap h e ne . pstatessot FMtaedscharge ttamsferdrom FM to graphene

causes spin polarization in graphene which induces local magnetic moment in it while decreasing the
net magnetic moment and spin polarization of the[E®422]. Recent obervatiors of spin Hall effect
[23], inverse spin Hall effe¢24], spin pumping25] andanomalous Hall effed26] in graphene/FM
at room temperature point towards enhanced SOC in graphene/FM system. So-facahepin
injection is the most widely used technique for spin injection and transport in graphene, where the spin
current is transferred to graphene by gearansport across the graphene/FM interface, but has small
efficiency (< 30%) due to the impedance mismatch probl2m 28] Recently, spin pumping proved
to be more efficient spin injection technique in graphene thadauah spin injection as it is @eid
of impedance mismatch problem dug¢hienorrinvolvement of charge current. Besides, it is a widely
used method to generate pure spin current where magnetization precession in FM directly transfers
spin angular momentum to the adjacent nonmagnetar leading to an increase bhof the system
[29, 30]. Also, deposition of FM on graphene causes enhanced magnetic disorder |leadingie
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contribution of twemagnon scatterinl MS) which is also responsible for the enhancemebl81].
There areboth theoretical and experimental debates over the precise contributispis @umping
and TMS toUin graphene/FM hybrid systesrbut a systematic study to quantify both contributions
is still absent in the literature.

The magnetization offerromagnetic thin film can be modified or switched by a pulsed magnetic field
[32,33] or spirpolarized currenf34, 35] However, the response time of these processes lies in the
nanosecond to picosecond timescale. On the other fadroptical magnetiation reversal and
coherent control of magnetic order can be achiewesibpicosecond timescale by single ultrashort
circularly polarized laser pulses without the aid of an external magneti¢3tld~emtosecond laser
induced ultrafast demagnetizatiovas first introduced by Beaurepaie¢ al in 1996[37], which
opened a new avenue for fast manipulation of magnetic order. More recently ultrafast demagnetization
stemming frontheopticalinter-sitespin transfe(OISTR) process has been probed by attosecond laser
pulseq 38]. Extensive theoretical modellirmgnd subsequent experimental studies uhiesdyévo more

major microscopic mechanisms behind ultrafast demagnetization. The first contribution comes from
the spinflip scattering[39-42] while the second contribution comes from the gpiment transport

[43]. Recent experiments suggest the correlation betieandUas an effective method to isolate

the dominant contribution to ultrafast demagnetization in metallic heterostructures, where a
proportional relation proves dominant local sflip scattering contribution, while an inverse
dependence confirms a dominant spin current contrib{#ién45] To the best of our knowledge, the
correlation betweebh andUin a graphene/FM system, which is important for grapHesedultra-

high speed spintronics applicatiohss not been reported to date.

In this thesis chapter, we have used aroptical TRMOKE magnetometry{46] to study the
magnetization dynamics inL&/CoFeB thin films. We have extractégl using threeemperature
modelling of timeresolved magnetization dynamics and found its monotonic variation with CoFeB
thickness. The&lis directly extracted from the decaying amplitude of precessional oscillf®have

modelled the thicknessependentito estimate spimixing conductanc€Q ) and coefficient of twe

magnon scatteringbrms) for SLG/CoFeB interface which revealegin pumpingas the major
contributor to modulation dil Negligible damping modulation by the insertion of Cop{zr) spacer
between SLG and CoFeB confirms that additional interfacial effects including spin memory loss are
absent in SLG/CoFeB system. Furthermorehaxee observed an inverse relationship betvigemd

U for SLG/CoFeB heterostructures due to the dominancspiof pumpinginduced nonlocal spin

transport mechanism. On the contragyandUshow negligible modulation with CoFeB thickness in
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absence of ISG which signifies the role played by SLG in modulating the magnetization dynamics of
CoFeB.

6.2 Experimentaldetails

Large are&LG was procured frof@raphenea incThe SLG sample was prepared by chemical vapor
deposition(CVD) method over Si/Si©300 nm) substrate. Briefly, the preparation process involved
theCVD of methane on a Cu foil. Then polymethyl methacryBMdMA) coating was deposited atop

via spin coating before the Cu foil was etched away. Finally, SLG was transferredSomtafer wth

a300 nm SiQtop layer by the wet transfer process. We depositdeeB(d) and SiQ (2 nm) layers

over the SLG by using RBC magnetron sputteringor the reference sampléxFeB(d) and SiQ

(2 nm) layers were deposited over Si/5{300 nm)substrate also by RBC magnetron sputtering
without SLG underlayer. We varied CoFeB layer thickreeas 1.5, 3, 4nd6 nm. The depositions

were done at an average base pressure of 3.0 ¥di® and argon pressure of about 1.2 mTorr at a
deposition rat of 0.2A/s. A slow deposition rate was chosen for uniformity of samples even at a very
small thickness. The CoFeB layer was deposited using a DC voltage of 375 V, while thay8iO

was deposited using RF power of 60 W. All other deposition parameters were carefully optimized and
kept almost identical for all the samples. In another sample, we have introduced a thin Cu spacer layer
of 1 nm thickness in between the CoFeB and &ly@rs. The Cu layer was deposited at a DC voltage

of 343 V, argon pressure of 0.5 mTarrdthe deposition rate of 0&/s.

AFM was used to investigate the surface topography and aveypggraphicalroughness of the
samples. The electron density, tmelssandinterface roughness of individual layers in SLG/CoFeB
heterostructures were determined by XRRasurement. The VSM was used to estimate the static
magnetic properties like saturation magnetizatiolg) and coercivity(Hc) of the samplesMicro-

Raman spectroscopy was used to determine the defect density, ramdieiality of the graphene

layer. For investigating the magnetization dynamics, a cubiaihTR-MOKE magnetometer based

on the noncollinear optical pumyprobe technique was usedlhe secondharmonic laser beam
(wavelength = 400 nm, repetition rate = 1 kHz, pulse width >40 fs) of a regenerative amplifier system
(Libra, Coherent) was used to excite the magnetization of the sample, while thdetayed
fundamental laser beafwavekength = 800 nm, repetition rate = 1 kHz, pulse wid#0-+s) was used

to probe the dynamics. The pump beam was focused to a spot size of 300 um and obliquely incident
on the sampléapproximately 30° to the surface normal). The probe beam was focussgdbsize

of about 100 um and was normally incident on the sample, by maintaining an excellent spatial overlap
with the pump spot for avoiding any additional contribution to Gilbert damping due to dissipation
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energy of uniform precessional mode out of pnebed area. At first, a large magnetic field of 3.59

kOe was applied at a small angle of about 10° from the sample plane to saturate its magnetization,
where the tilt ensured a finite demagnetizing field along the pump pulse direction to induce
precessinal dynamics in the sample. The pump beam was chopped at a frequency of 373 Hz and the
dynamic signal was probed in a phasasitive manner using a leak amplifier. Throughout the
measurement pump and probe fluenaere kept constant at 5 mJ/mnd 05 mJ/cn3. All the

experiments were conducted under ambient conditions and at room temperature.

6.3 Results anddiscussions

The micreRaman scattering experiment was carried out to characterize the quality and number of
graphene laysrandunderpin the effects of CoFeB deposition of#it]. The Raman spectra of SLG

in the absence and presence of CoeBhown in Figure 6(h). The main features in the Raman
spectra of carbebased materials are the G and 2D peaks which are observe86a8 t&i' and
26789cmh!, respectively. Deposition of CoFeB resul
andD + DNj) a and293® 4nil, respged@iv&Ig47]. Furthermoreaperfect Lorentziasshaped

2D peak shows the singleyer nature bgraphene. We notice thateak intensitylp) decreases by

a factor of 14 when CoFeB thickness increases from 1.5 to 6.0 nm which signifies decrease in defect
concentration and damages in the SLG with the increase in CoFeB thigk&&gq. Although both

Io andlc decrease with the increase in CoFeB thickness, the rate of decréaserofich smaller in
comparison to that db which resulted in a decrease in the spectral wedaght (Io/l ratio; wherdg

is the Gpeakintensity)with the increase in CoFeB thicknessierage crystalline sizft,), which is

a measure of the average distance between two adjacent defects increases with the CoFeB thicknes
indicating a decrease in defect density at higher CoFeB thickr&édsg2].
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Figure 6.1 (a) MicrooRaman spectra for SLG and SLG/CoFédy. (b) AFM images of the
SLG/CoFeB4 nm).(c) AFM images of the CoFe@ nm).(d) XRR spectrésymbols) for SLG/CoFeB

(d) samples fitted u(edsoldlingsh(e)rMagnetic bystdresis loogpd fors m
SLG/CoFeB(4 nm) and CoFel4 nm).

AFM images for Sub/SLG/CoFe@.0 nm)/SiQ (2.0 nm) and Sub/CoFe®.0 nm)/SiQ (2.0 nm) are

shown in Figure 6(b) andFigure 61(c), respectively The average surface roughn€lg for all the

films is tabulated in Table 6.1. In presence of SR&yalue is found to be higher but it decreases with
CoFeB layer thickness. This reduction is possibly due to the filling of the defect sites withease

in CoFeB layer thickned®3]. In absence of SL&R. remains comparatively low and independent of
CoFeB thickness, which reveals that the growth of CoFeB on SLG is different from that on.Si/SiO
Due to the small thicknesses of the CoFeB films,ititerfacial roughness will leave its imprint on the

Ra. High Rain SLG/CoFeB thin films is mainly due tbe formation of lowdensity and largsized
clusters of CoFeB in the presence of SL33]. Although there is a possibility of enhancement of
defectdensity with sputtering time but if this were to be the case the sample roughness should also
have increased with CoFeB layer thicknfs3,54]. However, we have observed that the roughness
remains almost constant in the absence of SLG in agredmtrdt reported in the literaturpl6],

while it decreases slightly with an increase in the CoFeB layer thickness in the presence of SLG. This
indicates that sputtering time plays a minor role in the er@maant othe defect density and roughness

in our case.

