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Abstract

Conventional electronics-based memory devices that operate only through the charge attribute
of the electron are not capable of possessing non-volatile memory feature. Additionally, there
is a problem of performance and speed gap between the different memory stages. Spintronics-
based memory devices, such as Magnetoresistive random access memories (MRAMS), utilize
the spin attribute of the electron along with the charge for storing and processing the
information. These MRAM s are very fast and non-volatile in nature, and hence can operate as
‘Universal memory’. In these devices, the data is stored in a materials stack in which dominate
role is played by ferromagnetic layer (FMs) and hence the required properties of the FMs such
as high Curie temperature (T,), low Gilbert parameter («), high spin polarization (n), etc.
become crucial for the fast and energy-efficient operations. There also exit a few promising
MRAM structures typically formed by Ferromagnetic/high spin orbit coupled (SOC)
nonmagnetic (FM/NM) heterostructures which are used for efficient generation, propagation,
and manipulation of spin current for the fast and low power consumption memory operations.

In such cases, the quality of the NM and the interface becomes vital.

Hence, in this thesis work, we have grown and studied thin films of Co-based FM amorphous
alloy i.e., CosoFe20B20 (CoFeB). The study includes structural, magnetic (static as well as
dynamic) and transport properties on these grown films. Along with this, the spin dynamic
properties of tw different types of heterostructures of CoFeB/NM are also explored by utilizing
the spin pumping measurements. Molybdenum Mo (as NM) with different varying of its two
crystalline phases is used. In addition, a Mo-based dichalcogenide (MoSy) is also explored as
potential NM in FM/NM heterostructures. First, we have optimised the growth of high quality
CoFeB thin films and then focussed on the tuning in the magnetic properties of CoFeB layer
with the growth parameter (specifically the Ar-pressure (P,,-) during the sputtering). The
ferromagnetic resonance measurements revealed that P, has a direct impact on the
inhomogeneous linewidth, anisotropy, and the damping constant (a). The low value of a ~
(4.16 £ 0.10) x 1073 is achieved in film grown at P,.= 1.1 mTorr with negligible
inhomogeneity and low anisotropy. At this optimum value of P,,., the surface roughness of the
films is found to be lowest (~4 A). The study demonstrated that to achieve a desired low value
of a, the parameter a can be fine-tuned by controlling the P,,.. After optimizing good quality
of CoFeB, we have systematically investigated the influence of the annealing temperature (7,)
on the structural and magnetic properties of the Ta/CoFeB/Ta heterostructures. The

dependence of «, saturation magnetization, exchange constant, and coercive field on T, is
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thoroughly studied. Notably, these parameters show abrupt changes with T,,, which are strongly
correlated with the changes in the structural properties of CoFeB. Interestingly, the a is initially
found to decrease with T,<400°C, followed by a sharp enhancement at 415°C, at which the
crystallizaiton of CoFeB gets completed. The a variation is found to be robust in the range of
thicknesses from 28nm to 5nm of CoFeB. A record low value of a~3.46(0.06) x 1073 even
at high T, (~400°C) is achieved which is so far not reported in CoFeB related studies.
Occurrence of a sharp transition in electrical resistivity at 400°C also validates the onset of
significant modification in the microstructure of CoFeB. The crystallite size, surface

roughness, and magnetic anisotropy are all found to be highly sensitive to the choice of T,.

Followed by successful optimization of high quality CoFeB thin films and annealing
temperature (i.e., 400°C), we explored the utility of CoFeB/Mo heterostructures (here Mo as
an heavy metal HM) in spintronics applications. It is found that while in both the as-deposited
and annealed CoFeB/Mo heterostructures, Mo crystallizes in the form of mixed phases i.e.,
body centered cubic (bcc) and face centered cubic (fcc), the dominance, however, changes from
fcc to bee on annealing. The FMR measurements reveal that despite of relatively low spin orbit
coupling of Mo, the spin pumping efficiency and magnetic properties in both the as-deposited
as well as in the annealed heterostructures was comparable with those reported in similar
CoFeB based heterostructures comprising of other heavy nonmagnetic HMs such as W and Ta.
The spin efficiency parameters are, however, slightly better when Mo film is predominantly in
the fcc phase as compared to the case when Mo film dominantly comprises of the bcc phase.
Importantly, the study shows that despite the weak spin-orbit interaction, the 4d transition metal
Mo could be a suitable choice as a non-magnetic material for spin generation and generation
for the case when the thermal stability of different layers in the CoFeB based spintronic devices
is of paramount concern. After exploring the HM Mo as the NM, a 2D transition dichalcogenide
material (i.e, MoSy) is also explored as another HM layer for its potential use in CoFeB/NM.
Different numbers of layers (1-4 monolayers) of MoS> were grown and its effect on spin
pumping in MoS,/CoFeB heterostructures is observed. The as grown heterostructures are
annealed at optimised temperature (400°C) followed by spin dynamics investigation by
performing the spin pumping measurements. The spin pumping study in these heterostructures
revealed 49% (51%) enhancement in damping with monolayer compared to bare CoFeB in the

as-deposited (annealed) series.

