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Abstract

The topological quantum materials, particularly those exhibiting strong spin-orbit coupling
(SOC), have emerged as promising candidates for next-generation spintronic devices owing to
their unique surface states, high spin-charge conversion efficiency, and robust magnetic and
electronic properties. Among these, the Heusler alloy Co-MnGa (CMG), a topological Weyl
semimetal, offers significant advantages due to its tunable crystallographic ordering, high spin

polarization, and potential for integration with other topological or heavy-metal systems.

This thesis focuses on a comprehensive experimental exploration of growth optimization,
magnetic transport, and spintronic functionalities in CMG thin films and heterostructures,
fabricated using an industry-compatible co-sputtering technique. The thesis is structured into
five interconnected studies, each addressing a key scientific challenge related to the integration

of topological ferromagnets (FM) in next-generation spintronic devices.

The first part involves optimizing the growth parameters to fabricate both polycrystalline and
epitaxial CMG thin films. It is demonstrated that substrate choice and post-deposition thermal
treatment critically influence the crystallographic ordering. While films grown on Si(100)
predominantly show disordered A2 phase, optimized in-situ annealing at 400 °C results in B2
ordering. In contrast, epitaxial growth on GaAs(100) at 500 °C with in-situ annealing leads to
ordered B2-phase CMG films due to superior lattice matching and thermal compatibility. These

results establish a reliable protocol for tuning the atomic order and orientation in CMG films.

Building on the optimized fabrication conditions, the second study explored the magnetic and
magnetotransport properties of polycrystalline CMG films with thicknesses ranging from 10—
40 nm. The films exhibit soft ferromagnetic, magnetically isotropic behavior with thickness-
dependent saturation magnetization and Gilbert damping. The lowest damping constant, oy =
6.1(£0.2)x1073, is achieved in the 40 nm film. The detailed analysis of the anomalous Hall
conductivity (AHC) reveals a dominant intrinsic contribution, especially in thicker films, while
extrinsic skew scattering becomes more prominent as thickness decreases. The 40 nm film
achieves an AHC of 1920 S/cm at 2 K, with nearly 73% attributed to intrinsic Berry curvature
effects. The systematic scaling analyses reveal a thickness-dependent competition between
intrinsic and extrinsic mechanisms in the anomalous Hall effect (AHE), highlighting the

influence of microstructural evolution on spin-dependent transport.

The third study expands this understanding to heterostructures by investigating spin-to-charge

conversion via both inverse spin Hall effect (ISHE) and spin Seebeck effect (SSE) in CMG-
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based heterostructures with Bi>Tes, Pt, and a-W. Among the systems under study, CMG/Bi:Tes
exhibits the highest spin Hall angle (~1.5) despite its higher resistivity, attributed to strong SOC
in the topological insulator (TI). Conversely, CMG/W bilayers demonstrate the highest spin
mixing conductance due to a clean interface. The thermospin measurements confirm
consistency with ISHE results. These findings establish the efficiency of spin-charge
conversion in FM/TI and FM/Heavy Metal systems, positioning CMG/Bi.Tes as a promising

candidate for spintronic applications.

In continuation, the fourth chapter investigates the emergence of perpendicular magnetic
anisotropy (PMA) and topological transport in CMG/Bi.Tes heterostructures with ultrathin
CMG layers (3—11nm). PMA is found to be preserved upto 3nm CMG thickness, with
interfacial anisotropy persisting at higher thicknesses. The distinct humps and dips in AHE
loops in CMG(7 nm)/Bi.Tes(10 nm) samples point to the interplay between intrinsic Berry
curvature and the strong SOC of Bi.Tes. The sign reversal of the AHE and the appearance of
topological Hall signals (~189 nQ-cm at 5 K) confirm the presence of non-trivial spin textures,
robust even at RT and zero field. Such behavior is absent in CMG/W systems, affirming the

essential role of strong SOC and van der Waals coupling in CMG/Bi.Tes heterostructures.

In the final study, the unconventional magneto-transport behavior of epitaxial CMG (40 nm)
films grown on GaAs is explored. The high structural quality is confirmed via ¢-scan and
rocking curve analysis. The X-Ray Diffraction and EXAFS data reveal compressive strain-
induced tetragonal distortion, resulting in pronounced out of plane magnetic anisotropy. These
epitaxial films exhibit a record high negative longitudinal magnetoresistance (~2.13% at 5 K)
at 5T. The AHE measurements reveal kinks correlated with topological Hall signatures. The
temperature dependence of these features and their distinction in origin between
magnetoresistance and AHE suggest coexisting real and momentum-space topological
phenomena, highlighting the dual topological character of CMG arising from both spin textures

and Berry curvature.

