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Abstract

Conventional electronics-based memory devices that operate through the charge attribute of
the electron suffer from volatility issues and additional problems of gap in the performance
speed in different memory stages. Spintronics-based memory devices, such as
Magnetoressitive random access memories (MRAMS), utilizes the spin attribute of the electron
along with the charge attribute for information storage and its processing purpose. These
MRAMs are non-volatile and fast, hence can work as ‘Universal memory’. In these devices,
the data is stored in a ferromagnet (FM) based structure 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 operation. In a few promising MRAM
structures, a Ferromagnetic/nonmagnetic (FM/NM) is also utilized in which efficient
generation and propagation of spin current is crucial for the energy efficient fast operation. In

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

In this thesis work, we have grown and studied two Co-based FM alloys thin films, an
Amorphous alloy: CoeoFe20B20 (CFB) and a Full Heusler alloy: CozFeAl (CFA). The study
includes structural, magnetic (both static and dynamic) and transport properties. Along with
this, the effect of the presence of an adjacent NM layer adjacent to these FM layers on the spin
dynamic properties of the resulting FM/NM heterostructure is also explored through spin
pumping measurements. As NM different heavy metals (HMs) such as W, Ta, Mo, etc. are
used. In addition, a W-based dichalcogenide (WSy) is also explored as NM in FM/NM.

First, the crystalline quality of the CFA thin film (60 nm) is optimized to achieve low damping
constant through two different thermal treatment mechanisms, viz., in-situ post-deposition
annealing and temperature during growth. The post-annealed films were found to be
structurally superior in terms of crystallinity, density and interface width compared to the films
grown at higher temperatures. A record lowest damping constant value of 0.00173 was found
for as deposited CFA thin film which is further lowered to 0.00119 through post annealing at
773 K. Later, similar approach of post-deposition annealing was performed on comparatively
thinner CFA thin films (10 nm), and the structural, magnetic (both static and dynamic) and
transport properties were explored. The magnetic and transport properties were found to be
very sensitive to the crystallinity and interface width of the samples. A lowest damping constant
of 0.0051 was observed for the sample annealed at 573 K. The temperature-dependent transport
analysis reveals the dominance of the weak-localization effect at lower temperatures and

electron-phonon scattering at higher temperatures.
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After the optimization of CFA thin films, a detailed spin transport analysis is performed on
WI/CFA heterostructures through Ferromagnetic resonance (FMR) base spin pumping
measurements. From this analysis, an effective spin mixing conductance of 6.51+0.39 nm and
transparency of 60.27+5.41% is obtained for the W/CFA interface, while the spin diffusion
length of W is found to be 2.12+0.27 nm. Later the effect of different interlayers (ILs) such as
Al, Mg, Mo and Ta on the spin pumping efficiency was also explored, which revealed that
appropriate 1L with the appropriate thickness could enhance the spin pumping efficiency by a
considerable margin. After spin pumping study in W/CFA-based heterostructures, similar
measurements were carried out on Ta and CFB-based heterostructures and the spin pumping
efficiency parameters are estimated. The effective spin mixing conductance of 11.74 + 1.14
nm-2 and transparency of 60.61+5.88% are obtained for the Ta/CFB interface, while the spin
diffusion length of Ta is found to be ~2.1 nm.

After exploring the HMs as the NM, a 2D dichalcogenide material, WS is also explored.
Different numbers of layers (1-4 monolayers) of WS, were grown and its effect on spin
pumping in WS,/CFA heterostructures is observed. The effective spin mixing conductance of
7.47 £0.97 nm2is obtained for the WS,/CFA interface. Thus, this thesis work links the relation
between the growth and spin dynamic properties of different FM and FM/NM heterostructures
and also provides a fundamental understanding about the interfacial effects on the spin
transport phenomena in FM/NM interfaces. This will be crucial for material optimizations in

practical spintronic memory applications.
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1SIRY