Thus, this thesis work links the relation between the growth, annealing temperature and spin

dynamic properties of ferromagnetic CosoFe20B20 and different CosoFe20B20/NM

Vi



heterostructures (NM -: Mo & MoS), and provides the fundamental understanding about the
interfacial effects on the spin transport phenomena in FM/NM interfaces. This will be crucial
for the performance optimization in practical spintronic memory applications comprising of
CoFeB based FM/NM heterostructures.
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IRURS Saag-ad-SATTRT TART fSarsd St Had Saagi- &1 drel [qRIvdl & A1ed I
Tiferd g1 §, TR-arwreier AERY gfaer Ten 7 gam e ¥ 39 sifafved, faft aed
TN & g USH SR 71 ofcR &t o off B RUSag-sneia AaRt fearsy, 9
AR Y50 TR AURY (MRAMs), TSR & TUeId H4 3R JTq1d H1 &
foTT AT o ATY-TY SAiae - &1 U fa=IvdT &1 ST o3 & | J THSRUTH Uhid § 9gd
ol 3R TR-aTRMTE €, 3R U gHadd AR & &0 H HH &R Tohd g | 37 ITHR0N
o, ST &I Ul & o | Wi fan Srar ¢ o v i tRiAfcd IR (FMs)
SRT FAYTE STl § 3R ST ThUA & SHTaRges 0T oI 3= R ar9dH (7,), B fiese
R (o), 3= O AT 3R So-H 21 e b o YeiehRT (1), 311fe Ageaqu! 81 5
21 D SRS THSRUTH WIS 1T § S SR IR IR H/ETs fF siffae ducs
(SOC) ATHARE (FM/NM) BeRC R GRT §T3 STl 5, foTdhT SURT dut 3R HH faeTet
WUd a1 AURT e & fo fUA die & $d IdTe, TR 3R gt & forg fara
ST 8 | T AEa §, NM 3R $ex6 &t T[uradl Agayul g1 s g |

e, 39 SR |, g0 T8-3TeTRd FM SMHTHR 718 1 amT, CosoFezoB2o (CoFeB)
! gad fhed! o A SR reraH 6T g | 31eaaH | 37 fasRid fihedl IR a1,
Jeo1a (RR 3R Iry gt nfa=fier) Sik ufvag= 1or 2nfire § 1 396 ary &, f&ue dfthr gt
D1 YA HIDb CoFeB/NM & &I ST-3THT YR b gerRedeR o [ Tia=ie Ton &l
W a1 TITan ST 8 1 MfefsSaH Mo (NM & =0 H) &1 ST 39 4l fohtedia TRl &
fafrst firsrdr & Try foram ST 81 39 SiaTdT, FM/NM geReaaR | THTFAd NM & &0 H
TH Mo-3MTUTRT STZFATZS (MoSy) BT Ht I @I 7T ] | 9a9 Ugd, 89 S [ura]
qTelt CoFeB Uddl! fihed & faama &I s ierd fovan § oiR fhr fasmg tRifter (uefm &
IRM fa=% U F Ar-<d1d (P,,) & 1Y CoFeB TRd P gaieb 17 U H 111 TR e Hfga
far g1 Aiedadia AT AT ¥ Udl Ial % P, &1 sMMdE fafAfqy, sifdierdt ok
e RRIF (o) W T UHE TSl 81 a~4.16(0.10) x 103 BT 9 AF T0g
SMAMIITdT 3R HH At & 1Y Py, = 1.1 mTorr W fasRyd fe & e foran S
81 P, & 39 VAW 9 W, e &t Ydg &1 WA Tad HH (~4 A) TR S g
T T Udl I P o H1 gifsd 9 719 urd 1 & fag, WiieR « &) p, &) FEifa
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TP B1P AT Off IHdT §1 CoFeB B 3B U Bl SHIHiAd B & §1G, T
Ta/CoFeB/Ta BERRETR o TRATHD 3R D I[ON TR THTCHT ITIHM (T,) & THTG Bl
HARYT U I @ DI g1 T, R o, I de9dbd, A RRI® R sadlss &3 o
far &1 784 srergA far man |1 foviy ®U §, ¥ WieR 1, & I 3G uRada
f&aTd &, S CoFeB & TRAATHS 0N H URacH o 1Y Egdl 9 Yafid ¢ | feaawa sra g8
8 LB & o 7,<400°C P AT Tl AT UTIT STl &, SHP d1G 415°C TR o gfeg Bl
8, TS99 IR CoFeB &1 foreclian’ul ORT 81 ST § | CoFeB &1 28nm I 5nm b Ht HICTS &1
T H o P Aiae UTS T §1 S 7, (~400°C) R Y ¢~3.46(0.06) x 103 BT Rl
79 O UTe o it §, S 81@ da CoFeB I Iafid sremaql #f Ruid &t fovar man g
400°C WR faggd wfcRiydar & dig aRad &t geT1 4 CoFeB &1 Y& WRa-T & Hgayul
TN D1 YHATT B! A B ¢ | fohiedig STHR, e TR 3R Jad g Sarerdt
Tt 7, 3 Te & Ul S Yaga=id U §rd g |