Together, these five studies provide a coherent narrative starting from thin-film synthesis and
magneto-transport analysis, progressing through spin charge conversion in heterostructures,
and culminating in the discovery of topological transport phenomena in epitaxial films.
Collectively, this thesis demonstrates that sputtered Co-MnGa is a versatile and tunable
material platform capable of hosting both intrinsic and interfacial topological spin phenomena.
This study provides a foundational framework for future application of Heusler-based Weyl

semimetals in high-efficiency, room-temperature spintronic devices.
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NI

ATdiIToTeRel FdicH ACRIH, T &9 F 9 foe1a AT FedeT-3fifde ufefer (SOC) gielr
g, 3T 3TYST TALT IaEUT3H, TTu PeT-TTol FUIROT G&TdT, 3R AT YoehlT T
gl feleh IO & FHROT ATl N & [Pueeiiarer 3ol & fow srcafs wemaarie
fahed & T H 3N &1 3947 T, E3TR TATT Co-MnGa (CMG), ST Teh ealalliorehe agel
AT ¢, I TANST fhecatanfthe 3SR, 3Ta Rya drereae, 3R 3=
CIATcIToTehel AT gl AT YU & HTY TehTehUT shl HHTGT3N & el HEca ol oITed
YeT T g

Ig M 9T CMG e fhear 3R geliegerardl 3 3cuTest 3releholet, gaehiar aRage, 3R
eqegifoies HTATcATAT3T T AT TARTcHS SIid W FHigd ¢, oee Teh 3ea1eT-3e]ahel
hI-EICRAT cTehaileh I YA Feh AR fohar aram g1 g er & die 39 & 53
reaEr # faanfaa &, o# & gcde 3mTell 9t & Rusgifele 3uaull # crardiiorhe
PRAATACH (FM) &I Tehighel et § HATUT Teh ToTE SAToNeh Tollell bl HRITd Ll 6

ggol AT &, Glelfshedis 3R tifFaas CMG 3 fheerg & IR e & faT
URIHICH & 3fefarelel TR CAT Shiad AT I1AT 8| IE S2ATAT a7 § oF Hewee &t o 3R
STHTER dTd 39aR fheealiantther ATSRET or 373 &0 & gHTTAT Xt g1 STaT Si(100)
T IR fhed HEa: AT A2 hol ST &, T8I 400 °C I Sa1- R Vefifeiar & B2
HSRET gred gie &1 8 TAudd, GaAs(100) W 500 °C T o1-fa Wehifclr & @y
TCTFadd MY F AcITAH Taedd B2-%hof arell CMG fthedl gred gier g, 3 gk
Afed A 3R AT TRl & HROT @I 81 ¥ IRUMH CMG e s # TAT0] A 3R
3T I AR FE & fow v #Oase Timar snfid awd 8

3eTepfere fAAToT REufaat ux 3menia @R 31eadsT #, 10-40 nm HCTS dTell ATl fshecrss
CMG oAt & b 3N Aeaieigiadie ot & S $r arg g1 A fhed Aers w e
"o Yaehided 3R feae STPYer & a1y dive hIHATA e AR qaehra &9 & FAfeel
SYAER SRATAT & | T T STEGIT Fletec, o= 6.1(20.2)x 1073, 40 nm AT e 7 greq
g1 &1 TATHAH 8Tt HsiFefadl (AHC) &1 fagavor A& freal 7 3maR« cef@s)
TSI T ST & Q 2ATAT 8, STafeh efell fherT 7 argdy (varafd i) Forg TheRar grat
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BT &1 40 nm fhed & 2 K aT9#Te 9T 1920 S/cm T AHC 9Tod 8idT &, forgs S1eTa1aT 73%
ARG TR ST Tohdl H 81T 6| AHE H 3fecfeh 3R taaffaes a3t & &g Alers-
I gfaTae o caafeyd 9 § ThioldT [3evur & 3SR fHar aram & |