Table 6.1 The roughness values obtained from AFM.
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Parameter SLG/CoFeB(d nm) CoFeB(d nm)
15 3.0 4.0 6.0 1.5 3.0 4.0 6.0
Ra(nm) 0.40 0.36 0.27 0.25 0.23 0.24 0.18 0.20

Figure 6.1d) shows XRRspectra of SLG/CoFeB thin films of varying CoFeB thickness measured
using 8 KeV Xray source. Over the whole thickness regime, XRR spectra exhibrdefeled
oscillations up tscattering vector of 1.0 Aindicating uniform deposition thickness. The XRectra
are fitted wunder Parrattdés formalism where t|
CoFeB and Si@are taken as fitting parameters. Fitted values of the layer thicknesses are close to the
nominal values. The RMS surface roughnesthefSLG/CoFeB interface decreases with increased
CoFeB thickness similar to that observed from AFM measurement. In contrast, electron densities of
CoFeB, SLG and Sipare found to be 15.0 x $01.5 x 1 and 2.0 x 1§ U?, respectively,
independent of CoFeB layer thickness. These values of electron densities are close to the values

reported in the literaturb5].

Figure 6.1(e) shows the VSM loops for CoFdB.0 nm) layer at room temperaturetime presence

and absence dhe SLG underlger. The variation of saturation magnetizat{dh) and coercive field

(Hc) are tabulated in Table 6.2 for all samples. In presence of BLiS,smaller than CoFeB without
SLG underlayer. This is probably duethelowering ofthetotal energy of the system stemming from

t he hybr i di-kaadof @ofiFe ib EdFeBe e n

which may induce magnetinoments in the adjacent carbon atoms aligning it antiparallel to the Co/Fe

strong interfacial
momentq 19, 21, 22, 43]. On the contraiy is slightly higher in presence of SLG which indicates
the somewhat different growth of CoFeB on SLG as opposed to ilsan be agued that due to

the low metalcarbon bond energy of carbon atoms in graphene, CoFeB layer tends to forsidadge
clusters duringhe initial growth stages promoting multigrain films which lead to an increase in the
domain wall pinning cenés and subgpient increase in the coerciviiyl].

Table 6.2 The saturation magnetizatighls) and coercive fieldHc) obtained from VSM and
effective saturation magnetizati@Mler) obtained from TRVIOKE.

Parameter SLG/CoFeB(d nm) CoFeB(d nm)
1.5 3.0 4.0 6.0 1.5 3.0 4.0 6.0
Ms(emu/cc) | 1025 1075 1140 | 1158 1157 1220 1280 1300
Hc (Oe) 11.2 7.8 6.6 10 5.2 4.7 4.6 6
Mef(emul/cc)| 737 986 1057 | 1120 910 1146 1192 | 1253
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Figure 6.2(a) Schematic of experimental geometry émjdypical TRMOKE trace fromSLG/CoFeB

(3 nm)/SiQ (2 nm) heterostructure at a bias magnetic field of 3.59 kOe. The three important temporal
regimes are indicated in the graph. The solid red line showsxpbnential background of the time
resolved Kerr rotation data.

We used a TRMOKE magnetometer based on the teaour optical pumpprobe technique to
measure the magnetization dynamics. The experimental geometry-MOKE measurement is
shown in Figure 6) along with the direction of spin current flow. In @xperiment, we have
applied a sufficiently large magnetic field of 3.59 kOe at a small angle of about 10° from the sample
plane to saturate the sample magnetization before the pump laser excitation. This tilt from the sample
plane guarantees a finite demagzing field along the pump pulse direction, which is modified by the
pump pulse. This results in a change of the equilibrium orientation and helps in triggering the initial
precession of the magnetization in the sample around its new equilibrium tooie[6&,57]. Figure

6.2(b) shows the timeesolved Kerr rotation data showing three different temporal regions, namely
ultrafast demagnetizatiofRegionl), subsequent fast recove(Regionll), followed by a slow
relaxation superposed with precessiasillation(Regiorlil). The time scale is broken into different
temporal windowgfew femtoseconds ta few hundred femtoseconds for Regipra few hundred
femtoseconds to few picoseconds for Regicand fromafew picoseconds tafew nanoseconds for
Regionlll) to resolve and visualize different temporal phenomena with clarity. To intetipeet

ultrafast demagnetizatiomlatg a phenomenological thermodynamic model, namely the -three
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temperature model is very widely used where the dynamics of ultidgasagnetization and fast
relaxation can be expressed a8, 59]:

<

_ Q | ——Q ) 006 067 06 4 00 (6.1)
j
This is an approximated form based on assumption that the FM system is divided into three
subsystems, namely: electron, spin and lattice. Upon laser excitlgotron temperature increases
instantaneously to create leéctrons above the Fenrtaivel which then excites the spin subsystem by
electronmagnon interaction that results in quenching of magnetizé&obsequently, the energy
rebalancing between tharee subsystems causes the quenched magnetization to relax back to its
original equilibrium position. In the above expressidnrepresents the value of magnetization after
equilibrium between electron, spamdlattice, A> is proportional to the maximumimse in the electron
temperature and\s represents the magnitude of state filling effects during pprape temporal
overlap well established by a Dirdelta function( ©0). The cooling time by heat diffusion is
described byt representing the timedeaof electroaphonon interactiondd (t) andG (t) are the
Heaviside step function and Gaussian function, the latter corresponds to the laser pulse. The two
exponential terms in the above equation mirror the timescale of magnetization loss by the ultrafas
demagnetization tim@J}) andthe timescale of electrophonon interaction by fast remagnetization
time (). All the temporal changes of Kerr rotati¢d— 0 ) are normalized by the saturation value

of total Kerr rotation(—) and therfitted with equatior(6.1)to extract the value df, and(.
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Figure 6.3 (a) Transient reflectivity foSub/SLG/CoFeR3 nm)/SiQ (2 nm)at pump fluence of 5
mJ/cnt normalizedw.r.t. the corresponding negative delay val(g) Transient Kerr rotation for
Sub/SLG/CoFeB3 nm)/SiQ (2 nm)normalizedw.r.t. the corresponding negative delay val(®.
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Relative variation of the peak values of transient Kerr rotationrefhelctivity for varying CoFeB
thickness.

Before analyzing the demagnetization curves, we tyniterstand the possible contributions of the
optical effects superposed with the true magnetic informafiwam the temporal variation of
normalized reflectiity and Kerr rotationas shown in Figuse6.3(a) and 6.8)), we found that the
relative variation of reflectivity is negligibly small compared to that of the Kerr rotéisishown in
Figure 6.3c)), implying negligible normagnetic contributions in the Kerr rotation data for all

samples.

Figure 6.4a) shows the lasenduced ultrafast demagnetization curves obtained for Sub/SLG/CoFeB
(dnm)/SiQ (2 nm). The variation ithwith CoFeB thicknessein presence of SLG is plotted in Figure
6.4(b), wherelhincreases monotonically from 90 + 5 fs to 230 + 8#sen CoFeB thickness increases
from 1.5 nm to 6.0 nnm presence of SLG. To understand the microscopic mechanisms responsible
for this increase i, we have studied the precessional dynamics and its variation with CoFeB

thickness.

In a graphene/FM heterostructure, graphene acts as a nonmagnetic laggiptdedthe spin angular
momentum of FM by sp#fip scattering. Although graphene has low intrinsic SOC and small effective
thicknesgDO0.3- 0.4 nnj, it shows a significant increageextrinsic SOC and Rasi&OC due tahe
deposition of FM above it, which makes it a good spin sink maf&ig61]. When a graphene/FM
heterostructure in an equilibrium saturated state is excited, the coherent magnetization precession in
the FM layer cases spin accumulation at its interface due to SP. Accumulated spins gradually dissipate
in the adjacent graphene layer which leads to an enhancenénhdhe presence of SP, the flow of

spins through the graphene/FM interface is controlled by the ctwitly of the spin channels at the
interfaces parametrized &+ Thespin pumpingcontribution to théJcan be expressed as a function

of Gefras[62]:

wl | =E—Q¢¢ (6.2)

Here 0 is the saturation magnetizatiod,is FM layer thicknessnd| denotes intrinsic Gilbert

damping parameter.

In addition to SP, somextrinsic contributions due to surface defects and inhomogeneities can be
present in the form of TMS in this systeffihe TMS contribution comes from the scatterings of the
uniform precession mode into nomiform modes. Using the firstrder approximation TMS

contribution to thdJis found to have an inverse square dependence on the FM thickness, spiereas
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pumpingcontribution has an inverse dependence on FM thickness. In the presence of both TMS and
SP,Ucan be approximated §83]:

M — 1 Q (6.3)

Herebrusdepends on botinterfacial perpendicular magnetic anisotropy field dedsity of magnetic

defects at the FM surface.

To extractU, we have fitted a béxponential backgroursubtracted damped precessional data using

the following expression:

00 0 mMQ siciQo %o (6.4)

where %ois the inifal phase otheos ci | | ati on, U is the "Qfigteecessi

precessional frequency. The variation"@vith bias magnetic fieldH) is fitted using the Kittel

formula which is given as:

0 — 00 TADes¢” (6.5)

whereo g= j o is the gyromagnetic ratig,is the Landé gdactorancki s r educed Pl anc
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Figure 6.4 (a) Ultrafastdemagnetization for SLG/CoFeH) measured using HRIOKE. Solid lines
are fits using equatiaf6.1).(b) Evolution of ultrafast demagnetization tifig) with CoFeB thickness
(d) in presence of SLG underlayéc) Precessional oscillations obtained $wG/CoFeB(d) at a bias
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magnetic field of 3.59 kOe. Solid lines are fits using equdtot). (d) Evolution of Gilbert damping
paramete(U) with 1/ in presence of SLG under layer fitted with model equgtod) (red solid line).

From the Kittel fit, ve extractedMer andg as the fitting parameters. Whiewas found to be constant
at 2.0+ 0.1 for all samplesMes increased withCoFeB thicknesgShown in Table5.2). We also
extracted the saturation magnetizat{on) and interfaciamagnetic anisotropy energy dens{i)
0 cL j U ‘Qto be 1327+ 46 emu/cc and 0.65% 0.02erg/cnft,

from the relatiort” 0 T
respectively, in the reference CoFeB films, while in presence of $Ms@ecreased to 1226 34
emu/cc butKs increased slightly to 0.667 + 0.01 ergfcrihis decrease iMs can be attributed to
charge transfeacross the SLG/CoFeB interfa¢#9, 6466] and induced hybridization between

g r a p hmamdeand dand of Co/FeWe have not observeay uniaxial magnetic anisotropy in our
samples as observed@oFeB thin film grown on soft substrates lg@yimide[67] because we have
grown our CoFeB films on rigid substrates without any stain. However, the CoFeB layers still show
some surface anigopy that arises due to the presence of interfaces which affect the orbital motion of

electrons due to symmetry breakig].

