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Abstract

Topological quantum materials, enriched by strong spin-orbit interactions and emergent Berry-
curvature driven phenomena, promise a transformative pathway toward ultrafast, low-power
spin-based information technologies. In this thesis, a comprehensive exploration of spin,
orbital, and topological transport in engineered thin-film heterostructures is undertaken to
elucidate the mechanisms governing spin-to-charge conversion, orbital current generation, and
Berry-curvature induced transport anomalies in two dimensions (2D) van der Waals (vdW)

Ferromagnetic (FM) materials.

The thesis first examines interface-engineered Al,0O3(0001)/Sb2Tes3(20nm)/Ru(0-
12nm)/Coz0Fe20B20(20nm)/Ru(4nm), TI/FM heterostructures grown via DC magnetron co-
sputtering, where a remarkably high spin-to-charge conversion (SCC) efficiency is
demonstrated at room temperature. A pronounced enhancement in the charge current density
emerges specifically at a 4-nm Ru interlayer thickness, beyond which the SCC efficiency
decreases with additional Ru thickness. Quantitative analyses using inverse spin Hall effect
(ISHE) reveal nearly 5 times enhancement in SCC upon the insertion of a 4-nm Ru layer,
yielding an inverse Edelstein length (4z£) of 0.1940.01 nm comparable to or exceeding
reported values in prominent TI/FM systems. Longitudinal spin Seebeck effect (LSSE)
measurements corroborate these trends and further disentangle the pure TI-driven Seebeck
contribution from the anomalous Nernst effect originating in the ferromagnetic CozoFe20B20

(CFB).

Building upon these insights, the thesis next delves into the simultaneous generation and
interconversion of spin and orbital currents in Zr(t=2-20nm)/CFB, Zr(t)/Pt/CFB, and
Zr(t)/Pt/CFB/Pt stacks, examined via spin-orbital pumping ferromagnetic resonance (SOP-
FMR) and longitudinal spin-orbital Seebeck (LSOSE) measurements. The moderate spin-orbit
coupling in CFB enables the concurrent injection of spin and orbital currents into adjacent
layers, where their transformation into charge currents is governed by the interplay of ISHE,
inverse orbital Hall effect (IOHE), and inverse orbital Rashba-Edelstein effect (IOREE). A
striking increase in the orbital-dominated charge conversion appears when a Pt interlayer is
introduced at the Zr/CFB interface, resulting in an enhancement of the effective Rashba-
Edelstein length }\Izgggff from ~0.29 nm in Zr(4.5)/CFB(20) to ~1.98 nm and ~1.70 nm in
Z1(4.5)/Pt(2)/CFB(20) and Zr(4.5)/Pt(2)/CFB(20)/Pt(2), respectively representing an almost

500% increase. These results, consistently validated through spin-orbital Seebeck
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measurements, uncover new avenues wherein orbital angular momentum rather than spin alone
can be harnessed for highly efficient charge-current generation, offering an extended design

space for orbital-spin hybrid devices.

The thesis then shifts focus to the intriguing physics of layered vdW ferromagnets, with CrTe>
(CT) thin films synthesized for the first time via DC magnetron sputtering. CT films of
thickness 20-60 nm grown on Si(100) at 350°C and 400°C yield low-crystallinity (LC) and
high-crystallinity (HC) samples, respectively. The crystalline quality profoundly influences the
magnetic and electronic behavior, with Curie temperatures 7¢ of ~140 K (LC) and ~220 K
(HC), and robust perpendicular magnetic anisotropy persisting across both series. Notably, the
HC-CT films exhibit a dramatic sign reversal in anomalous Hall effect (AHE) below 100 K,
attributed to a temperature-driven modification of Berry curvature in momentum space.
Electron-magnon scattering dominates their low-temperature resistivity, contrasting with the
semiconducting behavior of LC-CT films. Futhermore, the emergent topological Hall
signatures in CrTe2/BixTes; heterostructures, where the interfacial coupling between the 2D
ferromagnet and the topological insulator generates a nontrivial real-space Berry curvature
environment conducive to chiral spin textures. The synergy between the strong spin-orbit
coupling of Bi;Te; and the intrinsic magnetic order of polyscrystalline and highly crystalline
CrTe; stabilizes nanoscale noncollinear spin configurations, leading to a distinct topological
Hall contribution superimposed upon the anomalous and ordinary Hall responses. These
findings position CrTe,/Bi>Te; interfaces as promising candidates for topological spintronic
memory elements and skyrmion-based logic platforms. These sputtered HC-CT films not only
recapitulate but in certain aspects rival the magnetic and topological attributes of MBE- and
CVD-grown films, establishing sputtering as an industrially scalable pathway for vdW

ferromagnet integration.