I OIS dTell CoFeB Uda fohe 3R THITeHT dTodT= (@, 400°C) & T d 3G &
915, T FUIAa ST H CoFeB/Mo §eXRCaRR (T8! HRY U1 HM & &4 H Mo) i
JUTRTAT BT Tl ST | I8 U 741 § fob ST 3R THIGE CoFeB/Mo ReRRETRR GHI 1,
Mo fHf3d =RU & Ta o Iravicm‘\lcpd gl %‘ =t body centered cubic (bcc) 3R face centered
cubic (fce), T, BT, fec § FaadT 8 TATRHT TR bee SRIRR @34 & forg| FMR A0 @
TdT Iadl & 6 Mo & 30eTdhd &1 - Hefl T & dracig, ST fhd Y 3R 91y &t
T-1cS GRS aaR G B U UfT G&faT 3TR g Ia 10T 31 YR TR-gae 1 I gad IqH
CoFeB 3MTUTRA geRReamR § FUlE forw T il & 1y gaiid 41 HM S W 3iR Tal
gTiiep, FRU & IRTHIeR U1S 98k 1d & oia Al fibed 487 U fec TRUTA Bl 8, 39
fRufa &1 ga1 & S1a Mo e TR U ¥ bee IRUT H WA et € | Hedqul U ¥, 3reqg
 UdT I 8 [ HHeIR fRUH-3iifele SeyaRM & rave, 4d a1 91 Mo & Uit 8fiR
Wl & foe TR-da g Il & U T T IUgad fddhed g1 ahdl § oid CoFeB TR
el # faftrs wral o yrfa fRRar it 31| Sudr waraR fRidr &1 fawa g1 NM &
U H HM Mo &I WIS & §1g, T 2d Ul SRS I (@M1, MoSz) Bl
CosoFe20B2o/NM T ST THTFAd ITTNT & ol U 8- HM TRd & =0 & 1 Fie T g |
MoS; BT SET-3ET TR | TR (1-4 HHIGAR) IS T3 3R M0S,/CoFeB §eRREaRR H
= dftvT IR 39HT gHTd a1 71| fahRid 8eRIga=R &1 3bierd dgH (400°C) TR
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THies forar ST €, S a1e R ufthn /g aves fs nifasfetar S &t St g1 349
BeXReaaR | U UfthT 31eqg= § ST (THTeS) 4aa | A1 CosoFezoBzo B e H HIHICR
& 1Y TR H 49% (51%) i< T Ual I

29 UPR, I8 JIR &1 TRIAACH CosoFexoBao 3R AT CosoFezoB2o/NM BeIRE TR
(NM -: Mo & MoS,) & faeT, THifeiT aros $ik faom mifaeia ot & offa dee &t sirear
g, 3R F uRae geT R S RIad THTa! & IR & Hifele THS U™ edl g | FM/NM
SRBY T| Ig CoFeB 3TYURA FM/NM BeR¢R dld ATdgRe e aqkt

SIS H UGRM e o o] Ag@yqul g |
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(@ FMR and derivative of the FMR signal for a particular
frequency; generally fitted with Lorentzian or derivative
Lorentzian function {equation (1.8)} to estimate the resonance
field (uoH,) and linewidth (u,AH) parameters. (b) & (c) Variation
in uoH, and puo,AH as a function microwave frequency (f),
respectively, for two different representative/test samples (say R1
& R2). The points are the experimental data, and the lines are the
fit using the mentioned equations.
Schematic of the FM/NM bilayer structure showing the spin
pumping induced flow of spin current (represent with solid blue
colour arrow) through the FM/NM interface.
Two cases of the ballistic spin transport model (spin back flow
from any surface of the FM is not considered) with constant FM
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NM/AIr interface, which is assumed to be a perfect reflector and
(b) tym > Asq: No spin back flow from the NM/Air interface as
spin angular momentum gets relaxed before reaching the NM/Air

interface. (c) Shaw et al. model where the FM thickness is varied
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(i.e., spin back flow from the two surfaces of FM is considered- as
shown with solid red colour arrow) and NM thickness is kept
constant (tya > Asq), Which accounts for negligible possibility of
spin back flow from NM/Air interface. The blue arrow represents
the motion of the spin angular momentum that relaxes in the NM
while the red and green arrow represents the spin back flow from
different interfaces.