After extracting relaxation timeandMer, we estimatedllusing the expressidi69]:

| (6.6)

oU

Figure 6.4c) shows the precessional dynamics of Sub/SLG/C@é¢BiO. (2 nm) samples by varying
CoFeB layer thickness in the range 1.5@thO6 nm atH = 3.59 kOe. We extractediusing equation
(6. 6) which shows a decrease with the increase in CoFeB thickness. The varidtidih tieinverse
of CoFeB layetthickness in Figure 6(d) is fitted using equatio(6.3), wherethe value ofGess and
brusare found to bél.24+ 0.10)x 10"° cmr? and(5.67+ 0.07)x 107 cn?, respectivelyThe obtained
value ofGeft is on the higher side of the regularly used H8DCstrength materialf70] like Pt, Ta,
W etc.
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Figure 6.5 (a) Ultrafast demagnetization for CoFé) measured using FRIOKE. Solid lines are
fits using equatior(6.1). (b) Evolution of ultrafast demagnetization tirfid) with CoFeB thickness
(d) in absence of SLG underlaydc) Precessional oscillations obtained for CoRdBat a bias
magnetic field of 3.59 kOe. Solid lines are fits using equd@ot). (d) Evolution of Gilbert damping
paramete(U) with d in absence of SLG under layer.

To underpin the effect of SLG, we also investigated the magnetization dynamics for the reference
samples Sub/CoFeRl)/SiO (2 nm) in the same thickness range and measurement configuration.
Figure 6.%a) shows the lasénduced ultrafast demagnetization obtained for different CoFeB
thicknesses iBub/CoFeR(d)/SiO; (2 nm)samples. Variation dh in the absence of SL& plotted

in Figure 6.%b) which shows a value @bout280 + 10 fsindependent of CoFeB thickne$sgure

6.5(c) shows the precessional dynamics for the reference samples. Variation tife absence of

SLG is plotted in Figure 6(8) which shows a nearly constant value of 0.006 + 0.0005 independent of
CoFeB thickness
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Figure 6.6 (a) Contributions ofspin pumping(SP) and TMS to the Gilbert damping modulation in
SLG/CoFeB(d). (b) TR-MOKE trace showing precessional oscillations for Sub/SLG&/CoFeB
(3 nm)/SiQ (2 nm) at a bias magnetic field of 3.59 k@Q&.Ultrafast demagnetization tin{&h) as a
function of Gilbert damping parametg). Solid lineis aguide totheeye.(d) The variation of ultrafast

demagnetization ray — as a function enhancement of Gilbert damgg). The red linendicates
the fitting using equatio(6.7).

We have plotted the percentage contribution of both TMSspimdpumpingo damping modulation

in Figure 6.6a) which showshe contribution of TMS to damping modulatign 'Q ) is about 10

times smalletthan thespin pumpingcontribution. At lower thicknessSTMS contribution becomes
slightly higher(but remains much lower thagpin pumpingcontribution) which is due to higher
roughness in lower thickness films as confirmed by AFM and XRR results. WefduanatU to be
marginally high athelower field and constant at higher field values. Recent studies have suggested
that the extrinsic contributions to damping arising from defects and inhomogeneities can be suppressed
effectively by applying a high enohgxternal magnetic fielfh5, 71]. The intrinsic Gilbert damping

is independent of the external field, while the extrinsic contributions arising from the defects are
magnetic field depende5,72]. Thus, the fiekihdependent damping at higher magngéld values

in our case rules out any extrinsic contributions to the magnetization dynamics in this field regime.
We have also correlated the CoFticknessdependent) and Uh at H = 3.59 kOe where defect
induced contributions have little or no rolepiay.

We have subsequently introduced a thin copper spacer layer of 1 nm thickness between the SLG and
CoFeB layers to investigate the presence of other possible interfacial effects like spin memory loss
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(SML) in SLG/CoFeB thin films. The timeesolved Ker rotation data in the presence and absence of
the copper spacer layer are presented in Figurébp.& H = 3.59 kOe. No significant damping
modulation is observed with the introductiortloé copper spacer layer, confirming that other possible
interfaceeffects like SML, which could affect the damping modulatisnabsent in SLG/CoFeB
heterostructuresy plotting G vs Ufor our SLG/CoFeB systeim Figure 6.6c), we have observed a
decrease itth with U. As spin pumpinginduced pure spin current transport from CoFeB to SLG is the
dominant contribution t&), this in current at the femtosecond time scale may give rise to a lowering
of the demagnetization time byntributing an additional dissipation channel. An approtemgadinear

relationship between the change of the ultrafast demagnetizatiofYratp and Gilbert damping

modulation(®¥ | | ) is confirmed and shown in Figure &5, which can be fitted using the

following equation{45]:

(9]

Y— —1 | hwhere ¥Y— P + . P + (6.7)

Here t is the values of} in absence of SLG and and is the spin chemical potential
proportional to spin accumulations at the SLG/CoFeB interfaceordow to the laseinduced
ultrafast supediffusive spintransport model, largely contributes tthe ultrafast demagnetization
proces$43]. Taking the value oft and| as 280 fsand 0.006 respectively, we have obtained
areasonablevalueofd 0. 56 eV from the fit .GhintieCoFeBldaydri s,
was accelerated and tblevas enhanced with the insertiontbé SLG layer viaspin pumpinginduced

interfacial spin accumulations.

6.4 Conclusions

In short,we have investigated the effect of SLG onlthandUof SLG/CoFeRthin films usingan alt
optical TRMOKE magnetometryBy varying the CoFeB thicknegd) from 1.0 to 6.0 nm in presence
of SLG, we found thé&h to increase withtl. By analyzing the variation ddwith d, we have extracted
the value ofGesr andf at the SLG/CoFeB interface to k&24+ 0.10)x 10" cm? and (5.67 +
0.07)x 10%" cn?, respectively. We have isolated the contribution of TMS fspin pumpingwhich
showsspin pumpingo be the dominant contributor témodulation Negligible modulation owith
the insertion of Cu spacepnfirms the absence of other interface efféctSLG/CoFeB We have
established an inverse relationship betwékrand Uin SLG/CoFeB heterostructureiie to the
dominance of the interfacial spin accumulation and pure spin currents transpgpinviumping

mechanism tohe ultrafast demagnetization proce$serefore, our study has enlightened a new path
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for a qualitative understanding afltrafast denagnetization and dampingq graphenébased

heterostructures, which may lead a step forward towards graplhsed ultrafast spibased devices.
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Chapter-7

Role of spinorbit coupling on ultrafast spin dynamics
IN nonmagnetic/ferromagnetic heterostructures

7.1 Introduction

The pioneering work byBeaurepaireet al in 1996 on femtosecond laseduced demagnetization
opened up a new aventmvards the ultrafast manipulation of magnetization in magnetic materials

[1]. This work demonstrated thathen a femtosecond pulsed laser interacts with a ferromagnetic
material, the magnetic moment is rapidly quenched within gpgudsecond time scalelfowed by

fast recovery of magnetizati¢fast remagnetization) within tens of picosecoadlowing that, many
theoretical and experimental studies were performed on various magnetic materials and their
heterostructures to investigate the underlyinghmatsms behind ultrafast demagnetizafiir]. On

one hand, these studies have been driven by the thirst to understand the fundamental interactions
among the photons, spins, electrons and lattices in magnetic materials on ultrafast time scale. On the
other hand, faster demagnetization and remagnetizatios iromise for the development of ultrafast
storage and memory devicesulisafast demagnetization is believed to be one of the key phenomena
involved in altoptical switching(AOS), which can revolutnize modern data storage and memory
industries through the optical manipulation of magnetic[BiEl]. Despite these studieser the last

three decades, a clear understanding of the microscopic mechanism behind ultrafast demagnetizatior
remained highl debatable. Researchers claimed that the ultrafast demagnetization is originated from
the direct interaction of FM materials with the laser field, where variousflgpiscattering(SFS)
processes such as Elliotafet (EY)-like electronphonon scatterm [2], relativistic spinflip
scatterind 3], Coulomb scatterinfg}] andelectronmagnon scatterinfp] are expected to be involved.

It was argued that ultrafast demagnetization is a cooperative effect of the laser field and the SOC of

magnetic materidlo].

The NM/FM heterostructures are promising as the backbone for futurergpironic devices due to

the presence of various S@ftiven physical phenomena such as direct and inverse spin Hall effect
[12,13], Rashb&delstein effect[14,15] and so on. Hene, the interest in studying ultrafast
demagnetization phenomena in NM/FM heterostructures has grown very recently. It was theoretically
formulated and experimentally demonstrated that the siiffasive spincurrent transport also plays

a dominant role éhind the ultrafast demagnetization in NM/FM heterostrucqutes618]. In super

diffusive spincurrent transport, the laserduced hot electrons travel tens of nanometres inside the
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material with high velocities. These hot electromsdiated transpoghenomena open up additional

spin dissipation channels to accelerate the ultrafast demagnetization process.