Collectively, the investigations presented herein construct a unified and experimentally
substantiated picture of how spin, orbital, and topological degrees of freedom intertwine in thin
film heterostructures. Through a combination of interface engineering, material-quality
optimization, and comprehensive spectroscopic and transport measurements, this work
establishes foundational principles and practical pathways for designing next-generation
spintronic, orbitronic, and topological devices capable of meeting the stringent demands of

quantum-information processing and energy-efficient computing.
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et Fe-shear i foramstt (spin-orbit interactions) @ 35d Berry-curvature 3@ semeil & q9g Zieiifsera

Fafed gare, sfa-dier (ultrafast), -3t (low-power) f-smmaTia gemT-senfirT i fe=m # ueh Suiaomshr

W SR A 8| 39 SEsey # SIheRfeTd adell-md selgaed # o, waffr (orbital), dem StcioeRe aitEed
e T R T 7, 1R Rom-H-aTewr wqiawr, wefl gw Saafa, aon fg-smamdt (2D) 3w = aew (vdW)
Faimfes (FM) warat & Berry-curvature 3t it forfoat st fifia s aret 51 st wwei ST @ehl

NICEER] ol W 7T T -ANTHRITT A1203(0001)/Sb, Tesz(20nm)/Ru(0-
12nm)/Coz0Fe20B20(20nm)/Ru(4nm) it sgerey/wame (TI/FM) setega=t it s &, o<
DC magnetron co-sputtering gR forefa feram mm 37wt § waF-a™ (room temperature) T HAd 3=
spin-to-charge conversion (SCC) gerar wef¥ia i 7% 21 foviw &7 & 4-nm Ru a-w2d #1ers T STesT 9r 5+
H Iwore gfg 9@t 18, ek sre Ru &1 Aters sie ® SCC aran wedt =it st =1 Inverse spin Hall effect
(ISHE) w strenfa wrmessh fors3wor & w92 g1 £ 4-nm Ru v % wamaes & SCC # 0 5 7 gy &t 2, e
ufomreEd inverse Edelstein length (AIEE) 0.19+0.01 nm s &t &, st sep@ TI/FM sonferart # i ferg
T W o qed sreEn 3 e 81 Longitudinal spin Seebeck effect (LSSE) w37 st st g #d € iR
Ty g 318 T1-3f@ Seebeck ammem &1 wtames CozoFe20B20 (CFB) # 3= anomalous Nernst effect &
goreh off Fd 2

3 frest & muR W, My # e 9 Zr(t=2-20nm)/CFB, Zr(t)/Pt/CFB, @ Zr(t)/Pt/CFB/Pt
Tl § o qe el grst s auehtiore Seaf ST T ST T AT AT 8l 37 Yot i S spin-
orbital pumping ferromagnetic resonance (SOP-FMR) @ longitudinal spin-orbital Seebeck
(LSOSE) =mi gr &t w51 CFB # weaw spin-orbit coupling & 3 ror fae iR shefia g amd et awai
T Uk W1y Ui & wehdl 7, Stet et Ay g ¥ wwiawr ISHE, inverse orbital Hall effect (IOHE), qer
inverse orbital Rashba-Edelstein effect (IOREE) st uwew foram gr frifia grar 21 foww w9 &, st&r Zr/CFB
$eThd W Pt sfat-wa SiEt 7, a@ orbital-dominated charge conversion # Svera- gfg 3wt TS| 36 HeraEd