(@) Schematic of the inside view of the chamber. (b) The real
picture of employed sputtering system. Right side up inset
represent real inside view of the sputtering system. Whereas the
down inset shows the plasma during deposition.

Schematic diagram showing the working principle of EDS.

(a) The schematic of x-ray diffractometer (Model - X'Pert® from
PANalytical) showing various components involved in the optics
at the source and detector side to record the measurement, courtesy
of Malvern PANalytical. Schematic for Bragg law (equation 2.1)
of X-ray Diffraction. Geometry of the diffraction from the atomic
planes. The incident beam penetrates into the lattice and scatters
from atoms (solid sphere) lying in its path.

Different angles, indices, and wave vector directions of refraction,
when X-rays are incident from the air on the surface of a sample
with n < 1. (b) A representative XRR spectra of CoFeB (10 nm)
thin film on Si (100) showing the different information that can be
obtained from XRR spectra

Energy diagram of the different incident scattering processes (a)
Infrared spectroscopy, (b) Rayleigh scattering (elastic scattering),
(c) Stokes shift (inelastic scattering), and (d) anti-Stokes shifts
(inelastic scattering), respectively.

Schematic of the employed AFM measurement setup

PPMS Model 6000 Evercool 11 (left), PPMS probe (centre), which
is placed inside Dewar, Sample space inside the magnet where
VSM coil, and sample puck for transport measurements (right).

Courtesy of Quantum Design, Inc.
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(@) Real image of employed longitudinal MOKE setup. (b)
Schematic of homebuilt MOKE measurement setup in
longitudinal geometry.

(@) Real picture of employed FMR measurement setup. (b)
Schematic of the homebuilt in-plane FMR measurement setup.
Schematic of four-probe linear resistivity measurement
configurations.

Deposition rate of CoFeB films as a function of Py,

(a) X-ray reflectivity profile recorded on CoFeB films deposited
at various Py4,.. The symbols represent the experimental data, and
solid lines are simulated fits. (b) AFM images of CoFeB thin films
sputtered at different Py,.. (¢) Variation of the estimated values of
the film surface roughness, evaluated from XRR (open squares)
and AFM (open triangles) techniques, with P,,.. The lines
connecting the symbols are a guide to the eye.

The GI-XRD scans of the CoFeB thin films (Series-11) grown at different
indictade values of P,,..

(@) EDS mapping of a CoFeB thin film sputtered at 0.8 mTorr.
The green and maroon points represent Co and Fe, respectively.
The image reveals the composition homogeneity in the sample. (b)
The variation of Co/Fe atom % ratio for all the CoFeB films of
Series-11 grown at different P,,..

(a) Schematic of the oblique angle deposition sputtering setup. The
evolution of EA and HA in the deposited film is shown. (b) The
spherical polar coordinate of oblique geometry. (c) Schematic of
the film-plane and field configuration for the LMOKE M-H
hysteresis loop measurements. (d) & (e) The normalized hysteresis
loops recorded using LMOKE along with the EA and HA of the
different CoFeB film samples of Series-1l, respectively. (f)

Dependence of the coercivity (u,Hc), anisotropy field
(44yHi—static) calculated from LMOKE and VSM measurements
and squareness ratio (M,./My) of these CoFeB films on P,,.. (0) &
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3.6

3.7

3.8

3.9

4.1

(h) The M-H hysteresis loops of the CoFeB thin films (Series-I11)
recorded using VSM along with EA and HA, respectively.

Polar plots of (a) the relative remanent magnetization (M,./M,)
response and (b) x,H¢ of the CoFeB films grown at various Py;-.
Both M, /Msand u H; are obtained from the L-MOKE
magnetization loops recorded along with the EA. Lines connecting
the data points are guides to the eye.

(@) FMR spectra of the CoFeB thin film grown at 1.10 mTorr.
Filled circles are the experimental data points and red lines are fit
to Eq". (1). (b) and (c) show variation in x H, and u,AH,
respectively as a function of microwave frequency. (d), (e) and (f)

show the changes observed in (u,Hy, 1yAHy), (ttyMess, tyMs),
and a respectively, for the Series-1l1 CoFeB films.