Y 37T A, BiTes, Pt 3T 0-W & AT CMG-3TETRA geiEcaad # Sway & giel
gthere (ISHE) 3iR Tuel Hdeh gthere (SSE) & ATEIH & [EUeT-g-aTol FITART shr STl shr
TS B 3T gonfordl H, CMG/Bi.Te; a8 A& et glel Wl (~1.5) G@rar g, i
arAeiITSTeRel $HeIeX (TI) H AT SOC & HRUT §| FgT, CMG/W Sfa el HIB STIHH &
HROT 3TadA T fAfFEer dgeda yefa st & | UA{R9eT AT ISHE aRuTHAT & a1y
GHIT 91V 1T | TSRy FM/TI 3R FM/gdT Aol Jomferdt # Fede-arel &1cRoT &
GaTAT ! TATTIA X § 3R CMG/Biz Tes 31 eI feleh 3ol o foIt Ueh Yl 3#HIGaR
A B

T 37T F 3-11 nm ASTS aTell 3eel AT CMG Ud! & 9Tl CMG/Bi:Tes gelIEcaad &
WUfSHer Avaifees TEIEr (PMA) 3R rdidiTSTehe TRagsT i Scufa i ST HT g B |
g7 31T f&F PMA &1 3 nm JIeTS dh §eI1T IW@T ST ohdT &, 3R ST RITe Tahaed
e Alerg I Foll Well &1 AHE o0 # g8 90 3dR-9ed 3 e, faQreent
CMG(7 nm)/Bi>Tes(10 nm) HeT &, ST @shdl 31X Bi.Tes 3l AT SOC & sire & fehar
I AT g1 AHE & g & 3eiest 3R culdifotehel glel Tohdl (~189 nQem @5 K) T
3YTEYTA & Ig Yfee gt 8 fob IR-Jeo FodeT setae Ais[e &, Sl e & draarT 3R e
& 9X ¢t TR W&l €1 QT e9agR CMG/W JoTTiorait & 377aieyd &, fSad g Tuse giar
¢ & CMG/Bi.Tes # HSTgd SOC R deT T Aol JIHAT & GHE HfAST & |

37T 3CTTA H, GaAs G 3918 915 40 nm AET TiTFaTT CMG fheal 7 3T
HAICICICTAUIE SHAER hl STl T 978 & | 3T FATcHe J[OTarl bl o-Fehot TN TehaT ey
T9eIOT ganT YfSe &1 375 &1 XRD 3R EXAFS 31iehs HNTSd Tolia-9Re egmileiel fashia
1 a2 &, Toraeh IROTHATERT JHAE 13- 3HTh-Colel Tl TATHIST 3cteT glcl o | 3o
wfefaaer fher # Repls 3ea AhRIcHS 3eed HITASRTATEH (~2.13% (5K) at 5T)
3T IAT & | AHE AT & a9Tdlifolehel 8lct ohdl ¥ eTad "fohard@” 9Tv 31T § | Jr9aAT W)
ST AT T fAIRAr 3R HATAeRTATET aUT AHE H 3eTch 3TeT9T-379T Tld 94 3R
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HAHcH T9F a1t & il e geaAT3il 6 gg-31fedca & g2ifa &, f9ad Ig Tose giar
¢ 7 CMG # 3377 SaTeiiToTehol 3hereX TaeTATH ¢ |

T UTT HETYG &b ATETH U T AT 1Y Ueh TATehcl GISChIVT TET el & Sl 1T fthoe
AT 3N ATATHAIE [ALRITT F Y& G, ey 7 Fdel-dlel FITA0T HR
3 TATFEe heal # eI IRageT 1 TS dh Tgadm &1 Ig MY Tg
THTTONT T & foh T Y 718 Co.MnGa Ueh ool 3R Tefehel=iI AT Colehial &, i
3TaRF 3R SIHRATAT aANdrtohed I a3t i AFaET ot J TqeTH gl
qrelfsheedse 3R vk fFaae yonforat & 3=, Hvaeiciaaie 3R fae-arsr ®qraRor
& T YUTTelEcY HEHTY §I3EeR-3TUIRA dsel GHIACEH ol 3T &I alel il &
ATIHTST IR R el foleh 3YSUI H TA19T & oIt Teh FATd 3MUR Y&l T ol
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Schematic of the FM/NM bilayer structure showing the spin pumping
induced flow of spin current through the FM/NM interface.

11

1.7

Schematic representation of ballistic spin transport for a fixed FM
thickness and varying NM thickness, excluding spin back flow from the
FM interfaces (a) For tvy < A4, spin back flow occurs from the NM/air
interface, assumed to act as a perfect spin reflector. (b) For tny >>/44, spin
angular momentum relaxes within the NM layer before reaching the
NM/air interface, effectively suppressing spin back flow. (c) Illustration
of the model by Shaw et al., where FM thickness is varied and NM
thickness is kept constant (#xy>>44), such that spin back flow from NM/air
1s negligible; spin back flow from both FM interfaces is considered. Red
arrows indicate the spin current propagation and relaxation in the NM
layer, while grey arrows depict spin back flow from different interfaces.