It is known that the first contribution, i.e., direct interaction of laser field with FM material to the
ultrafast demagnetization, can be con#dllby choosing suitable FM materials having different
scattering probabilities and SOC strendtt®]. On the other hand, the second contribution, i.e., super
diffusive spincurrent transport, depends upon the excitation rates, the ratio of excited apohsgn

down electronsindspindependent inelastic lifetimes and velocities. The presence of an adjacent NM
layer can cause transmission of spin angular momentum in the NM layer and a corresponding spin
backflow creating a minority spin accumulatiortire FM layer, causing a stronger demagnetization.
Therefore, the SOC strengths of NM materials and spin chemical potential at the interface will also
play an essential role in demagnetizing such heterostructures. The latter method is more beneficial
from atechnological point of view. It allows one to optimize demagnetization time only by choosing

a suitable NM layer without changing the FM layer. In contrast to ultrafast demagnetization, fast
remagnetization is a welinderstood phenomenon where heatugifin from hot electron and spin
system to lattice througlelectronphonon interaction plays a dominant rdl20]. The fast
remagnetization process also can be controlled by varying the parameters like -glectron
coupling strength, specific heat, magwcrystalline anisotropy, heat diffusion process, the density of

laser excitation, et¢20-23]

The Gilbert damping constablis another important parameter of FM materials that also controls the
performance of many spintronic and magnonic devices. TdrerecontrollingU is of paramount
importance for optimizing the performance of such devices. For instaragmetic materials with
lower U-value are useful in magnetic readads due to their small writairrent, while highettvalue
materials araiseful for faster decay of precessional motion during data writing in magnetic memory
and storage devices. Notably, the damping also has two major contributions in NM/FM
heterostructures. The first contribution comes from the-8ipirscattering within FMitself, whereas

the other comes from the flow of spin angular momentum in the form otspiant out of the FM
system due tononlocal effects like spin pumpin{4]. Although the timescale of ultrafast
demagnetizatiofin femtoseconds) and magnetiamping(in pico and nanoseconds) differ by orders

of magnitude, the fundamental underlying mechanisms involved in these two phenomena appear to be
similar and interconnectefdl6-18, 25, 26] Modulation of SOC strength of the NM materials in
NM/FM heterostuctures has already been proven to be an efficient way to cbtiyothanging the
nonlocal spincurrent flow contribution in the systef27]. This also indicates the possibility of

controlling the ultrafastiemagnetization timg) by controlling the SOC strengths of NM materials.
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Tvetenet al theoretically predicted the possibility of explaining ultrafast demagnetization time in
terms of spincurrentinduced damping in NM/FM heterostructures based on eleatagnon
scattering theor}28]. This was later argued and experimentally demonstrated in different sy&ems

18, 29] The femtosecond las@rduced spin current is very shdisted (subpicosecond), whilespin
pumpinginduced spin current can live for nanosecordgwever, despite occurring on diffeten
timescales their physical natures are similar. The femtosecond spin current causes a lowering of the
demagnetization time, while thgpin pumpinginduced spin current leads to a lowering of the
precessional relaxatotime (i.e. increased damping). Therefore, ultrafast demagnetization time and
Gilbert dampingparametebecome inversely proportional when spin current domin&esently,

Malik et al. have shown that the remagnetization process of a FM material cadmeatsntrolled by

tuning U using external mean$30]. They have established an inverse relationship betvi@sn
remagnetization timg({d) and U due to the dominant contribution of magnon dynamics to the
remagnetization procesBespite some effortsl6-18, 25, 29, 31, 32], a systematic study on various
effects of SOC of NM materials on the ultrafast demagnetization and fast remagnetizhifidt-M
heterostructureBave not been performed so far. In particular rékationship among thieh, @ andU

with the SOC strength of NM in NM/FM heterostructures has never been experimentally demonstrated
or theoretically formulatedn fact, investigatinghe correlation betweds andUcould be a powerful
method to detect the dominant mechanisms involved irultingfast demagnetization procegsn

inverse relationshifpetween(, and U would validate the nonlocal spimansport as the dominant
microscopic mechanism. In contraatjirect relationship or a deviation from the inverse relationship

would point towards spiilip scattering as the major contribution to ultrafast demagnetization.

The CoFeB films are known to be promising FM mateniaht the application point of view in
spintronics devices due to the presence of several compelling properties like high tunnel
magnetoresistance, low Gilbert damping, negligible magnetocrystalline anis@inddgirge spin
polarization[33]. Therefore, we have chosen CoFeB as the FM material deposited on various NM
underlayers such as Cu, Ta, W, Pt, Ta/RyTRT hereafterandSi/SiO; (no underlayer), that span a
wide range in SOC strength. Our results show that despite having differertdiesethe key dynamic
parameterst , T andUare systematically modulated with the SOC strength of the NM underlayer,
which indicates the dominant role of spin current inside the NM material in determining those. Stronger
SOC of NM underlayer is foud to generate more efficient spin current transport through the NM/FM
interface, leading to faster demagnetization and remagnetization time and higher damping parameter.
Our study demonstrates a dramatic reductioh of~ 58%) andt (~91%) and a gint increment of

U(~ 500%) when W underlayer is deposited adjacetiie@oFeB film. We propose a way to further
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reduce the demagnetization and remagnetization time and discuss the possibility of controlling those
parameters bgnelectric field, which Wil help to develop electric fieldontrolled ultrafast spintronics

devices.

7.2 Experimental details

The multilayer stacks for our study were deposited of0&1)/SiQ (700 nm) substrates by radio
frequency(RF) sputteringat room temperature atbase pressure of about T orr. The multilayer

stacks consist of the following layers from bottom: Sif8NM (10)/CoFeB(5)/MgO (2)/Al203 (10),

where the numbers in parentheses are the nominal thicknesses of corresponding layers in nanometre
and NM stands for the nonmagnetic materials, su€ua3a, W, PtTwo reference multilayer stacks:
Si/SiG/Ta (5)/Ru(20)/Ta(5)/CoFeB(5)/MgO (2)/Al>03 (10) and Si/Si@CoFeB(5)/MgO (2)/Al203

(10) were also prepared at the same deposition conditions. Hef®; #drves as a capping or
protecting layer, which stogbedegradation of MgO layer and hence the CoFeB film with time. The
sputterdeposited films were annealed at 280 °C in vacuum under a perpendicular magnetic field of
600 mT for about 1 hour. The annealing in vacuum ensures smoothfieéaciterfaces with uniform

lateral distribution of magnetic propertida this study we intentionally chose-bm-thick CoFeB

film, so that its quality(i.e. roughness) and magnetic properties become independent of underlayer
materials. This enabled us to investigate the effect of SOC strength of underlayer NM materials on the

dynamic paameters of CoFeB while ensuring other magnetic paramateatmost identical.

The surface topography of the samples was investigated using Hévklectron density, thickness
andinterface roughness of individual layers were determined by XRR measurefRb technique
was used to detect thaystal structure and orientation of the nonmagnetic underlaiersm
temperature VSM measurements were performed by a physical property measuremeriP8/dgiem
to estimate the static magnetic properties likersdéion magnetizatio(Ms), saturation fieldHs) and
coercive field(Hc) of these samples.

For studying ultrafast magnetization dynamics, a hboi#é TR-MOKE magnetometer based on a
non-collinear optical pumyprobe technique was used. Tdexondharmonic laser beai@vavelength

= 400 nmrepetition rate = 1 kHz, pulse width > 35 fs) of an amplified laser sy@dtidma, Coherent)

was used to excite the magnetization of the sample, which is termed as the pump beardehayiete
fundamental laser beafwavelength = 800 nnmgpetition rate = 1 kHz, pulse width ~ 35 fs) called the
probe beam was used to detect this excitation. The pump beam was focused onto the sample to a spc
size of about 300 um with an oblique incideiic80° with the surface normal). The probe beam was
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focused onto the sample to a spot size of about 100 um with normal incidence on the sample, by
maintaining an excellent spatial overlap with the pump spot. At first, a large enough magnetic field
was applied at amall elevation angl¢ 10°) from the sample plane to saturate the sample
magnetization along that direction before the pump pulse excitation. This magnetic field configuration
ensures a finite value of the demagnetizing field along the direction puthp pulse that helps to
develop a favarable condition to induce magnetization precession in the sample. The dynamic polar
Kerr signal was collected by a specially designed photodetector connected taradoghlifier. All

the experiments were conductaader ambient conditions and at room temperature.

7.3 Results and discussions

Static Characterization: AFM-image for Ta/CoFeB sample is shown in Figure(a).1 The
topographical roughne¢R.) values showed negligible variation when measured at various regions of
the same film stack. The average roughness obtained for all the films are listed in Table 7.1. Overall,
the Ra values are found to be very small in the order of @I¥ nm for all ke films, which is
presumably the imprint of the interfacial roughness due to the minimal thickness of our multilayers.
We thus conclude that the average interfacial roughness in these heterostructures is negligibly small

and similar in all samples.

fi5bm (b)  Ta/CoFeB

0.5 1.0 1.5
Q (A1)
_ (c) l\ (110) TRT { (d)
= <\ —~ 7504
= (111) cul § | Ta/CoFeB
s A110) w| 3
,‘Z‘ (002) Ta SE.,, 04
- (111) A 220 Pt S o0 |
i) CoFeB =o= INP
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Figure 7.1(a) Twodimensional AFM image for Ta/CoFef) XRR-spectrablack symbols) for Ta
(10 nm)/CoFeB5 nm) sampile fitted usinGenX (solid red lines)(c) GI-XRD spectra for substrate
and different underlayers at a grazing angle of 1°. Peakesponding to different crystal orientations
are marked(d) Room temperature 4plane (INP) and outof-plane (OOP) VSMloops for Ta(10
nm)/CoFeB(5 nm) sample.

125



Figure 7.1b) showsthe XRR-spectra othe Ta/CoFeB sample measured usiny54v Cu-K U -ra§y

source. XRRspectra exhibit weldefined oscillations up to a scattering vector of\l.2 signifying

their uniform deposition. GenX software is used to analyze these spectra from where we have extracted
the electron density, average interface roughaedghickness of different layers. The values of layer
thicknesses obtained from the fitting are close to the nominal thickness values. Interfacial roughness
and electron densities of different underlaydtained from the fitting are tabulated in Table 7.1. The
average interfacial roughness of NM/CoFeB is small and almost constant-8tD41tm irrespective

of NM underlayer similar to that obtained from AFM measurements.

Table 7.1: The topographical rdugess values from AFM and parameter values obtained from
fitting of XRR spectra using GenX.

Parameter SIISIO Cu TRT Ta Pt W
Ra(nm) from 0.13 0.12 0.17 0.15 0.11 0.11
AFM
Ra (nm) from 0.12 0.14 0.10 0.11 0.14 0.12
XRR
Eq(10°xU?) | 2.0(For 5.62 10.66(For | 14.10 14.38 16.8
from XRR SiOy) Ru)

Figure 7.1c) shows the XRBspectra of NM/CoFeB films at the glancing angle of 1°. Different
underlayer materials show different XRD peaks corresponding to their crystal orientation as marked
in the graphsRoom temperature magnetic hysteresis loops are measurethim4plane(INP) and
out-of-plane(OOP) orientatiorusing VSM (Quantum Design PPMSIrigure 7.1d) shows theNIP

and OOP hysteresis loops of Ta/CoFeB filrhe values oHsin INP and OORonfigurations for this

film are about 0.044 kOe and 11.4 kOe respectively, which reveals that these filnenhaptane
easy axis of magnetization with negligible -@ditplane anisotropyl'he values oMs, Hc andHs for in-
plane hysteresis loops of the samples are tabulated in Tableor.all these filmsMs values are
obtained to be about 1150 + 83 emukiso, these films exhibit small iplaneH¢ (~ 0.026 £+ 0.003
kOe) which reveals their sefitrromagnetic naturéVe do not expect significant effects of doping or
intermixing of NM elemert in the FM layer because we have not observed any significant
modification in the structural and static magngtioperties of the samples due to the insertion of
different NM underlayers adjacent to the CoFeB 1§84+36].