IR FoleelAad-3aRd AANT 3a188 S gelacld & el Ufdege & HAEIHA ¥
et g1 8, 9 AT & Hegl 3R Affed ARl wof & yede afy # IR
1 faRead aaeant @ aeq §1 Rugea-3maiRa #aRr Basy, o #ver@g
{7 vFad AAN (MRAM), o1 $SRUT 3R gHF JHEERUT 36620 & faU =@mer
fIAvar & ATy seiaeisl I TueT faAwar &1 39IRT FIAr g1 T MRAM IR-arsqefier
3 A § sl gfAade AANT & T H FH F Fohd 81 o 3TN H, 3T &I
WATAT (FM) 3menRa @@ & §Igid Far sirar & 3R safee FM & 3maraes
0T S T FGY AYA (To), o1 [@feae WX (o), 350 [Ber gdianor (),
e 91 S &1 AT 3R ST Herel Fareld & fIT Hgeaqul| F& mATsicir MRAM
VIt 7, U SHTATeHAR-ga (FM/NM) &7 3 39er fram oirer & forest
Foll FRMT Al Tl & AT FU 3cUlead IR U FE F JGR HAgcdqul ¢l
T HFA H,NM AR $eThd T aoradr Hgeaqor g Sl gl

50 AT w7 #, g & Ge-3MeRA FM 8 el ftheat, vh 3R s erg:
CosoFez0Bao (CFB) 31X Teh quT Heusler f# ©Te]: CoaFeAl (CFA) &7 e 3R sregae
forar &1 g # ATaecHs, duha (PR 3T aifaelier aeh) 3R aRager aqor
MA 81 Hb A &, IRUMHA FM/NM geeeaR o et arfaeliel ol @ 81
FM @Rl & ¢ Teh el NM R Fr 39i8Ufa & g8 1 off 91 9fder AT &
ATEIH F Il R ST &1 NM & &9 & Affiesd smr a3t (HMs) S8 W, Ta,
Mo, 37T T 39T fRaT SITaT g1 38 37edr, FM/NM & NM & & #F W-3TaTRd

SEFATANASS (WS,) T Y IdT ST AT gl

HaH Ugel, CFA Tdlell fihed (60 nm) &1 TohEeeld F[UTadT &l &l 3Teidl-3eldl HoT
3UAR dA & AEIH § FA RN ORI ured i & fAw reqepfard fomar Srar
&, 31T, 31-dIg. dree-fEaifores wiifeier 3k faema & e aae | woires & a1
S el # 3T dUA W 395 TS el H Jolell H fsheceligd, Teica 3R
Y dISS & A H TAACHS §9 & Sgd? URAT IAT| STAT CFA Idell fohea
& T F STHAT CFA Tdell fheam & foIT 0.00173 & T RFls T o o= TR
e I m A1, 38 e A 773 K., AR @aercds, gehg (R 3R arfaeirer
arsh) 3 aRagsl ol &1 gar oEmAr AT GEhF AR gRager T AT
fhreeiaar AR BT g F 9T Tgd FdeeTMel 9T AT| 573 KT TeATes o7
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& o 0.0051 &1 @98 A Feae R q@r 7137 o1 d9A | A9 aRaga
fIEVOT & FH dTIATT TR FAGAR-TAHIHRIT THT IR 3T dIAA R Seldcid-
Bletel faERa & 93gcd T Il dolall ol