13

1.8

Schematic illustration of the LSSE effect: the LSSE produces a flow of
spin angular momentum without a net charge flow. This pure spin current
can then be converted into a measurable electrical voltage using the ISHE
in an adjacent non-magnetic metal with strong spin-orbit coupling. Here,
Eisue denote the electric fields generated by the ISHE effect, VT, H, M,
and J; denote the temperature gradient, magnetic field (with magnitude H),
magnetization vector, and spatial direction of the thermally generated spin
current, respectively.

14

1.9

Schematic illustrating two thermoelectric effects: the LSSE and (b) ANE.
LSSE requires a bilayer of ferromagnetic (FM) and non-magnetic (NM)
metals, while ANE occurs in a single FM layer. LSSE involves a spin
current generation and conversion, while ANE involves a direct generation
of electrical voltage due to the ferromagnetic material's magnetization. VT,
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H, M, and Js denote the temperature gradient, magnetic field (with
magnitude H), magnetization vector, and spatial direction of the thermally
generated spin current, respectively.

1.10

Schematic illustrations of the (a) IM and (b) PM configurations. To
generate VT in the FM/NM sample, it is sandwiched between two heat
baths in both configurations. VT, H, M, and J; denote the temperature
gradient, magnetic field (with magnitude H), magnetization vector, and
spatial direction of the thermally generated spin current, respectively.

16

1.11

Schematic representing the ISHE phenomenon, i.e., generation of charge
current from spin current via spin dependent scattering of electrons that
leads to a spatial separation of charges, resulting in an accumulation of
charge at the transverse boundaries of the material.

18

1.12

Schematics of single cell (MTJ) of (a) STT-MRAM and (b) SOT-MRAM.

20

1.13

Schematic showing the ordered L2, Heusler structure (right) and the
simplest types of disorder: the B2 (middle) and the 42 (left) structure.

24

1.14

(a) Diagram of a Weyl semimetal showing spin-polarized Fermi arcs on its
surfaces, linking the surface projections of two Weyl nodes with opposite
chiralities. The Weyl nodes are defined where the conduction (red) and
valence (blue) bands intersect. These nodes are connected on the surface
by a Fermi arc state (shown as a green dashed line). (b) (left) Schematic of
the energy—momentum (E—k) relationship for a type-I Weyl semimetal,
where the Fermi level aligns with the energy of the Weyl nodes. The bulk
Weyl cones project as two distinct points (red and blue) on the surface,
linked by the Fermi arc. (b) (right) Illustration of the E—k dispersion for a
type-1I Weyl semimetal that breaks inversion symmetry. Fermi Surface of
the type-I1 Weyl semimetal, with the Fermi level intersecting the lower
Weyl node. Due to inversion symmetry breaking, at least four Weyl nodes
appear. Surface projections include overlapping electron (red) and hole
(blue) pockets, which touch at discrete points corresponding to type-II
Weyl nodes. A Fermi arc (green dashed line) connects one such pair of
projected nodes

26

1.15

(a) A normal insulator transitions into a topological semimetal (a Dirac or
Weyl semimetal) when its energy gap closes. From this critical point, the
system can either reopen a gap through band inversion to become a
topological insulator, or break a fundamental symmetry to become a Weyl
semimetal. (b) The key features are contrasted: a T1 has an insulating bulk
with spin-textured Dirac cone surface states, whereas a WSM is a bulk
semimetal with pairs of opposite-chirality Weyl points. The non-trivial
topology between these points, characterized by a non-zero Chern number,
mandates the existence of spin-resolved Fermi arcs on the surface.

27

1.16

Comparison between (i) simplest magnetic WSMs (with one pair or two
Weyl points) and (ii) simplest nonmagnetic WSMs (with two pairs or four
Weyl points). Magenta and green color of the Weyl points represent
positive (+) and negative (—) chirality, respectively; the arrows illustrate
the Berry curvature.k, momentum;s, spin; WP, Weyl point; IS, inversion
symmetry; TRS, time reversal symmetry.
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1.17

Schematic illustration of various magnetic interactions influencing the
magnetization distribution. 7op left: the magnetization exhibits a random
spatial distribution. The uniaxial magnetic anisotropy originating from the
crystal lattice symmetry, favors alignment of magnetic moments along +z
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axis. The application of an external magnetic field H exerts Zeeman
energy, aligning the magnetization along the field direction. Dipolar
(magnetostatic) interactions among magnetic moments generate a
demagnetization field, leading to the formation of magnetic domains to
minimize the stray field energy. The exchange interaction promotes
parallel alignment of neighboring spins, thus favoring homogeneous
magnetization. Finally, the Dzyaloshinskii—Moriya interaction, induced by
structural inversion asymmetry, introduces an antisymmetric exchange
term that favors twisted spin configurations around the DMI vector.