et Rashba-Edelstein length )llzgggf J e 0.29 nm [Z1r(4.5)/CFB(20)] & srga @t 1.98 nm dem
s 1,70 nm [F5: Zr(4.5)/Pt(2)/CFB(20) s Zr(4.5)/Pt(2)/CFB(20)/Pt(2)] & &, 5t e 500%
g 1 @ae 8l ¥ 9iomm, [ spin-orbital Seebeck At g i gEwTd w9 & FeATiu FRAT T, $6 q9F H 3G
Fd & foF Fhaer faa & 72, afesr wafrr swioflr gam (orbital angular momentum) =t +ft srcafirs a&r stmawr-am
S T ST H AT ST W 81 36 SR I8 w1 orbital-spin hybrid It & fae w fawa stfierer-am weqa
T 2
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T TTd MY 7 A T vdW SEeeET 3 Tk fifashi-fagm it 371 Sfzq gar 2, stef CrTe; (CT) vaeft wedt
=1 7o s DC magnetron sputtering grr g=3wor fofar mm Si(100) w 350°C 3k 400°C = faswfra 20-60
nm werE gt CT war 3 s Fe-wefedimar (low-crystallinity, LC) qeon I<==-wwfedhrar (high-

crystallinity, HC) 9 3ea= fohw) Thfeehrr ToremT 3§79 Frarchia 31 Segfersh saaer W Teq g srar; LC den
HC 7 % faw Curie amsia (TC) swawn: @ 140 K sfw @ 220 K ww g, ok 3qi aftei § woa
perpendicular magnetic anisotropy feemm @ foviw w7 & HC-CT wat # 100 K & = anomalous Hall
effect (AHE) & fug # "reshrr 3erera @@t mam, f& momentum space & Berry curvature & am-Sf afadT

¥ werg o T 71 9 QT W sk Wfole # electron-magnon scattering wi@ fveR e €, st LC-CT wat
% AR SFIER ¥ TITd: i 2

zaeh Afefees, CrTen/BizTes #etegeei # 35d topological Hall signatures +ft @ mu, st 2D iz il
AT St & Hed Sfa:.q8ia 394 U UEt nontrivial real-space Berry curvature stawen Hftia st g St
chiral spin textures % for¢ sset 21 Bix Tes st werat spin-orbit coupling @ polycrystalline s highly
crystalline CrTe; & sfafifea qreehia =awe & WeR g9 & F-&& noncollinear spin configurations
e g1t 2, foraek aftomss® anomalous @@ ordinary Hall response 3 % sTRifud & @e topological
Hall contribution s gt 21 & frers CrTeo/BiaTes sfa:gsi &1 topological spintronic memory deat ar
skyrmion-atrenf@ logic platforms % fow steia stmemsHe Yt & &9 § wfid @ & I sputtered HC-CT
wd 7 % MBE 3 CVD g foefia wedt 3 grarehrr 3 Srareitoena Toi st g st €, afeen 3o vall § 3
wfreaat ot et 2 38 TR sputtering, vdW HEwe TR & T T AT §9 § Shote A1 % §9 § T
&It 2

T EY ¥, 39 TGS T A T I8 T IR TR w9 € A fo (i e § 6 e wer R, s si
TSRSl EaaTS, Taell-Ra Seliegaell § T Tt g8 €| $e0hd HATMeheHT, TaTd-TuredT S, U1 ST
TFZEhITU S IREed T & A g1 I8 1 et digh 1 spintronic, orbitronic, 3R topological gfwat

% AT T Hed [Hgidl 3 AR HU shl T 4T 8, St quantum-information processing

Frll-3& FHFET T FIR STTAIHATHT bl T FAA F T &1 Tl o
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on the sapphire substrate, (b) X-ray diffraction (XRD) spectra of SCR
sample measured in Bragg-Brentano mode (g-2¢ scan), and (c) & (d) show
TOF-SIMS depth profiles, from top most layer of Ru to the bottom Al,03
(0001) substrate, encompassing the intermediate layers of CFB, Ru and
Sb>Tes. in two representative samples SR2CR and SRSCR, respectivly.
(a) Magnetic field dependency of magnetoconductance of bare SboTes,
fitted by HLN model. (b) Topological prefactor extracted from HLN
equation as a function of temperature. (c-d) Magnetoconductance of
sample SCR, SR4CR, and Sb,Tes.

(a) FMR derivative spectra for sample CR detected via lockin for various
frequancy. (b) Linewidth AH as a function of frequency (f) for all the
samples (c) Variation of applied magnetic field as a function of frequency
f and points are extracted from the FMR spectra fitting and then fitted by

Kittle equation.
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3.4

3.5

3.6

3.7

(a) Effect of thickness of the Ru interlayer (#ru) inserted between SboTes
and CFB on a¢pof the SR(fru)CR heterostructure sample. The dashed line
corresponds to the case of RCR sample in which both Ru layers are 4 nm
thin. (b) M-H hysteresis loops recorded on heterostructures of different
types, namely the CR, RCR, SCR, and SR4CR.