CFA 9aell fthedil & 3ielehelel & dlg, BUHTCH &iaid (FMR) S [8er gidar Aq
% HIEIH @ W/CFA geligaR R U faeqd [ouer gRags faeelvor faar e g1
38 fa2elvuT &, W/ICFA §&3%hd & faIT 6.51 +£0.39 nm? &I Teh gardT 9er fAsor
TTeleT 3R 60.27 + 5.41% & IRERIAT Wed &1 T &, Jafd W Hr B9 vaR o« 1s
2.12+0.27 nm 9$ ST &1 9 & et 9fter getar W [ffe seaad (ILs) s
f& Al Mg, Mo 3R Tad gerra &1 #ff 9ar ofemam ary, fS @ oar ool o 3ugerd
Al & AT 3uYFd IL ouef dfdfar gafdr 1 S 3l & FeT Hehcl &1 W/CFA -
IMURT g’ & e 9ftier ey & a1, s kg & HAY Ta 31T CFB-
TR geegee’ W fohv 7T & 3N Puet gfter gatel A9Es! & AR o
T &1 11.74+1.14 nm? &7 g7 Feaa fRsror arereT 3R 60.61 +5.88% T IRGRIAT
Ta/CFB §&I%d & folT 9o & AT &, STafeh Ta d BT JOR &ds ~2.1 nm 95
STl &

HMs &I NM & &9 H ol & &G, T 2D SBFalaldss AT, WS, &1 8 aar
AT AT &1 WS, Fr [Iffiea wal (14 Aaead) &1 39mar a=—r 331k WS./CFA
geiteFaR H RBga gftfer WX gHehr U8Td @1 I1AT| WS,/CFA $eithd o folT 7.47 +
0.97 nm? &7 YHTdT 9T A=0T areld ured fhar Srar g1 39 9K, I8 Nffw s
A= FM 3R FM/NM geiega=R & e 3R feuer arfashier ol & & deer
P SNSAT & 3R FM/NM SXha & 9T IRag gcaT W SXhade JHEr & aR
# U Al qHST o YeTe AT ¢ SAragRe Feugfoies AAN reqvielt & el
el & forv I Hgeaqer gl
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longitudinal geometry.

Schematic of the homebuilt in-plane FMR measurement setup.

(@) Berry curvature contribution to AHE. (b) Skew scattering
contribution to AHE. (c) Side jump contribution to the AHE. The
red and green balls with opposite arrow represent the electrons of
opposite spin-polarity. (d) Different kinds of sideway
displacement for skew scattering and side jump.

(@, b) GIXRD spectra of all the films, (c, d) XRD spectra
corresponding to the 6-26 scans. Black and red lines represent the
recorded and fitted spectra, respectively

Variation in (a) crystallite size and (b) lattice constant of CFA
films with Ta and Ts. The dotted line in the figure (b) represents
the bulk lattice parameter of CFA. The coloured lines connecting
the points are guide to the eye.

XRR spectra of the two series of CFA films: (a) Deposited at RT
followed by in situ post annealing at different Ta, and (b) Grown
at high substrate temperature Ts. The symbols represent the
experimental data and the red and blue lines show the simulated
fittings of the experimental data.

Variation in (a) density and (b) interface width of the two series of
CFA films: (black symbol) Deposited at RT followed by in-situ
post annealing at different Ta, and (red symbol) Grown at high
substrate temperature Ts. The coloured lines connecting the points
are guide to the eye.

(a & b) Frequency dependent OPFMR spectra for the A-573 and
S-773. Frequency dependent (¢ & d) resonance field and (e & f)
linewidth for all the samples. Symbols are the experimental data
and the red colour lines represent the fitted curves.

Variation in oeff, ceddy, atrad and aint in CFA thin films with change
in (a) Ta and (b) Ts. The coloured lines connecting the points are

guide to the eye.
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3.7

3.8

4.1

4.2

4.3

4.4

The variation in (a) effective magnetization uoMet and (b) ‘g’
factor in the CFA films with changes in Ta and Ts. The coloured
lines connecting the points are guide to the eye.

The intrinsic damping (aint) is plotted against (g-2)? for all the CFA
films. As is evident, there exists no proportionality between them.
(@) GIXRD spectra (black) and the fitted curves (red line) using
equation (1) and (b) XRR spectra (coloured points) and the fitted
spectra (red line) of the CFA thin films as a function of annealing
temperature (Ta).

Variation in (a) crystallite size (d) & lattice parameter (a), (b)
Density (D) & Interface width (ri) of the CFA thin films as a
function of annealing temperature (Ta). The red dashed line in
4.2(a) shows the lattice parameter of bulk CFA. The coloured lines

connecting the points are guide to the eye.