2.1

Schematic of the Excel Instruments make DC magnetron sputtering system
for deposition of thin films. The system is employed with 4 funs and other
components related to the system are labelled in the figures.

46

2.2

Schematic of the incidence and diffraction of x-rays on parallel atomic
planes with Miller indices (hkl) acting as coherent scatters, resulting in
diffraction under Bragg’s condition.

48

2.3

(Left) Actual image of Malvern PANalytical make X-ray diffractometer
(Model: Empyrean). (Right) The schematic of the X-ray diffractometer
showing different components such as assembly of X-ray source, incident
x-ray beam optics, goniometer, 5-axis sample state, diffracted beam optics
and x-ray detector assembly.

48

24

Schematic of Bragg-Brentano geometry in which the x-ray source and
detector move over a goniometer/diffractometer circle, i.e., in 6-26 mode
or Gonio mode.

50

2.5

Schematic representing the penetration depth of the x-ray beam inside the
film and substrate along with the angular displacement of source and
detector in case of (left) Gonio scan and (right) GIXRD scan.

51

2.6

(Left) Schematic of a rocking curve measurement and (right) an example
of resultant rocking curves from a film and substrate diffraction peak with
different FWHM.

52

2.7

Schematic representation of the diffractometer geometry used during ¢-
scan measurements. Initially, the source and detector are fixed at the Bragg
angle corresponding to the crystallographic plane of interest. (left) the

sample is tilted by an angle y to align the reciprocal lattice vector H it of
the target plane parallel to the incident beam direction S. (right) the sample
stage is then rotated through 360° about the ¢ axis, while recording the
diffracted intensity as a function of azimuthal angle.

53

2.8

Schematic of ¢ scan for a cubic (001) oriented film for the 110 refection at
v =45°

53

2.9

Schematic of XRR scattering geometry which results in specular and
diffuse reflection from the roughness on surface of thin film.

54

2.10

(left) Schematic illustrating the incidence of X-rays from air onto a sample
surface with n < 1, showing relevant angles, wave vector directions, and
refractive indices. (right) Representative XRR profile of a 15 nm W thin
film on a Si(100) substrate, highlighting the structural information such as
film thickness, density, and interface roughness extractable from the
reflectivity data.

55

2.11

Schematic diagram representing the working principle of EDX.

57

2.12

Schematic showing the working principle of X-ray photoelectron
spectroscopy.
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2.13

Scheme of the excitation and de-excitation processes involved in XAS. An
X-ray photon (hvi;) can promote a core electron either to bound or
continuum empty states. Transitions to bound states result into spectral
features in the X-ray absorption near edge structure region (XANES),
while transitions to continuum states give rise to the Extended X-ray
absorption fine structure oscillations.

62

2.14

Schematic of the SIMS measurement setup with illustration of each
component.

64

2.15

Flowchart representing the working principle (left) and schematic
depicting the components of AFM measurement setup (right).

66

2.16

Schematic of the homebuilt in-plane FMR setup with all the equipment
used measurement.

69

2.17

Schematic of the homebuilt MOKE measurement setup.

71

2.18

Schematic of the homebuilt inverse spin Hall effect measurement setup.

73

2.19

Schematic of the homebuilt Spin Seebeck effect measurement setup.

74

2.20

(Left) Four probe resistivity measurement geometry, and (Right) Four
terminal Hall measurement geometry.

76

2.21

(Left) Actual image of Quantum Design make PPMS (Model-6000
Evercool II) (Right) Schematic diagram of VTI cooling circuit.

77

2.22

Actual image of the Quantum Design Inc make MPMS system (Model-
MPMS3).