Microstrip waveguide measurement setup for measuring the spin pumping

induced inverse spin Hall voltage signal Vi,ix on a FM/NM bilayer sample.

(a) Spin pumping voltage signal for sample SR4CR at 5SGHz and 5dBm
power for +H and -H. (b) Spin pumping signal resonance field comparison
with FMR signal at 5 GHz (¢) the field dependence of the (Vmix-Voffset)-
signal measured for sample SCR (black), SR4CR (blue) and SR8CR
(orange), normalized by the product of the resistance R and width W of
the SbyTe; layer. (d) Comparison of 2D charge current density /22 versus
H-H; responses for all the samples extracted from the symmetric
component of V. signal. (e), (f) Schematic showing the injection of a spin
current into the Rashba interface via the thin Ru(2nm) and SboTes. The
spin current enters into the SboTes through thin Ru intralayer but diffuse
in the thicker Ru intralayer as shown in (f). (g) Dirac dispersion cone of
the surface/interface states of Sb,Tes (TI). Injection of a spin current
density Js along z-direction (spin polarized along y-direction) into the TI
is shown in right bottom. The TI surface induces an extra population on
one of the sides of the Fermi contour (along the x-direction), and therefore
a charge current density /2 gets induced.

Figure 3.7: (a) Schematic illustration of the experimental configuration
employed for the longitudinal spin Seebeck effect measurements
performed at room temperature on TI/NM/FM/NM heterostructures, e.g.
Sb,Tes/Ru/CoFeB/Ru. (b) Comparison of the field dependences of voltage
Vy (=Vanet+Vissg) generated corresponding to an out of plane thermal
gradient of 10K for the RCR, SC, SCR, SR4CR, SR8CR heterostructures,
and uncapped single layer CFB film. The measured voltage data is
normalized w.r.t. the width of the samples. (c) Typical Vy(H) loop
recorded on the SR4CR sample for different values of out-of-plane
temperature gradients (AT= 5K, 10K, 15K and 20K). Inset shows the
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4.1

4.2

temperature-gradient dependence of the saturated Seebeck voltage
corresponding to 100 Oe field as recorded on SR4CR sample. (d)
Comparison of dependence of the maximum power generated as a result
of SCC (PSCC) due to LSSE and ANE effects on the out-of-plane
temperature gradient maintained on for bare CFB film, RCR and NCN
heterostructures (with and without TI SboTes and BixTes). Inset shows the
bar-graph comparison plot of the maximum power for all the different
samples at (AT= 10K). (e) Schematic of the equivalent model of the
SR4CR heterostructure subjected to a temperature gradient (top to bottom)
acting like an overall voltage source Vy, resulting from the various
parallely connected resistances with the respective series voltage-sources
due to ANE and LSSE effects with specific polarities as shown. (f)
Schematic visualization of the spin accumulation in a typical
TUNM/FM/NM such as SR(#)CR heterostructure when subjected
simultaneously to a temperature gradient and a transversely applied
magnetic field high enough to saturate the FM layer.

Growth and characterization of heterostructure bilayer stacks shown in
table 4.1: (a) Schematic showing the sequence of steps undertaken in
growing the heterostructure by sputtering with Au contacts pads required
for electrical measurements. (b, ¢) Depth profile spectra (TOF-SIMS
normalized intensity vs sputter time) of Zr(4.5)/CFB(20) and
Z1(4.5)/Pt(2)/CFB(20)/Pt(2) heterostructures.