(a-d) VSM hysteresis loops recorded along in-plane easy and hard
axes directions of the CFA thin films annealed at different
indicated annealing temperature (Ta). In the inset, the hysteresis
loops recorded using MOKE are shown. For clarity, the hysteresis
loops in a magnetic field range of 7 mT is shown. (e & f)
Variation in coercivity (Hc), anisotropy field (Hk) and saturation
magnetization (Ms) as a function of Ta. The coloured lines

connecting the points are guide to the eye.

(@)The frequency-dependent FMR spectra recorded for T-573
sample. (b) & (c) Frequency dependence of the resonance field
(uoHr) and linewidth (uo4H) for all the samples. The colored
symbols are the recorded data or extracted data and the lines are
the fitted line. Variation in (d) effective damping constant (aef) (e)
effective magnetization (uoM,ss), (f) Anisotropy field (uoHy) &
inhomogeneous linewidth (u,4H,) as a function of annealing
temperature (Ta). The dashed line in 4.4(e) represents the bulk
saturation magnetization value of CFA. The coloured lines

connecting the points are guide to the eye.
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4.5

4.6

4.7

5.1

5.2

5.3

The pxx vs T curves for all the CFA films over the temperature
range 2-250 K. While the inset at the top-right corner shows the
upturn in resistivity observed below ~35 K for the NA sample, the
inset at the left-bottom corner shows the schematic of the

measurement geometry.

(@) and (b) The pxVvs T curves in the regime | and Il. The Red lines
are fittings using equations (4.2) and (4.3), respectively. (c) and
(d) variations in different effective scattering contributions in

regime | and regime 11, respectively as a function of Ta.

(@) Hall resistivity as a function of the applied magnetic field at
different measurement temperatures T of the as-deposited film
(NA). The schematic of the measurement geometry is shown in
the inset. (b) Temperature dependence of AHE resistivity (pane)
of all the films annealed at different temperatures. (C) paHe VS. pxx
for all the samples fitted with equation (4.8) to extract the
coefficient parameters of different contributions to AHE. (d) The
variation in the coefficient parameter of different contributions to
AHE with Ta. The coloured lines connecting the points are guide

to the eye.

(a) GIXRD spectra of (a) B-W (3, 4, 6 and 10 nm)/CFA (8 nm)/Al
(4 nm) heterostructures. (b) Variation in resistivity as a function
of thickness in single layer W thin films. The coloured lines
connecting the points are guide to the eye.

Recorded (data points) and fitted (lines) XRR spectra of (a) W
(tw)/CFA (8 nm)/Al (3.5 nm), (b) W (6 nm)/CFA (tcea)/Al (4 nm),
(c) W (6 nm)/Al (ta))/CFA (8 nm)/Al (4 nm), (d) W (6 nm)/Mg
(tmg)/CFA (8 nm)/Al (4 nm), () W (6 nm)/ Mo (tmo)/CFA (8
nm)/Al (4 nm), and (f) W (6 nm)/ Ta(tra) /CFA (8 nm)/Al (4 nm)
heterostructures.

SIMS depth profile of different elements (Al, Fe, Co, Mo and Ta)
in(@ W (6 nm)/Al (4 nm)/CFA (8 nm)/Al (4 nm) (b) W (6
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5.4

9.5

5.6

nm)/Mo (4 nm)/CFA (8 nm)/Al (4 nm), (¢c) W (6 nm)/Ta (4
nm)/CFA (8 nm)/Al (4 nm as a function of depth (film thickness
from the top). Black, Red, Blue and Wine-coloured points in all
the figures (a, b, and c) represent the Al, Fe, Co and W elements,
respectively while the Olive coloured points in figure (b and c)
represents the Mo and Ta elements, respectively.