(2) The in-plane 6-dependence of . H,. for all the CoFeB films of
Series-11. Open symbols represent the experimental data, and the
solid lines are fits to equation (3.4) (b) Dependence of
HoHy—uniaxiar and g Heypic ON Py, and (c) the measurement
geometry showing the directions of the applied field x H, EA of
competing magnetic anisotropies (Cubic and Uniaxial) and the
observed EA.

(@) Variation of electrical resistivity (p) of CoFeB thin films as a
function of P,,- (b) shows schematic of four-probe linear resistivity
measurement configurations.(c) Dependence of a.sr on film
roughness measured by xrr.

(@) X-ray reflectivity profiles recorded on Si/SiO2/Ta/CoFeB/Ta
heterostructure annealed at various T,. The symbols represent the
experimental data, and solid lines are simulated fits. (b) Variation
of the estimated values of the rms roughness of the upper
CoFeB/Ta interface (solid squares) in the heterostructure and
density (open triangles) of the CoFeB layer evaluated from XRR
stimulated fitting, with T,. The line connecting the symbols is

guided to the eye. The 3 AFM images shown within the panel of
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4.2

4.3

4.4

4.5

Fig. 1(b) correspond to the uncapped CoFeB(28 nm) films
annealed at T,= 200, 410, and 415°C.

(@) GI-XRD patterns of the RT and annealed Ta/CoFeB/Ta thin
film stacks as a function of T,; (b) zoomed view of the (110)
reflection near 27 range of 40°-50° and (c) Variation of average
crystallite size of these RT and annealed films with T,4. (Insets:
Atomic schematics depicting the crystallization and Boron
segregation resulting from the increase in Ta. the filled circles in
white, maroon, and indigo respectively depicts Boron, Cobalt, and
Iron atoms in the CoFeB).

(@) Schematic of the oblique angle deposition sputtering setup
showing the confocal mounting of the sputtering targets. The
evolution of EA and HA in the deposited film is shown. (b) The
spherical polar coordinates of oblique geometry. (c) Schematic of
the film-plane and field configuration for LMOKE M-H hysteresis
loop measurements. (d)-(e) Normalized hysteresis loops recorded
along the EA (0°), and HA (90°) at different T}, respectively. (f)
Dependence of the coercivity (H.) along EA and HA, respectively
on T,. Polar plots of (g) coercivity (u,H¢), and (h) the relative

remanent magnetization (M, /M) response for the Ta/CoFeB/Ta
films at various T, recorded along the EA. Lines connecting the
data points are guides to the eye.

(a) Magnetization hysteresis loops recorded using VSM, (b) The
normalized saturation magnetization versus temperature curves
fitted using equation (2) and (c) Changes in the A, values for the
selected CoFeB samples {T,=RT (amorphous CoFeB), 400 °C
(onset of crystallization) and 450°C (crystallized CoFe)}. Thick

solid lines (red colors, figure (b)) represent the fit to Bloch’s law.

(@) In-plane FMR spectra of the Ta/CoFeB/Ta thin films recorded
at 8 GHz along the easy axis of the films annealed at different 7.
For clarity, they are centered around O, i.e., shifted by their
respective resonance field. Filled circles are the experimental data

points and red lines are fit to Eqg. (2). The two blue dashed lines
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4.6

4.7

4.8

5.1

connecting respectively the minima and maxima of the FMR
spectra for different films highlight the change in the FMR
linewidth with T, (b) (c) and (d) show variation in x_H,., 1, Hy,
HoMesr and, u Mg as a function of microwave frequency and

T,, respectively.

(@), (b), and (c) Effect of T, on the resulting variations observed
inu,AH, w,AH,, and « of the annealed Ta/CoFeB (28nm)/Ta
films. The additional data points, i.e., open square and filled
triangle are shown in 6(c) for the as-deposited and annealed case
at T,=400°C (at which onset of crystallization occurs in CoFeB)
corresponds to the damping observed in relatively thinner CoFeB
films in the stack, i.e., Ta/CoFeB(15nm)/Ta and
Ta/CoFeB(5nm)/Ta, respectively.

(@) The measurement geometry showing the directions of the
applied field x4 H, EA of competing magnetic anisotropies (Cubic
and Uniaxial) and the observed EA. (b) The in-plane o-
dependence of x H,. for all the Ta/CoFeB/Ta films. Solid symbols
represent the experimental data, and the solid lines are fits to Eq".
(5) (c) Dependence of u Hy_uniaxiar aNd gy Heypic 0N Ty, and (d)
Variation of K; and K. calculated from FMR and LMOKE as a

function of T, .