78

3.1.1

(a) Atomic % of Co (left) and Co-to-Mn ratio (right) for different target-
powers applied to the Co target Pc,. The MnGa is sputtered at fixed power
of 13 W, i.e., Punca = 13W. (b) GIXRD pattern recorded in the 20 range
of 30°-90° for CMG thin films grown at different substrate temperature
(i.e, from RT to 450°C in the interval of 50°C) Solid stars in the pattern
corresponding to 450°C indicate the undesired peaks. (c) The variation of
Full width Half Maximum (FWHM) of peak corresponding to (220) plane
with an annealing time for 40 nm thin CMG films, both grown and
annealed at 400°C.

84

3.1.2

2D AFM topography image of the 40 nm CMG thin films (grown and post-
deposition annealed at 400°C) at different annealing time (in min) ((a) 25,
()30 (¢) 35, (d) 40, (e) 45) in an area of 2 X 2 pm?.

85

3.1.3

(a) 6-26 Gonio scan of GaAs substrate (blue), polycrystalline CMG film
(CMG-p) grown at substrate temperature of 500°C (red), epitaxial CMG
film (CMG-e) grown at substrate and annealing temperature of 500°C for
30 minutes (green). 2D AFM topography image of the 40 nm CMG thin
films grown at 500°C (b) not annealed leading to polycrystalline nature
and (c) post-deposition annealed at 500°C for 30 minleading to epitaxial
nature.

86

3.2.1

(a) GIXRD pattern recorded in the 26 range of 30°-90° for CMG thin films
of different thicknesses. Red solid lines in all the four patterns indicate the
fitted data. (b) GIXRD pattern of the 40 nm CMG thin film. Inset shows
zoomed view near 20 range of 29°-35° to show the (200) superlattice
reflection. (c) Variation of lattice constant (left) and crystallite size (right)
of the CMG thin films of different thickness. The dashed line in red
indicates the reference value of the lattice parameter of the Coo.MnGa
films [Ref. [26], [31]] (d) Elemental mapping of Co, Mn and Ga elements
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(Left panel-mixed, and Right panels—individual elemental maps) for 40
nm thick CMG film sample.

3.2.2

SIMS depth profiles recorded on the CoMnGa films of different
thickness; (a) 40 nm and (b) 10 nm.

94

3.23

2D AFM topography image of the CMG thin films with different
thicknesses in an area of 2 x 2 um?. Inset shows the 3D image of the film
of the same region as shown in 2D.

95

3.24

(a) In-plane & (b) Out-of-plane DC-magnetization hysteresis loops of C-
40 film recorded at 2K and 300K. (¢c) MOKE M-H hysteresis loops
recorded at different azimuthal angles, ¢ i.e., 0°-180° for the film C-40.
The inset depicts the in-plane azimuthal angle ¢4 at which magnetic field
is applied. (d) DC-magnetization hysteresis loops of all the film samples
(C-40, C-30, C-20 & C-10) recorded at 300K. (e) M; x tcuc (mA) plotted
as function of fcuc. The values of the thickness of the magnetic dead layer
(3.88 nm) and saturation magnetization (745 kA/m) are determined using
the x-axis intercept at y = 0 and the slope of the curve, respectively.
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3.25

FMR spectra of the C-20 thin film in the frequency range of 5—11 GHz.
(b) Line width vs. frequency and (c) Frequency vs. resonance field curves
for the CMG thin films having different thickness. While the data symbols
represent the experimental data, the solid lines are fit to the data using
equation (1) and equation (2), respectively. (d) Variation in u,AH (left) and
toH, (right) as a function of CMG film-thickness (fcuc).

929

3.2.6

Variation in (a) aeras a function of CMG film-thickness (¢cuc), and (b)
UoMegras a function of 1/¢tcyc which is fitted using equation (3).

100

3.2.7

Variation of the resistivity in the temperature range of 2-300K for CMG
films of different indicated thicknesses. Inset shows the variation of the
residual resistivity, i.e., p(2K) with tcuc.

101

3.2.8

Field dependent Hall resistivity p,, (1oH) curves (a) of the film sample C-
40 recorded at different 7, i.e., 2K, 5K, 10K, 20K, 100K, 200K and 300K,
and (b) of all the film samples C-40, C-30, C-20 and C-10, recorded at 2K.
Variation of (c) anomalous Hall resistivity pgy'=(T) and (d) carrier
concentration (p) with temperature for all the CMG films.

103

3.2.9

(a) Hall conductivity versus magnetic field plots of the film C-40 at

different 7. Fittings using different scaling mechanisms for p,‘%’,{E with

pxxusing following equations: (b) pai® o pr,P,(c) pAE = apyy +

Bpxx?, and (d) py'E = a'pyxo + B’ prx*for the all the films, where the

seven points for each film correspond to 2K, 5 K, 10 K, 20 K, 100 K,
200 K and 300K.