Investigation of Ultrafast Magnetization Dynamics:In the optical pumgprobe experimentaising
TR-MOKE, a pump pulse perturbs the magnetic system under investigation, following which a probe

pulse arrives at a piget delay time to detect the excited magnetic state. By scanning the delay time,
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the full temporal evolution of the magnet stateits initial perturbation can be followe8everal
processes occur when femtosecond pump [agsesinteract with a magnetic material in an external
magnetic field. First of all, the magnetization of the system is partially or fully lost within fdsadfe
femtoseconds[1]. This phenomenon is known as ultrafast demagnetization. Following this
demagnetization process, magnetization startrelax within a few picoseconds timescale, which
results in a fast remagnetization process. This is followedshyvaremagnetization superposed with
coherent precession of magnetization. In a much longer timescale of a few nanoseconds, the
magnetization returns to its initial equilibrium, referred to as the damping of the precessional
oscillation[37, 38].

Figure 72(a) shows the sample structure and experimental geometry of tMOKE measurement
andFigure 7.2Zb) shows a representative IWROKE trace obtained from Ta/CoFeB samplgainp

and probe fluence of 5 mJ énand 1 mm? at a bias field of 2.80 kO&he timeresolved Kerr

rotation trace showthreetemporal regions: ultrafast demagnetization, fast remagnetizatidslow
remagnetization superposed with damped coherent precession. To extract the values of ultrafast
demagnetization and fast remagmation times, we use a simplified expression based on a
phenomenological thermodynamic model, known as the-teraperature model, where the transient

change in magnetization can be express¢@8®0]

<

Ql —0aJ 006 67106 & 00 (7))

J
This simplified expression is based on the model that a magnetic system has three coupled subsystems
electron, spinand lattice. Upon femtosecond laser excitation temperature of the electronic system
rapidly increases populating hot electrons above the Fermi level. These hot electrons excite their spin
degrees of freedom by electramagnon interaction, resulting in an iastaneous system
magnetization quenching. In due course, the distribution of energy between the three coupled
subsystems results in a fast relaxation of quenched magnetizatémuation(7.1),As is proportional
to magnetization amplitude after fasteehtion A2 represents the maximum electron temperature rise,
while Az stands for the magnitude of state filling effects. Theepresents the cooling time through
heat diffusionH (t),] 0 andG (t) are the Heaviside step functi@irac-delta functioranda Gaussian
functioncorresponding to the laser pul3de ultrafast demagnetization tiremirrors the timescale
of magnetization loss artdthe fast remagnetization time, represents the timescaleaforphonon

interaction.
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Figure 7.2:(a) Sample structure and experimental geomé@yTypical TRMOKE signal obtained

from the Ta(10 nm)/CoFeR5 nm) heterostructure where different temporal regions are marked. The
solid red line shows the biexpential slow remagnetization backgrou(g).Laser fluencedependent
ultrafast demagnetization curves foa (10 nm)/CoFeB5 nm) heterostructuresymbols) The solid

lines represent the fitted curves using equafioh). (d) Variation ofultrafast demagnetization time
(4) and fast relaxation tim@)) with laser fluence.

Figure 7.2c) shows the ultrafast demagnetization obtained for different pump fluence values for
Ta/CoFeB. We have fitted the demagnetization curves esjngtion(7.1) to extract the values

andW. A minor increment irkh and @ with the pump fluence is observéshown in Figure 7 ().

The increase i with pump fluence is mainly due to the enhanced spin fluctuations at the more
elevated temperature of the spin system and the corresponding increment in dynamic longitudinal
susceptibility and decrement in exchange interaction stréagjthAn increaser Wwith pump fluence

can be explained by the fact that higher fluence causes a rise in electron temperature followed by spin
temperature. Hence, magnetization takes longer for its recovery to its initial equilibrium condition
[22]. We have also observed a small tideday between the arrival of the pump pylzero delay) and

the onset of the demagnetization, i.e., a ti me
shorter with an increase in the pump fluef@e showrin Figure 7.2§. A plausible explanation for

this is the dependence of the delay on the eledtrermalization time, which is eventually
proportional to the electron density or the pump flugddé¢. Liu et al [42] have shown that delay in
demagnetizatio after pump pulse excitation is a fraction of the laser pulse width, which is much
shorter than the demagnetization time and remagnetization time obtained from the theoretical fit.
Moreover, to avoid thisme smearing effectve have maintained a condtpamp and probe fluences

128



of 5 mJ cnt and 1 mJ cm, respectively, for all comparative measurements and kept all the

measurement conditions identical.

Spin Pumping in NM/FM Heterostructure and Extraction of U During the dynamic
measurements, a largtatic magnetic field is applied at a small an(glg with respect to the sample
plane. Sincel is very small, the dominant component of this field is in thplame direction and we
considered that Hplane component as the bias magnetic fielld This tilt of magnetization from the
sample plane ensures a finite demagnetizing field along the direction of the pump pulse, which is
subsequently modified by the pump pulse to result in a change of the equilibrium orientatial from

to —, triggerng an initial precession of the magnetization in the sample around its new equilibrium
orientation[37]. This is routinely used to induce coherent precessional motion of magnetization in
ferromagnetic thin films and nanostructures using themical TRMOKE technique[38]. In an

NM/FM heterostructure, there are two significant contributions to damping. The first contribution
comes from the local spiffip scattering that is unavoidable and causes energy dissipation within the
FM layer itself. Another canibution arises due to the energy dissipation from the FM to NM, which

is nonlocal and controllable. In the presence of coherent magnetization precession of the FM layer, a
spin accumulation at NM/FM interface occurs and then gradually dissipates otjaberd NM layer

by a generation of the pure spin current leading to an enhancement bf ahé¢he NM/FM
heterostructure. This effect is widely known as spin pumping. In spin pumping, the flow of spins
through the NM/FM interface is determined by the ®@@tic conductance properties of the spin
channels at the interfaces, which can be parametriz€dij¢3]. Using spin pumping formalisrBess

can be expressed p#l]:

O — | | (7.2)

Here 0 is the effective magnetizatiom, is ferromagnetic layer thickness,is the Gilbert
damping parameter in the presence of M bhderlayer and denotes intrinsic Gilbert damping

parameter in the absence of any NM underlayer.

The damping constartd can be extracted from the timesolved Kerr rotation as shown in Figure
7.2(b), which contains the biexponential sloelaxation background superimposed with damped
precessional oscillation. First, we subtract thexponential background and fit the background
subtracted data using a damped harmonic function givetigs

—0 —mQ s iqAQo (7.3)

Here—t is the initial amplitude of magnetization precessidis, the precessional relaxation time

obtained as a fitting parametand™Qs the frequency of oscillation that can be directly extracted from
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the fast Fourier transfori@FT) of the precessional oscillation. To extragt;of a sample, we fit the

bias magnetic fieldH) dependent by using the Kittel formula expressed[45]:
W — 00 TADes¢” (7.4)

Here,o(=g" ] 9) represents the gyromagnetic ratigs the Lande dactor,” is the Bohmagneton
and<i s r educed PWaaxtagMwsandg asthe fittiagyparameters from the Kittel fit.

Atfter extractingUandMer, we can estimatgusing the following expressidd6]:

| (7.5)

0

Hereovalue is taken to be 1.76 x“19z/Oe[44]. From the laser pump fluenrdependent precessional
dynamics, we have observed thdecreaseandUincreases by a small amount with the pump fluence
in the range of 120 mJ cit?, but remains almost unchanged below 10 m3.ddence, to avoid any
laserinduced heating effect, all the comparative measurements were perforaed anough pump

and probe fluence of 5 mJ &and 1 mJ cr, respectively.
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Figure 7.3:(a) Bias magnetic fiel@H) dependent timeesolved magnetization precession for(T@
nm)/CoFeB(5 nm) heterostructure. The symbols represent experimental data points and the solid lines
represent fits witha damped sinusoidal functior{fb) Corresponding FFT power spectra of the
precessional oscillationgc) H-dependence of precessional freque(fyyfor Ta (10 nm)/CoFeB5

nm) heterostructure and the corresponding Kittékbtid line).(d) H-dependence of Gilbert damping
paramete(U) as for Ta(10 nm)/CoFeR5 nm) heterostmture.

Figure 7.8a) shows the bias fieldependent precessional oscillation for Ta/CoFeB film fitted with
equation(7.3). In contrast, Figures {I® and 7.8c) show the corresponding FFT spectra and
dependence dfon H fitted with the Kittel formulalequation(7.4)). We have obtained the valuegof

to be 2.0 + 0.05 from the fit. The valuesMés for our film stacks are tabulated in Table 7.2. The

average vime ofMet for our films is obtained to be 997 + 57 emdt,oahich is slightly lower than the
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Ms value obtained from VSM indicating the presence of a small interfacial anisotropy in our
heterostructures, which is not surprising for-ansthick CoFeB fim. Here, the extracted value Gf

is independent dfl (Figure 7.3d)). Recent studies show that in the presence of extrinsic contributions
like two-magnon scatterinfg7], Uincreases wittH, while effects like spin dephasiig8] cause a
decrease itywith the rise oH. An H-independent behawio of Uindicates a negligible contribution
from those extrinsic sources in our samples.

Table 7.2Values of saturation magnetizatifvis), coercivity(Hc), saturation fieldHs) (obtained from

in-plane VSM loops using PPMS) and effective magnetizgfidys) (obtained from analyzing TR
MOKE data).