Variation of sheet resistance (Rs) of annealed Ta/CoFeB/Ta films

as a function of T,.

(a-d) GI-XRD spectra of few selected samples (5, 8, 12, and 15
nm) of both series S2 and S2A. The vertical dashed lines placed at
20 values of 38.6° and 40.6°, shown in red and blue, represent the
Bragg reflection positions corresponding to reference data
(extracted from the JCPDS database) of the (111) and (110)
diffractions from the fcc and bcc phases of Mo, respectively. The

data points solid circles (annealed series) and open circles (as
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5.2

5.3

5.4

grown) are the background subtracted experimental data, and the
solid lines represent the deconvoluted peaks using multiple peak
fit PsdVoigtl function, which is a combination of Gaussian and
Lorentzian functions (green: cumulative fit, red & blue:
deconvoluted fits). It is noted that there is no peak /nump observed
around 44-45°, which reveals the amorphous nature of CoFeB.
The filled spade and diamond symbols marked next to the
deconvoluted peaks correspond to the fcc-Mo and bce-Mo phases,
respectively. The number in the bracket to CoFeB or Mo represent
the thickness in nm.

(a-c) X-ray reflectivity profiles recorded on S2 and S2A series
samples. The symbols represent the experimental data, and solid
lines are the simulated fits. (d) Variation in the estimated values
of the roughness (ccores) Of the CoFeB/Mo interface for series S2
(open triangles) and series S2A (solid triangles) in the
heterostructure evaluated from XRR simulation, respectively.

(@) M-H hysteresis loops of selected (5, 10, 15, 25 nm) samples of
series S1” (others (4, 6, 8, 20 nm) and all the samples of series
S1A are not shown for brevity). (b) & (c) Variation in u,H, and
the saturation magnetization (M,) as a function of ¢,,.,;. Open and
filled symbols correspond to the series S1 and S1A samples,
respectively. (d) Variation in M X tc,rep @S a function tg,p.z,
which is linearly fitted (solid lines) to extract the magnetic dead
layer of CoFeB in the samples from series S1 and S1A,
respectively.

a) FMR spectra recorded for CoFeB (4nm)/Mo(5nm)/Al(4nm)
(from series S1) over different constant microwave frequencies in
the range of 4-12 GHz. Symbols are the experimental data, and the
solid lines are fit to equation (5.1). (b) Visualization of the bilayer
structure portrayed to illustrate the generation and flow of spin

current density at the CoFeB/Mo interface because of spin

pumping.
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5.5

5.6

6.1

() & (d) Variation in x4, H, and x,AH as a function of microwave
frequency, respectively for four representative samples of series
S2. The points are the data extracted from the fitting of FMR
spectrum, and the lines are fits corresponding to the Kittel
equation (5.2) and linewidth equation (5.3), respectively. For
brevity, the fitting of only a few representative samples of series

S2 are shown. (b) & (c) Variation in x4, H; and u M. for all the

samples of series S2 and S2A as a function of t,,,. The dashed
black and blue horizontal lines in (b) & (e) correspond to the
anisotropy field of the reference CoFeB(10 nm/Al(4 nm) film in
the as-grown and annealed state, respectively (indicated as
CoFeB/Mo(0) and CoFeB/Mo(0)A). (e) Variation in u AH, for
series S2 and S2A as a function of t,,,. (f) Variation in change in
effective damping (Aa.ss) with the change in ty, for all the
samples from both the series, i.e., S2 and S2A. The orange lines in
(f) represent the fit according to equation (5.4).

(a) Variation in effective damping constant with t.,r.gfor samples
of the series S1, S1A, S3 and S3A. (b) Dependence of Aa,sf on
1tcoren: Aacsy defined as the difference between the damping
value of as grown samples from series S1 and annealed samples
from S2  series such as (Aa.rr = a (S1series) —
a (S1A series) , the solid orange lines represent best fits of the
data to equation (5.5) including the TMS contribution. (¢) /tcorer
dependence of w1 M,y fitted using equation uoM.rr = poMg —

2K

for series S1 and S1A samples. Inset shows u M, VS
MstcoFeB 0

tcorep TOr samples from series S1 and S1A. (d-f) Determination

of git; from the FMR measurement (These figures are adapted

from (d) [1] (e)[2](P[3], are used here for the purpose of
comparison of Mo with different heavy meatls :Ta, W, Pt, only)