106

4.1

GIXRD spectra of (a) CMG/AL film (bottom) & CMG/Pt bilayer (top), (b)
CMG/W bilayer (c) CMG/BT bilayer. (d) 6-20 Gonio scan of CMG/BT
bilayer. (e) XXR profiles of all the samples. (f) Comparison of the interface
roughness (obtained from the simulated profiles of XRR data) at
CMG/NM interface for all the three bilayer systems together with the
surface roughness of the single CMG layer (sample CMG/Al). (g), (h) and
(1) present the SIMS depth profiles recorded on three bilayer systems, viz.
CMG/Pt, CMG/W and CMG/BT, respectively.

116

4.2

(a) wodH vs. f and (b) f vs. uoH, curves for all the 4 systems under
investigation. While the symbols represent the experimental data, the solid
lines are fit to the data using Egs. (1) and (2), respectively. Variation in (c)
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uoAH, (left) and a5 f (right) (d) uoHk (left) and poMeyr (right) as a function
of different bilayer systems.

4.3

(a) Schematic of the set-up used for ISHE measurements. (b) ISHE voltage
(Vmeas) measured across the sample as a function of the strength of the DC
magnetic field (u.H) applied along the microstrip (see Fig. (b)) for
CMG/BT, (¢) CMG/W and (d) CMG/Pt. Open symbols show the
experimental data. Solid lines are the fits to the experimental data using
Eq. (4.7). Blue and black dashed lines show the symmetric (Vim) and
antisymmetric (Vasm) components of the ISHE voltage, respectively.

122

4.4

(a) Effective spin mixing conductance (g.+;) (Left) and effective spin
eff

current density (J;) (right) as a function of different NMs (b) Spin Hall
angle (6sy) as a function of different NMs.

123

4.5

(a) Schematic showing the magnetization rotation angle a; x-y is the
sample plane and temperature gradient is applied along z direction. (b)
thermospin voltage (spin Seebeck + anomalous Nernst voltage) vs. applied
magnetic field as observed for the different heterostructures. (c) variation
of thermospin voltage with the magnetic field angle o with applied field H
=100 mT and AT = 15K. Solid red curve represent the fit with Acos a.

124

4.6

(a) & (b) Schematics for the in-plane magnetized (IPM) and out-of-plane
magnetized (OPM) configuration. (¢) & (d) Thermospin voltage (spin
Seebeck + anomalous Nernst voltage) (for CMG/BT) and anomalous
Nernst voltage (Vane) (for CMG/Al) vs. applied magnetic field in [PM and
OPM configurations, respectively.

125

5.1

(a) X-ray reflectivity profiles recorded on CMG(t)/BT(10) samples having
different thickness of CMG film. The symbols represent experimental
data, and solid lines are the simulated fits. (b) and (c¢) The SIMS depth
profiles recorded on two bilayer systems, viz. CMG(3)/BT(10) and
CMG(5)/BT(10), respectively. (d) and (e) The 2D AFM topography image
of the CMG(t)/BT(10) heterostructure with different thickness of CMG
viz. 3nm and 11nm in an area of 2 x 2 pm? (f) The MOKE M-H hysteresis
loops recorded at different azimuthal angles, ¢n, i.e., 0°, 45° and 90° for
the film CMG(11)/BT(10) depicting the isotropic nature of the film.

135

5.2

(a) CMG layer thickness dependence of the In-plane (black) & Out-of-
plane (red) DC-magnetization hysteresis loops of CMG(t)/BT(10)
heterostructures recorded at 300K. (b) Zoomed plot of the M-H hysteresis
loops shown in (a) around zero field in the field range of £100mT. (c) Field
dependent Hall resistivity p,,, (uoH) curves of the CMG(t= 3,5,7,9 and
11nm)/BT(10) heterostructures recorded at RT.
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5.3

(a) Field dependent Hall resistivity p,,(H) curves of the film sample
CMG(7)/BT(10) heterostructure sample, recorded at different 7, i.e. 5K,
20K, 100K, 200K and 300K, (b) zoomed plot of (a) around field within
field range +0.25T. (c¢) Field -dependent magneto-resistance curve within
field range +4T of the film CMG(7)/BT(10) specimen recorded at 7= 5K,
20K and 100K. (d) Topological Hall resistivity (p,fy (H)) hysteresis loops
for the CMG(7)/BT(10) specimen recorded at 5 K.