Underlayer Ms(emu ccb) Hc (Oe) Hs(Oe) Mett(emu cct)
SI/ISIO 1278 25 40 1075
Cu 1095 24.5 45 920
TRT 1028 24.4 46.8 952
Ta 1182 25 44 1018
Pt 1174 27 44.4 1037
W 1046 33 57 984
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Figure 7.4:(a) Ultrafast demagnetization curves {og, Pt, W, Cu, TRT)/CoFeB heterostructures in
comparison with reference CoFeB thin film without any underlégenoted by Si/Sig). (b) Time-
resolved magnetization precession foa, Pt, W, Cu, TRT, Si/Sig)CoFeB heterostructures ldt=
2.80 kOe.
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SOC-dependent Modulation of Magnetization Dynamics:Figures 7.4a) and 7.&b) show the
ultrafast demagnetization amaecessional oscillation for NM/CoFeB thin films with different NM
underlayersBefore discussing the variation gfanddwi t h NM mat eri al 6s SOC
must determine their SOC strength. There are some proposals based on simple hydrogerdatom
that the SOC strength should scale with(Z = atomic number). However further studies on this
inferred that for actual atoms this assumption severely overestimates the value of SOC[gt®ength
50]. Although our experimental method does not allevwo determine the quantitative values of SOC
strength directly, we can still get some qualitative measure of the SOC strengthh&imsddulation

of Ufrom its intrinsic value in the NM/CoFeB heterostructures can be considered as a measure of the
SOCstrength of the NM layer as all other external condit{@es laser fluence, interfacial roughness,
film thicknesses, etc.) that may affétare nearly invariant throughout our measurement. Second, the
spinrmixing conductanc&es, which is a measure of the efficiency of spin current transport across the
NM/CoFeB interfacecan also be considered as a measure of the SOC strength of the NiMImate
under the condition that the interfacial roughn@dsich also determines spin transparency across the
interface) is identical for all NM/CoFeB layers. We have extracted the valli#isyditting the time
varying precessional oscillation presente&igure 7.4b) with equatior(7.3) and subsequently using
equation(7.5). The Geff values for different NM/CoFeB interfaces are extracted using spin pumping
formalism as given in equatidi.2). The variation 0Gerr with Uis plotted in Figure 7 (&), which
shows their linear relationship. This also indicates huge incremed{rom 0.006 to 0.025) an@es

(from 0.4x 10" cmi?to 6.5 10" cmi?) as the underlayer is changed from Cu to W. This also signifies
that Cu has the lowest SGfrength and the value gradually increases with TRT, TanéV. We

also note here that the CoFeB film with no underléiyer, directly deposited on the Si/Si€ubstrate)

has the lowest value &f(0.005+0.000%
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Figure 7.5: (a) Effective spinmixing conductance(Ger) as a function ofU. (b) Ultrafast
demagnetization tim@4) as a function aheinverse of Gilbert damping paramet&fJ). (c) Variation
in spin accumulatiomriven chemical potentias a function ofl (d) Fast relaxation timéd) as a
function of 10,

Figure 7.%b) represents the plot of demagnetization tllas a function of the inverse of damping
constant, i.e., U ,where we observe a linear relationship betwekrand 1. This means by
introducing a NM underlayer and changing its SOC strength, we can tubebthabout 58% from

480 * 17 fg(in the absence of NM underlayer) to 202 + &lésvest withW underlayer)This also
signifies that spin pumpinmduced pure spin current transport from ferromagnetic CoFeB to NM
layer creates an additional dissipation channel to make ultrafast demagnetization faster while
increasing théJ and Ger values significantlyWe canextract the spin accumulatiaitiven chemical

potential(es) for different NM/FM interfaces using the equatids]:

— S 7.6)

where| is the intrinsic Gilbert damping parameter in the absence of any NM under{ay@B05

for our casg The variation o€swith Uis plotted in Figure 7 (&), which shows thats decreases from

1.46 to 0.09 eV as the underlayer is changed from Cu to W. This indicates that with an increase in the
SOC strength of underlayers, interfacial spin accumulation decreases. This is atstedulpy the

fact that highSOC NMs will absorb more accumulated spins and generate more pure spin current

leading to a decrease in the unabsorbed spins at the intéioeigh, the value of for Cu/CoFeB
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interface(1.46 eV) is on the higher sidettatudies have shown that for transition metalsalue can

be of the order of 1eV, [W8).The kariation ofid witm1/disar t o
plotted in Figure 7.6&l), which shows a linear relationship betwégand 10, indicating that larger
damping corresponds to faster remagnetization dynamics. This suggests that magnon dynamics
strongly influences the remagnetization process rofN&81/FM heterostructure in a pdsecond
timescalg23, 30].This also means that by introducing a NM underlayer with varying SOC strength,

we can efficiently tune the by order of magnitude, i.e., from 0.61 ps to 6.70 ps.
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Figure 7.6:A schematic showing the processes involved ltrafast demagnetizatiofUD), fast
relaxation(FR) and magnetic dampin@ID) of ferromagnetic/nonmagnetic heterostructure led by
different bulk and interfacial mechanisms.

Recent studies otifferent NM/FM heterostructures have predicted that other than bulk SOC, there is
some finite contribution from interfacial SOG1] and interfacial band hybridizatid®2] to spin
transpori{schematically shown in Figure 7.6). According to the theoretical prediction ket k53]

and Cheret al. [54], interfacial SOC has a significant contributionsfmn pumpingnduced spin
transport that can lead to large damping modulation due tdaai@ spin flipping and spin memory
loss. However, an experimental study by Camiealal.[55] in Py/Pt and Py/Pd systemproved that
interfacial SOCGdependent Gilbert damping modulation shows a linear NM thickness dependence with
a sharp cubff thickness(O 5 n m) -trivial to quastify the precise contributions of bulk and
interfacial SOC to the damping modulation. Still, NM layer thickness of 1Qweth above the cut

off thickness) in our study ensures that the interfacial SOC will havenar montribution to the
magnetization dynamics. Furthermore, interfacial band hybridization between the electronic band of
FM and NM leads to an induced magnetism in very few layers of Ndiaximity to the FM, which

may also affect the interfacial spiramsport. However, Guptet al. [56] and Zhuet al. [57] have
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argued thishasa minor or no effect on the interface parameters and spin transport efficiency and
therefore can be neglected. Through this systematic investigation, we have established a relationship
between the process of ultrafast demagnetization, fast relaxatiomegmetic damping bridged by the

SOC strength of the NM underlayer. Higher SOC of underlayers leads to more efficient spin current
transport, resulting in high&tandfastert andt valuesin NM/FM thin film heterostructures. We

have shown that tht andt of CoFeB can drop down to 202 fs and 0.61 ps, respectively, for W
underlayer, which would be very promising for future applications. Nevertheless, this is not the
fundamental limit as it can be further reduced by choosing appropriate undemnktgeial with even

higher SOC strength and decreasing FM layer thickness.

Our study can open new avenues in the development of ultrafast spintronics devices, for instance,
AOS-device, where switching time can be significantly influenced tby and t. To our
understanding, the reduction of FM layer thickness can induce various interfacial SOC phenomena,
which may open up more dissipation channels to ultrafast demagnetization similar to damping
coefficient and thereby speed up the demagnetizationeamagnetization processes further. Besides,
this may open a novel way to control the ultrafast demagnetization process by electric field or strain
applied at NM/FM interface, which may externally control the SOC similar to what has been done to
control thedamping coefficienf58-60]. This may eventually help to build up the electric field or
straincontrolled ultrafast memory devices. Therefore, we believe that our study underpins the
underlying mechanism of ultrafast demagnetization, fastagnetization and Gilbert damping in
NM/FM heterostructures and leads towards the posgiliitconstruct electric field and strain
controlled ultrafast memory devices by material engineering, which may revolutionize future

spintronics devices.

7.4 Canclusions

In summary, we have systematically investigated the effects of SOC strength of NM underlayer on the
ultrafast spin dynamics in NM/CoFeB heterostructures by using-aptidial timeresolved magneto

optical Kerr magnetometry. As a general rulee tultrafast demagnetization tin{&h) and fast
relaxation timg() are found to decrease monotonically, whereas the interfacial spin transparency, i.e.,
the spinmixing conductanc€’O ) and Gilbert damping parameig)) increase monotonically with

the increment of the SOC strength of the NM layer. We have established an inverse relatidiship of
and i with Uin NM/CoFeB thin film heterostructures with different SOC strengths. The major
contribution to ultrafast demagtzation originated from the spin pumpimgluced pure spinurrent

transportWe have observed a large modulatiori in(2.4 times) and (11.0 times) with the variation
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in the NM layer from W to Si/Si® Consequently, thel and Ger have also increased by 500% and
1584%, respectively, which, we believe, would be very promising for future applicaltussstudy

opens an avenue for further tunability of the ultrafast demagnetization, fast remagnetizatemdtime
Gilbert damping by lectric field or strain, which will be very useful for developing electric field or

straincontrolled ultrafast spintronics devices.
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Chapter-8

Fluencedependent ultrafast magnetization dynamics in
permalloy thin films with different thicknesses

8.1 Introduction

The demand for manufacturing enefgfficient, costeffective and higkspeed magnetic memory and
storage devices has reinforced an upsurge in the fundamental research related to ultrafast
magnetization dynamics magnetic thin films, heterostructures arahostructurefl, 2]. Continuous
development in this field makes the clock speed of the processors to enter-Gidzsumnge while
increasing the storage capacity in the dpased devicef3, 4]. However, tts developmenhtits a
bottleneck due to the ostraints imposed by the relaxation processes involved in the magnetization
dynamics which eventually limit the data transfer rate in the device. Precessional magnetization
dynamics of ferromagnetic material follow thendauLifshitz-Gilbert equation where the rate of
energy dissipation frorapin wave modes to adjacent thermal baths can be expressed by the Gilbert
damping parametgt) which is analogous tihe Rayleigh energy dissipation functi¢®, 6]. There is

both intrinsic and extrinsic caérbution to U. Intrinsic contribution originates from the sgiip
scattering from phonons inside the ferromagnetic system whicmatbe reduced to zernd].
Extrinsic contribution tdJ comes from additional magngshonon and magnemagnon scatterings
introduced to the system by doping, capping, perturbation from spin current, eddy curremdloss
external temperatuf@-12]. ControllingUis of paramount importance as a lowalue helps to reduce
write-current in some applications like sgmansfertorque magnetoresistive randeaocess memory
(STT-MRAM). On the other hand, a highvaluei s necessary to eliminate

precession during the data writing process in storage and memory devices.