(a & b) Representative Raman spectra of 1 and 4 ML MoS; from
each of the different series, namely the TMD (1 & 4 ML MoS>),
TMDA (1 & 4 ML MoSy), TMD1 (1, 4 ML MoS,/CoFeB (8 nm),
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6.2

6.3

and TMD1A (1, 4 ML MoS,/CoFeB(8 nm) annealed at 400°C for
1 hour), respectively. Symbols are the experimental data and solid
lines connecting the data points are guide to the eyes. Insets in
figure 6.1(a) depict the modes of vibration of 1- ML MoS,. The
filled circles in navy blue and yellow colour represent the Mo and
S atom, respectively. Insets of figure 6.1(b) show the variation of
wave number difference (§) as a function of number of
monolayers nuL in MoS,. (¢c) AFM image of MoS: layer of 1-ML
thicknesses showing the rms roughness. (d) Line scan along the
SiO2/ MoS; (1 ML) boundary showing a height of ~ 0.83 nm for
1 ML MoS:. In the inset, the region on which the line scan is
recorded is shown.

(a-b) X-ray reflectivity profiles recorded on representative
samples of TMD1 and TMD2 heterostructures. The symbols
correspond to the experimental data, and the solid lines are the
simulated fits. (c) Variation of the extracted values of the g, of the
MoS2/CoFeB interface for TMD2 (open triangles) and TMD2A
(solid triangles) in the heterostructure estimated from XRR
simulation, respectively. (d) GI-XRD spectra of few select
samples, namely the (CoFeB (8 nm)/Al (4 nm), CoFeB (8 nm)/Al
(4 nm) annealed at 400°C for 1 h, M0S2(1 ML)/CoFeB (8 nm)/Al
(4 nm), and MoS2(1 ML)/CoFeB (8 nm)/Al (4 nm) of the series
TMDO, TMDOA, TMD1, and TMD1A, respectively. It is noted
that there is no peak/hump observed around 44-45° in all samples,
which reveal the amorphous nature of CoFeB. For clarity, only the
main stack {excluding the substrate (SiO2) and capping layer (Al)}
are labelled in the graph panel.

(a) Variation in the saturation magnetization (M) as a function
of t.,r.z for TMD1 and TMDZ1A series samples, respectively. (b)
Variation in MgX tq,rep @S afunction t.,z.5, Which is linearly fitted
(solid lines) to extract the thickness of the magnetic dead layer
(twpr) Of CoFeB in the samples of the TMD1 and TMD1A series,
respectively Open and filled symbols correspond to the as grown
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6.4

6.5

TMD1 (as deposited) series and TMD2A (annealed at 400°C)
series, respectively. (c) The normalized saturation magnetization
versus temperature curves fitted using equation (6.1) and thick
solid lines (red colour) represent the fit to Bloch’s law. (d)
Changes in the exchange stiffness constant (A.,) values for the
TMD2 and TMD2A series samples, respectively. The open
(orange colour) and solid (dark yellow colour) triangles in (¢) &
(d) correspond to the normalized saturation magnetization versus
temperature curves and A,, of the reference CoFeB(8 nm)/Al(4
nm) film in the as-deposited and annealed state, respectively
(indicated as Ref. for TMD2 and Ref. TMD2A). The connecting
solid lines are guided to the eye.

(2) & (d) Variation in x4, H, and x,AH as a function of microwave
frequency (f), respectively for the representative samples of
TMDO and TMD?2 series, respectively. The points are the data
extracted from the fitting of FMR spectrum, and the lines are fits
corresponding to the Kittel equation (6.3) and linewidth equation
(6.4), respectively. For clarity, the fitting of only representative
samples of series TMDO and TMD2 are shown here. (b) & (c)
Variation in g H, and u M, 5 for all the samples of series TMD2
and TMD2A as a function of ny,. () Variation in x AH, for
series TMD2 and TMD2A as a function of n,,;. However, the
ny, = 0 data point in (b), (¢c) & (e) correspond to value of the

HoHy, 1yMesy and p  AH, of the reference CoFeB(8 nm/Al(4 nm)
film in the as-grown and annealed state, respectively. (f) Variation
in change in effective damping (Aa.ss) with the change in ny,
for series TMD2 and TMD2A, respectively. The change in
effective damping is defined as Aaerr—a (ny, > 0) — a (ny,, =
0)

(a) Frequency dependent resonance field (4, H,.) for select samples

from the TMDO and TMD1-series. The coloured symbols

represent the resonance field values extracted from the FMR
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Al

spectra, and the corresponding-coloured lines show the fit with the

Kittel’s equation. (b) Variation in x H), as a function of t¢,pep for

samples of the TMD1 and TMDJ1A-series. Data points in green
(open star symbol) and red colour (filled star symbol) represent to
the reference samples (CoFeB(8)/Al(4)) of TMDO series and
TMDOA series, respectively. (¢) 1/tcorep dependence of u M.z,