(@) A representative FMR spectrum of CFA (8 nm)/Al (4 nm) and
W (2 nm)/CFA (8 nm)/Al (4 nm) heterostructure recorded at 8
GHz. Coloured points are the data, while red dashed and blue lines
are the fittings using equation (1). Variation in (b) uoHr and (c)
1o Ho as a function of microwave frequency (f). The points are the
extracted data from FMR fittings and the lines are fittings
corresponding to the Kittel equation and linewidth equation,
respectively. For brevity, the fittings of only a few samples are
shown. Variation in (d) aefr, (€) woMes, (f) uoHk and oA Ho for all
the samples as a function of tw. The red line in Fig. 5.5(d) is the
fitted line according to equation (5.1). The gray dashed line in
figure 5.4(e) represents the bulk saturation magnetization of CFA.
The coloured lines connecting the points are guide to the eye.
Variation in (a) wodHo and (d) uoHr as a function of microwave
frequency (f) for all the samples a few selected samples from series
Il and IV. The points are the extracted data from fittings of FMR
spectra and the lines correspond to the fittings using linewidth
equation (1.8) and Kittel equation (1.7). Variation in oeff as a
function of (b) tcra and (c)1/tcra. The redline in figure 5.6 (c) is
the fitting using equation (1.11). Variation in uoMesr as a function
of (e) tcra and (f)1/tcra. The redline in figure 5.6 (f) is the fitting
using equation (5.1)

Variation in aerf of W (6 nm)/ILs (AL, Mg, Ta and Mo)/CFA (8
nm)/Al (4 nm) heterostructures as a function of (a) Al thickness
(tar), (b) Mg thickness (tmg), (¢) Mo thickness (tmo) and (d) Ta
thickness (tra). The wine and gray dashed lines are guide to the
eyes for the aeft values of CFA (8 nm)/Al (4 nm) and B-W (6
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6.1

6.2

6.3

6.4

nm)/CFA (8 nm)/Al (4 nm), respectively. The dark gray dashed
lines in figure (c) and (d) are simulated variation of effective
damping constant as a function of Mo (Ta) thickness in the thicker
ILs (> 4 nm), assuming no spin-pumping contribution from the W-
layer, i.e., considering only the IL. In this simulated variation, the
assumed value of spin diffusion length of Mo (Ta) is taken as 2.5
(2.2) nm to provide best fit to the data.

a) GIXRD spectra of Ta(5 nm)/CFB(9 nm) bilayer. The olive and
blue dashed line at 33.5° and 38.5° represent the Bragg reflection
positions of the (002) and (110) diffractions from the g and «
phases of Ta, respectively. The broad hump marked by the brown
circle reveals the amorphous growth of CFB. (b) The XRR spectra
of (b) Ta(5 nm)/CFB(tcrs) bilayers with tcrs= 4, 7, 9, 11 and 24
nm. (c) CFB (4 nm)/ Ta (2, 4, 6 nm), (d) CFB (6 nm)/ Ta (2, 4, 6
nm) and (e) CFB (8 nm)/ Ta (2, 4, 6 nm). Coloured points are the
recorded data and red lines represent the fitted spectra.

(@) M-H hysteresis loops of Ta (5 nm)/ CFB (tces) bilayers with
ters= 2, 4, 7, 9, 11, and 17 nm. (b) Variation in saturation
magnetization (Ms) and Coercivity (Hc) as a function of tces. The
coloured lines connecting the points are guide to the eye. (c)
Variation in saturation moment per area (ms/S) as a function of
tcrs, linearly fitted using equation (6.1) to extract the magnetic
dead layer (t;) and real saturation magnetization (Ms).

FMR spectra recorded on (a) CFB(4nm)/Ta(2nm), (b)
CFB(6nm)/Ta(2nm) and (c) CFB(8nm)/Ta(2nm) bilayer thin
films. Filled circles are the experimental data points and red lines
shows the fitting using equation (4.1). (d, e, f) uoH, vs. f plot and
(g, h, 1) uoAH vs. f plot of the CFB(4, 6, 8 nm)/Ta(0,2,6 nm)
bilayers. Symbols are the extracted data from the FMR spectra and
the lines are fitted data according to Kittel (1.7) and linewidth (1.8)
equations, respectively.