On a shorter timescale, ultrafagindagnetization isne ofthe fastest spin manipulation mechanism
which can revolutionize the field of spintronics by decreasing the switching time by many[&8]ers
However, tharuemicroscopic mechanisms responsible for this ultrafast loss of mag@tizemain
highly debatableadate. Substantial experimental and theoretical research over thedaitdades
haveunravéled the existence of two predominant mechanisms. The first one involves th#fispin
scattering(SFS) process, such as Ellidtafet (EY)-like electronphonon scatterinfl4], relativistic
spinflip scattering[15], Coulomb scatterinffl6] andelectrornmagnam scattering17] etc., due to the
direct lightmatter interaction. The other presiding contribution comes from the-dasged hot
electrons through the transportation of spurrent[18]. Although the timescales of ultrafast
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demagnetization and presgsal dynamics differ by orders of magnitutecent developmesin this
direction have establishd a correlation between these two fundamental phenom&dl The
correlation betweethe ultrafastemagnetization timg ) andUprovides insights for identifying the
dominantmicroscopiccontribution to the ultrafast demagnetizati@®,21]. A proportional relation
manifests dominant local spflip scattering contribution, while an inverse dependence signifies the
contribution fom spin transport in the system. Interestingly, this correlatismhelps to determine
themajor microscopic contribution tamping[22]. A linear relationship betweein andU, points to

the dominance of intrhand conductivitylike contribution whereas an inverse relationship indicates

the interband resistivitylike contribution.

In this article, we have investigated the effects of pump flugRcen thet , fastremagnetiation

time (t ) andUof 50 nm and 100 nrthick NigoFexo (Py) films using the TRMOKE magnetometry

[23]. TRRMOKE offers several advantages over other electrical detection techniquepihkelall
magnetoresistance and-FMR for the investigation of spin pumpinghis technique is free from the
need for delicate micréabrication and broad area averaging. It eliminates inhomogeneous area
broadening and prevents the overestimatiokl dfurthermore this pumpprobebased technique is

one of its kind for direct timdomain detection of ultrafast demagnetization on femtosecond
timescaledrom a single measurement, which is currently not possible in any other tech2djue
Being a low coercive magnet with negligible magnetostriction and magnetic anisotropy Py is a
preferred materidior magnetic recording head sensors, Higlguency transformeendseverabther
device applicationg25]. Our experimental results on the ultrafast demagnetization supported by three
temperature modellingavereveaéd a monotonic inaase oft andt with laser pump fluence.
Fromthepicosecond precessional dynamies have observetthat Uof both Kittel and perpendicular
standing spinwave (PSSW) modes remain invariant withe external magnetic fieldstrength
howevery it exhibits strong enhancement with laser pump fluehrt#antaneous increase of system
temperatur@and subsequent dissipation of heat from the probed area resatesmporal chirping of

the oscillatory Kerr signal with modified precessional frequdocyoth Kittel and PSSW modes. A
direct correlation between andUindicates that spiflip scattering can be the dominant microscopic
mechanism for ultrafast demagnetization and a minjea-band conductivitylike contribution toU

This comprehensive study of magnetization dynamics over a broad timescale andotdggnimp

fluence will provide a firm base to integrate various magnetic phenomena on a steblp device.
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8.2 Experimentaldetails

Py films having thicknesses of 50 nm and 100were deposited using a DC magnetron sputtering
system(Basepressure = 3x1@ Torr, Argon pressure= 0.5 mTorrand Depositionrate = 0.2 Ageq
over 8mm x 8mm silicon(100) wafershaving285 nmthick SiO; coating. Thereafter, STapping
layers of 5 nnwere deposited over tHey layer using RF magnetron sputtering. Very slow deposition
rateswere chosen for achieving uniform thicknessf the films. Pywasdeposited at a DC voltage of
430 V and current of 0.06 mA, while Si@vas deposited at average RF power of 60 watts. All the
other deposition conditions were carefully optimized and kept almost identical for both samples.

The static magnetic properties like coeecivield (Hc), saturation field(Hs) and saturation
magnetizatior{Ms) of thetwo films were characterized using VSM. The-&RD techniquevasused

to obtain the crystal structure. The thickness, surface roughness and electron density of different layers
were determined by XRR measurement. Eheface topographgf the films was measuredsing

AFM. TR-MOKE magnetometryvas usedto study the magnetization dynamfosm femtosecond to
nanosecond timescal€he secorndharmonic of the amplified femtosecond laser p@iepetition rate

= 1 kHz, pulse width 35fs) generated from a regenerative amplifier systeas used to excite the
dynamics whilghe fundamental laser beam of 800 nm was utilized to probe thed@pendent Kerr
rotation in polar geometry. Pump and probe beams have spot sizes of about 200 100 am,
respectively. Before laser pulse excitation, a strong bias magneti-jelds applied at a small angle

( 15°) to the sample plane which ensures a finite demagnetizing field component along the pump
pulse direction and helps to induce pret®sa dynamics in the sample upon optical excitation. The
backreflected probe beamas fed to a set acinanalyzer ané photodiode. The polar Kerr signabs

finally detected using a loei amplifier in a phassensitive manner. Throughout the measurégme
probe fluence is kept fixed at 2 mJfemhile pump fluence is varied over a broad range from 12
mJ/cnt to 62 mJ/cr All the measurementsere performed at room temperature under ambient

conditions.

8.3 Results anddiscussions

Static characterizations: We have measured the-ptane (INP) and oubf-plane (OOP) magnetic
hysteresis loops using VSM at room temperatureSidn/Py(50, 100 nm)/Si@(5 nm)as shown in
Figure 8.1a). The value ofsin INP and OOP configurations for these films are about 50 Oe and 10.6
kOe, which reveal that these films @amegplanemagnetized with negligibleut-of-planeanisotropyMs

is obtained to babout800 emu/cc for both films. Also, these films exhibit snirkl(~ 15 Oe) which

reveal their sofferromagnetic nature.
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Figure 8.1:(a) VSM loops forSubPy (50,100 nmjSiO. (5 nm) samplegb) XRD spectra measured
at 2° grazing incidence angleoin bare Si/SiQ substrate and Supy (50, 100 nm)SiO, (5 nm)
samples(c) XRR spectrgsymbols) forSubPy (50, 100nmjSiO, (5nm)samples fitted using GenX
(solid red lines)(d) The twadimensional AFM image foBubPy (100 nm)SiO; (5 nm)sample (e)

A schematic of sample structure and experimental geon{étfgepresentative TRIOKE data for
SubPy (50 nm)SiO; (5 nm) sampleat an applieadnagnetidield of 2.40 kOe and pump fluence of 25
mJ/cnt with three different temporal regimes markadhe figure The solid red line indicates the

exponential background.

Figure 8.1b) displays the GKRD spectra obtained from bare Si/Si€ubstrate and Sub/R§0, 100
nm)/SiCG (5 nm) thin filmsat a glancing angle of 2°. In this plot, the peaks corresponditige® d
angle ofD 44.43° primarily correspond the (111) orientation of Py signifying its fagentred cubic
p e a k sangtesmfDr54.57 paodd 56.53° o

(fce) crystal structure. The otherhighnt e n s e

appearfrom the substrate.

To obtain information about the interfacial roughness, thickaessaverage electron density of
different sublayersof Sub/Py50, 100 nm)/Si@(5 nm)thin films, we havemeasured the XRRpectra
using an 8 KeV Xray source(as shown in Figure 8d)) and analyzed the spectra using GenX
software. The values of thickness obtained from the fit are close to the nominal thickhess

Average surface roughness obtained from the fit for 50amd 100 nrthick films are 0.62 nm and
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0.55 nm respectively Electron densities of Py and Si@re found to be 7.1 x f0A2and 2.0 x 1§
A-2 respectivelyin both films.

We have also measad the surface topograpby thefilms using AFM in dynamic tapping mode by
taking scans ovése m 5k m a(asehown irFigure 8.1d) for 100 nmthick-Py). Due to the thin
capping layer, the interfacial roughness reflects its imprint on the topographical roudfedssve
analyzed the AFM images using WSxM softwdtes verified that variation in surface roughness is
very small when measured at differeagions of the same sample. Topographical roughnes8 of
nm- and 100 nmthick films are found to be 0.86 nm and 0.80 nm, respectively, variehlightly

higher than the values obtained frtime XRR analysepossibly due to large area averaging.
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6! X
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] ]
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Figure 8.2.Time-resolved Kerr rotatioshowingultrafast demagnetization f¢a) 50 nm(b) 100 nm

thick Py films at different pump fluences. The symbols denote experimental data points and the solid
lines represent the fitted curves using equaf#). Fluencedependent variation dfc) ultrafast
demagnetization tlmeLgn) and(d) fast relaxation tlmeLg) that obtained as fitting parameters.

Magnetization dynamics at different timescalesWhen a saturated ferromagnetic material is excited

by a femtosecond laser pulse,ntagnetizations partially or fully lostin subpicosecond timescale

which is known as ultrafast demagnetization. This instantaneous quenching of system magnetization
is followed by a faster recovery within a few picoseconds and a slower recovery itidnedsof
picoseconds, known as the fast and slow remagnetizations. The slow remagnetization is accompanied
by a damped sinusoidal precession in presence of an exteamletic fieldtriggered byan

instantaneoushange inthe demagnetizing fieldof the sample. The schematic of experimental
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geometry is shown ifigure 8.1e). A representative TRMIOKE data obtainedrém the 50 nmthick

Py film for H = 2.40 kOe andF = 25 mJ/cris shown in Figure 8(1), which has three different
temporal regiong,e., ultrafast demagnetizatioinegionl), fast remagnetizatio(regiontil) and slow
remagnetization withprecession(regiontlll). The red solid linein Figure 8.1f) is a fit to the
exponential background originating from the heat diffusion during the slow relaxation process from

the system to the surroundings.

Laser-induced ultrafast demagnetization: Since the discovery of ultrafast demagnetizatiomi

thin film by Bearepairet al in 1996[13], several models have been proposed to interpretigm

[26-28]. Among those, the phenomenological thieaperaturg3T) model has been widely used
which deals with the energy exchange betweerthteetemperature bathdg.e., electron, spin and
lattice. Upon laser excitation, electron temperature increases instantaneously ta ksotakectron
populationabove the Fermievel, which then triggers the quenching of magnetization in the spin
subsystem by electremagnon interaction. Subsequently, the energy rebalancing between these three
subsystem&nsureghe quenched magnetizatioalaxesbackinto its original equilibrium position.