2K;

for series TMD1

fitted using equation poMerf = uoM; —

MstcoreB

and TMD1A samples. Inset shows p Mss VS tcorep fOr samples

from series TMD1 and TMD1A, respectively (d) Typical
frequency dependent linewidth (x,4H) plots for a selected sample
of the TMDO and TMD1-series. The coloured symbols indicate
the linewidth values extracted from fitting the FMR spectra using
equation (6.1), and the corresponding-coloured lines represent the
fit using equation (6.3). () Dependence of Aa,rr on ltcopep,
Aa,ff defined as the difference between the damping value of as
grown samples from series TMD1, which contains MoS; and
TMDO (which does not contain MoSz) such as (Aarr =
a (TMD1 series) — a (TMDO series). The solid orange lines
represent the best fits of the data to equation (6.5) including the
TMS contribution. (f) Dependence of spin current density (J5) on
tcorep TOr the selected frequencies (namely 4, 6, 8,10, and 12
GHz) for samples of both the series TMD1 and TMD1A series.
The symbols and solid lines connecting the data points are guide
to the eye. Note that the open circle corresponds to the data point
from the as-grown series sample, whereas the solid circle
represents the data point from the annealed series sample.
Combined EDS maps of

(a) Si/SiO2/CoFeB(4nm)/Mo(5nm)/Al(4nm),

(b) Si/Si02/CoFeB(10nm)/Mo(0.5nm)/Al(4nm),

(c) Si/SiO2/CoFeB(10nm)/Mo(1nm)/Al(4nm)(4nm),

(d) Si/SiO2/CoFeB(10nm)/Mo(1.5nm)/Al(4nm) heterostructures.
The 5 panels (bottom row) are the individual elemental EDS maps
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A2

Bl

B2

of Co, Fe, B, Mo and Al, which are shown with different dots of
yellow, red, green, blue and sky blue, colours, respectively

a) Variation in effective damping (a.fs) with the change in ¢y,
for all the samples from both the S2 and S2A series. The orange
line in is the fitt according to equation (4). The two dashed lines
in black and blue colour depict the effective damping of the as-
grown CoFeB (10nm)/Al(4nm) sample of S3-series and the
annealed CoFeB (10nm)/Al(4nm) sample from S3A-series,
respectively, and represent the reference for S2 and S2A series
samples, respectively. (b) Frequency dependent resonance field

(14, Hy) for select samples of S1-series. The coloured symbols are

the resonance field values extracted from the FMR spectra and the
corresponding-coloured lines are the fit to the Kittel’s equation.

Variation in (c) x4, Hy, as a function of t¢,r.p for samples of the S1

and S1A-series. Black and red dashed lines represent the reference
sample (one of the sample CoFeB/Mo(0)and CoFeB/Mo(0)A,
which do not have the Mo ) of S3 series and S3A
series,respectively. (d) Typical frequency dependent linewidth

(14,4H) plots for a selected sample of the S1-series. The coloured

symbols are the linewidth values extracted from the fitting of the
FMR spectra (using equation (1)), and the corresponding-coloured

lines are the fitted using equation (3). (e) x,4H, as a function of

tcorep TOr samples of S1 and S1A series. (f) GI-XRD diffraction
pattern of as deposited and 400° annealed CoFeB (10 nm)/Al(4)
heterostructures thin films.

Combined EDS maps of @ MoS:
(IML)/CoFeB(8nm)/Al(4nm).The filled circles with different
colour i.e., sky blue, green, light maroon, pink, navy blue and
yellow represent the atoms of Co, Fe, B, Al, Mo and S,
respectively.

M-H hysteresis loops of some of the representative t samples of
the different series: TMD1{MoS>(1ML)/CoFeB(4nm) and
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B3

MoS2(1ML)/CoFeB(8nm)} and TMD1A
{Mo0S2(1ML)/CoFeB(4nm) and MoS2(1ML)/CoFeB(8nm)}.

(a) Variation in the effective damping () as a function of ny,,
for all the samples from the TMD2 and TMD2A series. The two
dashed lines in black and blue colour depict the effective damping
of the as-grown CoFeB (8nm)/Al(4nm) sample of TMDO-series
and the annealed CoFeB (8nm)/Al(4nm) sample from TMDOA-
series, respectively. These represent the reference for TMD2 and
TMD2A series samples, respectively. (b) Variation in effective
damping constant with t.,z.g for various samples of the TMDO,
TMDOA, TMD1 and TMD1A, series respectively
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