140

5.4

(a) Variation of anomalous Hall resistivity p,‘?jf"z and (b) carrier

concentration (p) with thickness () of CMG thin film in CMG(#)/BT(10)
bilayers (c). variation of anomalous Hall resistivity p,‘?}flE(T) and (d)
carrier concentration (p) with temperature for CMG(7)/BT(10) stack. (e)
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Fittings using different scaling mechanisms for pff,{E with p,, using

following equations: (e) pAfE o p,® and (f) pAE = a'pyyo +
B’ pyi’for the all the CMG(7)/BT(10) stack, where the five points
correspond to 5K, 20K, 100K, 200K and 300K.

5.5

(a) Variation of coercivity (Hc) (left) and saturation magnetization (Ms)
(right) of in-plane MH loops vs CMG thickness for CMG(t)/BT(10)
heterostructure. (b) Variation of saturation magnetization in in-plane MH
loops vs thickness of CMG. (c) Variation of magnetic field, HT,
corresponding to dip observed in AHE (red) and (MR) data i.e., maximum
pxyT vs temperature where T= 5K, 20K, 100K, 200K and 300K for
CMG(7)/BT(10) heterostructure.

142

5.6

(a) In-plane (black) & Out-of-plane (red) DC-magnetization hysteresis
loops of thickness dependent CMG film in CMG (#=3,5 and 7nm)/W
system recorded at 300K. (b) Field dependent Hall resistivity py, (toH)
curves of the CMG(7)/W film within field range +4T recorded at different
T, ie 5K, 20K and 100K.

145

6.1

(a) 6-260 (Gonio) scans of bare GaAs substrate (blue), 40nm
polycrystalline CMG thin film (red), and 40 nm epitaxial CMG thin film
(green), illustrating differences in crystallinity and phase orientation. (b)
6-260 scan comparing the GaAs substrate (black) and the epitaxial CMG
film (red), highlighting the (200) reflection of the CMG film. The inset
presents the deconvolution of overlapping substrate and film peaks, with
the CMG (200) peak fitted using the Scherrer equation to estimate
crystallite size.

151

6.2

(a, b & ¢) XRD scans performed on 40 nm CMG-e (a) g-scan showing
four-fold symmetry, (b) GIXRD scan with no peaks indicating epitaxial
nature of CMGe-e, (¢) rocking curve with FWHM= 0.8228° indicating good
quality films, (d) Normalised Mn K edge XAS spectra of CMG thin film.
For reference, pure metal Mn XAS spectra is also included, (e) Fourier
transform in magnitude of R space of CMG thin film, (f) Real part of R
space of CMG thin film. Blue dots are experimental data; the solid pink
line is the theoretical fit. (The R scale indicate real distances between
atoms since the spectra shown here are corrected for phase shift), (g, h &
1) XPS spectra of high-resolution core levels for each alloying element (g)
Co 2p (h) Mn 2p (1) Ga 2p in CooMnGa. Black dots are experimental data,
the solid red line is the fit, and the shaded areas are the deconvoluted
contributions to the spectra.

152

6.3

(a) In-plane & (b) Out-of-plane DC-magnetization hysteresis loops of
epitaxial thin film of CMG recorded at 300K, (¢) variation of the resistivity
in the temperature range of 2-300K for CMG-¢e film. (d) variation of
longitudinal magnetoresistance i.e., applied field (uoH) in direction to the
film plane parallel to the current diection vs poH for CMG-e at different
temperatures.

156

6.4

(a) In-plane & (b) Out-of-plane DC-magnetization hysteresis loops of
polycrystalline thin film of CMG recorded at 300K, (c) variation of the
resistivity in the temperature range of 2-300K for CMG-p film, (d) field
dependent Hall resistivity py, (uoH) curves of the film CMG-p recorded
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at different temperatures (T), (e) variation of out of plane
magnetoresistance i.e., applied field (uoH) in direction perpendicular to the
the film vs poH for CMG-p at different T, (f) variation of longitudinal
magnetoresistance i.e., applied field (1of) along the film plane parallel to
the current diection vs uoH for CMG-p at different T

6.5

(a) Field dependent Hall resistivity p,,(H) curves of the film sample
CMG-e, recorded at different 7, i.e. 5K, 20K, 100K, 200K and 300K, (b)
field-dependent out of plane magneto-resistance curve within field range
+4T of the film CMG-e recorded at 7= 5K, 20K, 100K, 200K and 300K.
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