Schematic Representations of Spin and Orbital Current Generation and
their Charge Conversion in Zr/CFB Heterostructures: (a) Schematic
illustration of the spin and orbital pumping phenomenon in the Zr/CFB
heterostructure. Spin current is generated in the ferromagnetic CFB layer,
where the spin current in the bulk of CFB intertwines with the orbital
angular momentum due to the moderate SOC strength of CFB. This
process generates both spin and charge current simultaneously. These
currents are pumped into the adjacent Zr layer, where the orbital current is
converted into charge current via both the interfacial inverse orbital
Rashba-Edelstein effect (IOREE) at the Zr/CFB interface and the inverse
orbital Hall effect and inverse spin Hall effect within the bulk of Zr. (b)
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4.3

Schematic depiction of spin and orbital currents in the Zr/CFB/Zr
structure. Spin and orbital currents are injected in both upward and
downward directions into the Zr thin layers. Due to the ISHE, the spin
current in the top Zr layer flows in the opposite direction compared to the
bottom Zr layer. Similarly, driven by the IOHE, the orbital current in the
bulk Zr flows in opposite directions for the top and bottom Zr layers. At
the two Zr/CFB and CFB/Zr interfaces of CFB layer, the orbital currents
get converted into charge current in the same direction via the IOREE
effect. (¢) Schematic of spin-to-orbital conversion in Zr/Pt/CFB, where a
Pt layer is inserted between the Zr and CFB layers. Here, the spin and
orbital current generated by the spin-orbit pumping phenomena in CFB
layer transferred into the adjacent Pt layer. The spin current directly
converted into charge current due to inverse spin Hall effect in high SOC
Pt layer, whereas remaining pure orbital current transfer into the adjacent
Zr layer and convert into the charge current via IOREE and IOHE. (d)
Schematic showing the cancellation of ISHE-induced voltage by the
opposing polarity in a symmetric Pt/CFB/Pt structure. In this stack, the
ISHE-generated spin currents from the top and bottom Pt layers cancel out
each other, resulting in a net current that is purely orbital in nature, which
eventually contribute to the charge current in Zr via IOREE and IOHE.

Spin-Orbital Pumping and Charge Conversion Analysis in Zr/CFB and
Z1/Pt/CFB stacks: (a) Measured charge current in the Zr(4.5)/CFB(20)
sample, generated through spin-orbital pumping, using a microstrip-based
waveguide at an RF power of 5 dBm. (b) Measured charge current in the
Z1(4.5)/Pt(2)/CFB(20)/Pt(2) sample, where opposing ISHE and IOHE
contributions from the top and bottom Pt layers are cancelled, isolating the
charge current produced via the IOREE in the Zr layer. (¢c) Measured
charge current in the Zr(4.5)/Pt(2)/CFB(20) sample, where the insertion of
a Pt layer enhances the total charge current by generating pure orbital
current through the high spin-orbit coupling of Pt. This orbital current is
converted into charge current in the Zr layer via the IOREE effect. (d)
Generation of charge current as a function of magnetic field, in which the

charge current is higher at the resonance field of the sample
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4.4

4.5

Zr(2)/CFB(20). This generated current is fitted by the symmetric and
antisymmetric of the Lorentzian function of given equation (3.9). (e) Bar
graph displaying the charge current contributions from spin and orbital
currents across different samples. The charge current remains nearly
constant for the Zr thickness of the Zr(t)CFB(20) samples, indicating
interface-dominated conversion, while a notable increase is observed
when a Pt layer is inserted between Zr and CFB, due to the enhanced
orbital contribution.

(a) & (b) Dependence of spin orbital current density Jis and effective
orbital Edelstein length A,Zgggf I with the thickness of Zr layer tz: in
Zr(t)/CFB(20) and Zr(t)/Pt(2)/CFB(20)/Pt(2) heterostructure series. (c)
Dependence of effective Gilbert damping constant as a function of FM
CFB layer thickness g in the CFB(t), Zr(4.5)/CFB(t),
Pt(2)/CFB(t)/Pt(2), and Zr(4.5)/Pt(2)/CFB(t)/Pt(2) sample series. (d)
Effect of tcrr on the spin orbital current Jzs in the Zr(4.5)/CFB(t) and
Zr(4.5)/Pt(2)/CFB(t)/Pt(2) samples series. (¢) Effect of #z: on the 275"/
in the Zr(4.5)/CFB(t) and Zr(4.5)/Pt(2)/CFB(t)/Pt(2) sample series. (f)
Effect of thickness of Pt insertion layer (2nm & 10 nm) on the generated
charge current Ic in the Zr(4.5)/Pt(2)/CFB(20)/Pt(2) and
Z1(4.5)/Pt(10)/CFB(20)/Pt(10) samples. The Ic is found to get suppressed
in presence of thicker insertion layer of Pt. While the symbols represent
the calculated data of various parameters, the solid lines are guide to the
eye for the observed trend in the data.