The temporal evolution othese three subsystenean be described by the following coupled
differential equation§l3]:

8 Y — O Y Y O Y 006 (8.1)
8 Y— O Y Y OY Y (8.2)
8 Y — O Y 'Y O Y 'Y (8.3)

Where the temperatures of the electron, spin and lattice baths are denot& By and T,
respectivelyCg, Cs andC_ are the electron, spin and lattice specific heats, Ges and Gs. are the
electronlattice, electrorspin and spidattice coupling constantgespectively.P(t) is the laser
excitation term which igenerallyGaussian in nature. Solving equati@Bsl-8.3) and subsequently

by usingmeanfield theory the magnetization of the system at any particular time can be extracted.
The experimentally measured demagneittraturvescan also bétted with the following expression

to extract thet andt 29, 30]directly:

|

Q | —— Q) 006 67 06 4 00 (8.4)

In the above expressioA; represents the value of magnetization after equilibrium between electron,

spinandlattice A. is proportional to the maximum rise in the electron temperaturdarepresents
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the magnitude of state filling effect during puipmbe temporal overlapvell describedoy a Dirae

delta function| 0 ). The cooling time by heat diffusion is describedfbyepresenting the timescale

of electronphonon interactiondd(t) andG(t) are the Heaviside step function and Gaussian function.
The latter corresponds to the profiletloélaser pulse. The two exponential terms in the above equation
mirror the timescale of magnetization loss by the ultrafast demagnetization and the timescale of
electronphonon interaction by fast remagnetization of magnetizaliba.temporal changes of Kerr
rotation(Y— 0 ) for all the measurements are normalized by the l@al rotation{—) and then fitted

with equation(8.4).Figure 8.2a) and 8.%b) show the laseinduced ultrafast demagnetization obtained

at different laser pump fluence for Blyicknesses of 50 and 100 nm, respectivéle observe a
monotonic increase i andt with pump fluence for both filmg§Figure 8.Zc) and 8.2d)). The
enhancement iff is an indication of enhanced spin fluctuationsraekevated temperature of the

spin system which may be due to an increase in dynamic longitudinal susceptibility and a decrease in
exchange interaction strend®il]. The ncrease ind with pump fluencean be explained by¢ fact
thathigher fluence causegyaeaterise in electron temperature followed by spin temperd@2kand

hence, magnetization takes more time for recovering to its initial equilibrium. Also, we have observed
that there is a continuous increaseAinand A; with pump fluence in these thin films due to higher
guenching and longer thermalaxation time.
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Figure 8.3: Temporal evolution of electron temperatuig:), spin temperatur¢Ts) and lattice
temperaturgT,) for (a) 50 nm andb) 100 nm Py filmfor pump fluence 062 mJ/cnt. Variation of
Te as a function of time delay at different laser pump fluencécjo50 nm andd) 100 nm Py film.
(e) Maximum electronic temperature r{§€e)max) at different laser pump fluengebtained from 3T
modelling.(f) Te at different laser pump fluengealculated numerically usirgquation(8.5).
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Table8.1Parameters obtained from -8iodelling for 50 nm and 100 nm Fim.

Py 2(10° CL (1¢° Cs(10° | GeL (10 | Ggs(10Y | Gs.(10Y

thickness| Jmi*K?) | JmK?Y) | JmKY | wm3K?1) | wm3K?1 | wmiK?Y

50 nm 5.05 + 4.10 + 223+ | 75+20 | 6.0+20 | 52+1.3
0.15 0.10 0.10

100 nm 5.05 + 6.60 + 216+ | 16.0+7.0|14.0+6.0 8.6+1.0
0.20 0.09 0.10

To explore the underlying physics involved in the ultrafi@shagnetization process we have modelled
the experimental demagnetization data using equat{Bris8.3). In our calculation, we have
considered a linear contribution of the electronic specific heaiCe =0 d, wheredis determined by
the electron desity of states around the Fermi level. Figurege§.and 8.&), shows the temporal
evolution of Tg, Ts and T, for 50 nm and 100 nmthick Py films atF = 62 mJ/cm. The values of
specific heats and coupling constants for 50 and 100 nmdiletabulated in Tabl8.1. Thel00 nm
thick film has slightly higherC. in comparisorwith the thinner film satisfyinghe DebyeEinstein
approximation[33]. The 50 nmthick Py film possesses lower values @&, Ges and Gs in
comparisorwith 100 nmthick Py. This observation corroborates with higtherandt values and
indicates an easier energy dissipation in the thicker sample. This, in turn, siglafgsrancrease in
system temperature in thinner filim comparison wittthe thicker film within a comparable fluence
range.Figures 8.8) and 83(d), show the temporal evolution ®§ for 50 nm and100 nmthick Py
film sat different laser pumituences Variation in maximum electronic temperature ((§&)may from
this modelling is plotted in Figure &8 which confirms the continuous increase in electronic
temperature with laser fluencéve will now compare this electrontemperature rise with some
theoretical argumesgtwhere thele is related to the absorbed laser energy per unit vo(Eg)éy the

following relation[34]:

Y — Y whe®e p Q) —— (8.5)

whered is the film thickness, is the optical penetration depth 17 nm),R is the reflectivity of the
sample( 0.5),7Y is the ambient temperatufe 300K for room temperature) arfelis the laser pump
fluence. Variation in’Y with laser pump fluence for both the films using the expression in equation
(8.5) is plotted in Figure 8(8. "Y derived from the numerical calculation shows qualitative agreeme

with that obtained usinthe 3T-modelling.
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Figure 8.4Background subtracted tirresolved Kerr rotation data showing precessional oscillations
at different bias magnetic figld) values for(a) 50 nm andb) 100 nmthick Py film. The symbols
represent experimental data points and the solid lines represerfit thsing equation(8.6).
Precessional frequency as a functiorHofsymbols) and the corresponding Kittel (&olid line) for

(c) 50 nm andd) 100 nmthick Py film is shown(Insets show théast Fourier transformatiopower
spectra at the highest field which clearly sh@e)gwo modes for 50 nnthick Py film and(d) three
modes for 100 nrthick Py film). Variation of damping consta(t) with applied bias field fofe) 50

nm and(f) 100 nmthick Py film.

Laser-induced modulation of precessional dynamicsThe precession of magnetization around an
effective magnetic field appears as a damped sinusoidal oscillation in theetiohesl Kerr rotation
data in the picosecond to nanosecond timescale. We hawaetegthe precessional relaxation time
(Q by fitting the backgroungubtractederr oscillationsusing the following expressida5, 36]:

00 BOQ sicqa™Q @00 %o (8.6)

Whered ,1,"Q %o ard @ is the precessional amplitude, relaxation time, precessional frequency,
initial phase andemporalchirp parameter faf" mode For all these samples we have investigated the
precessional dynamics at variddssalues.The fast Fourier transformatidfFT) of the oscillations
providesQfor different values oH. The field dispersion of frequen€¥) is fitted using thdollowing

form of the Kittel formuld 37]:

QM — 0 —— 0 —— 10 (8.7)

Where Merris effective magnetization ard= gue/ )Kis the gyromagnetic ratig.and<are the Landé

gf actor and reduced PI| HerecA danddcanentrse texchmange stiffness p e ¢
constant, order of PSSW modedthickness of the film, respectively. For uniform Kittel mode O

while n = 1 and 2 stand for firsand seconarder PSSW mode. Thevalueis takenas1.3x 10°
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erg/cm for PyMett andg are determined as the fitting parameters hafeer finding Uand Mes, we

haveestimatel Uusing the following expressida8]:

(8.8)

a0

Where the value ofois 1.76 x 10 Hz/Oe. Figure 8.4) and 8.4b) showthe time-resolved Kerr
oscillationsfor different bias magnetic fieddatF = 25 mJ/cnd for the 50 nm and100 nmthick Py
film, respectively Figures 8.&) and 8.4d) show thef vs. H plot fitted with the Kittel formula in
equation(8.7) for50 nm and100 nmthick Pyfilm, respectively. There are two modes for30enm
thick film(as shown in the inset of Figure &}: one corresponding tihe uniform Kittel mode and
the other corresponding t&'brder PSSW modevhereasthreeclearmodesappearfor the 100 nm
thick film(as shown in the inset of Figure &%: a low-frequency uniform Kittel modand15tand 2¢
order PSSW modes. From the Kittel fit, we have obtaMedd 7 9 0 N ahdy = &.0n:0/1 doc
Kittel and PSSW modes of both Py films which are close to the values obtained fronf V&N
emu/cc). The amplitude of precession is found to increase Hvitvhich can be attributed to the
enhancement of the-planemagnetization comp@nt with increasing magnetic field strengths
found to be independent bf (as shown in Figures §¢) and 8.4)). The literature shows that in the
presence of extrinsic effects likwo-magnon scatterind) decreases with the applied magnetic field
due to the increased degeneracy of SWs while it should increase in presence of inhomogeneous surfac
anisotropy[21]. A field-independent nature afrules out any such extrinsic contributions present in

these systems.
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Figure 8.5Background subtractdtne-resolvedKerr rotation data showing precessional dynamics at
different laser pump fluencdsr the (a) 50 nm andb) 100 nm Pyfilm. The symbols represent
experimental data points and the solid lines represent the fit using eq@abjprvariation of Gilbert
damping parametét) with laser fluencéor (c) 50 nm andd) 100 nm Pyilm. Precessional frequency
and tenporal chirp parametexs a function of laser fluence f@) 50 nm andgf) 100 nm Pyfilm.

To study the effect of laser pump fluen§ on precessional dynamics, we have vafeflom 12
mJ/cnt to 62 mJ/crhatH = 2.4 kOe. The precessional data at different pump flisfoc&0 nm and
100 nmthick Py are plotted in Figures & and 8.8b), respectively. The amplitude of precession
increases witlir due to the stronger modulation of magnetization and thetis#deld. The variation

of Uwith F is plotted in Figures 8(6) and 8.%d) for 50 nm and100 nmthick Py films which shows
damping increases significantisom its intrinsic value for both Kittel and PSSW modes within this

fluence rangeAlthough there is a finite possibility of laser flueAceluced damping enhancement
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