(a) Ta layer thickness dependent uoM, ;s of CFB(4, 6, 8 nm)/Ta

(tra) bilayers. Variation in a, ¢ as a function of Ta thickness (tra)
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6.5

7.1

7.2

7.3

in (b) CFB(4 nm)/Ta(tra), (c) CFB(6 nm)/Ta(tra), (d) CFB(8
nm)/Ta(tra) bilayers. The red lines are the fitting according to
equation (1.10).

(a) Variation between frequency (f) and resonance field («oHr) for
a few selected samples from both the series. The coloured symbols
are the resonance field values extracted from the FMR spectra,
while lines are the fit to the Kittel’s equation. Variation in effective
magnetization («oMef) as a function of (ba) tcre and (c)1/tcrs. The
red lines in (c) is the fitting using equation (5.1). (e) Frequency (f)
dependent linewidth (uo AH) for a few selected samples. The
coloured symbols are the linewidth values extracted from the FMR
spectra and the coloured lines are the fitting linewidth equation.
Variation in effective damping constant (aer) as a function of (e)
tcrs and (f)1/tcrs. The red lines in (f) is the fitting using equation
(1.12).

a and b) Representative Raman spectra of 1 and 4 ML WS,
respectively. Points are the experimental data and the lines are
multiple peak fitting using PsdVoigtl function. (c) Peak
separations (Aig-2LA and Aig-E2g) of the different layers of WSo.
The coloured lines connecting the points are guide to the eye. (d
and e) AFM image of WS layer of different thicknesses (1 and 2
ML) with rms roughness. (f) Line scan along the SiO2/ WS; (1
ML) boundary showing a height of ~ 0.95 nm for 1 ML WSo. In
the inset the region of which the line scan is taken is shown.

XRR spectra of (a) Si/CFA (6, 12, 15 nm)/Al (4 nm), (b) SiO2/WS;
(1, 2, 3 ML)/CFA (8 nm)/Al (4 nm), and (c) SiO2/WS; (1
ML)/CFA (6, 12, 15 nm)/Al (4 nm) heterostructures, respectively.
GIXRD spectra of (a) CFA (8 nm) and (b) WS> (1 ML) and CFA
(8 nm). The black lines are the recorded data and the red lines are
the fitted line using Psd Voigt function.

(@) Representative FMR spectra of CFA (8 nm)/Al (4 nm) and
WS; (IML)/CFA (8 nm)/ Al (4) heterostructures recorded at 8

GHz. The coloured points are the recorded data and the lines are
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7.4

the fitting according to equation (1). (b and c) Variation in uoHy
and linewidth uoAH as a function of f. Points are the extracted data
from FMR spectra fitting and the lines are fits corresponding to
Kittel and linewidth equation, respectively. For clarity, data of
only a few selected samples are shown. (d-f) Variation in aet,
toMett, oA Ho and uoHxk as a function of WS; thickness in WS, (n
ML)/CFA (8 nm)/ Al (4) heterostructures. The dashed gray line in
figure 7.3(e) represents the bulk saturation magnetization of CFA.
The coloured lines connecting the points are guide to the eye.

(@) linewidth (d) resonance field variation with frequency in CFA
(tcra)/Al (4 nm) and WS; (1 ML)/CFA (tcra)/Al (4 nm)
heterostructures. For clarity data for a few selected samples are
shown. Data points are the extracted data from corresponding
FMR spectra and the lines are fitted lines according to linewidth
equation (equation 1.8) and Kittel equation (equation 1.7),
respectively. Variation in oef in the above-mentioned
heterostructures as a function of (b) tcra and (c) 1/tcra. The red
fitted lines according to equation (5.1). The variation in goMess is

shown as a function of () tcra and (f) 1/tcra.
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