Longitudinal Spin-Orbital Seebeck Effect (LSOSE) and Charge Current
response and their comparative analysis in Zr/CFB and Zr/Pt/CFB
heterostructures: (a) Schematic illustration of the measurement setup for
the spin Seebeck effect, where an out-of-plane temperature gradient (AT)
is applied across the Zr/CFB heterostructures. Total charge current
(ILsose+ank) as a function of the applied magnetic field for the samples is
shown in (b) Zr(4.5)/CFB(20), (¢) Zr(4.5)/Pt(2)/CFB(20), and (d)
Z1(4.5)/Pt(2)/CFB(20)/Pt(2), measured at various temperature gradients
(AT =5,10, 17,26 K). The voltage/current was measured in the saturation

regime of CFB. (e) Comparison of total charge current (/rsose+4nE) as a

XX

126

132



4.6

5.1

5.2

5.3

function of temperature gradient across different samples at saturation
magnetization conditions, indicating the contributions from both spin and
orbital effects. (f) Comparison of total generated current (/zsose+ane) at
AT =10 K, for all the measured samples, showcasing the enhancement of
the orbital current contribution due to the presence of Pt.

Comparison of effective Rashba Edelstein length Afg, determined using
spin pumping FMR measurements, in different heterostructures as
reported in literature with the present work. The A,Zg R gf T values for
Zr/CFB and Zr/Pt systems are comparable to those reported in TIs and
HMs. This is due to the joint contributions from the spin pumping as well
as the orbital pumping mechanisms in the former.

(a) Schematic of the co-sputtering process employed for deposition of the
CrTe; thin film. (b) EPMA elemental mapping image of Cr and Te using
recorded (at 15keV energy) over 90x120 pm? area. (c) The XRD patterns
(recorded in g-2g mode) of the LC-CT-60 and HC-CT-60 films, both
exhibiting the diffraction peaks only from the (0 0 [) family of planes
(Peaks from Si(/ 0 0) substrates are marked as A). The intensity of the
diffraction peaks is visibly more intense for HC-CT films. (d) The Raman
spectra (recorded at room temperature) of the LC-CT and HC-CT samples.
(a) Temperature dependence of the magnetization response of a
representative LC-CT-60 film recorded for both the zero-field cooling and
field cooling protocols in presence of 2 kOe magnetic field applied in out-
of-plane and in-plane directions. (b-d) Temperature dependent OOP
magnetization hysteresis loop of samples of the LC-CT series. The
presence of a kink-like feature observed in case of LC-CT-20 sample at
2K is due to the centring issue in this particular sample. (e) Comparison of
the IP and OOP magnetization hysteresis loops of the LC-CT-60 sample
recorded at 2K, clearly showing that the easy axis of the magnetization is
oriented in the out-of-plane direction.

(a) Out-of-plane and in-plane field-cooled magnetic-moment of the HC-
CT films as a function of temperature observed in presence of 10kOe field.
(b-d) Temperature dependent hysteresis loops of the samples HC-CT

series films measured in the OOP direction. (e) Hysteresis curves recorded
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5.4

5.5

5.6

6.1

6.2

in IP field configuration at various temperatures in 2-200K range for the
HC-CT-60 sample for comparison with the OOP hysteresis loop data in
3(d). (f) Temperature dependent OOP coercivity of HC-CT and LC-CT
samples extracted from their respective m-H loops. Similar plots deduced
from AHE data are presented in Figs. 5.4 & 5.5). (g-1) Comparison of the
normalised hysteresis loops recorded in OOP field configuration at 2K for
HC-CT-20, HC-CT-40, and HC-CT-60 samples (see text for more details).
The temperature dependence of the OOP magnetoresistance loops (a-c)

and Hall-resistivity py,-H loops (d-f) of the LC-CT-40 and LC-CT-60
samples.

The temperature dependence of the OOP magnetoresistance loops (a-c)
and Hall-resistivity p,,-H loops (d-f) of the HC-CT-20, HC-CT-40, and
HC-CT-60 films.

(a) Temperature dependent longitudinal resistivity of the samples of HC-
CT and LC-CT series. (b), (¢), (d), (¢) and (f) shows the temperature
dependence of the Remanent anomalous Hall resistivity (py,), Ordinary
Hall coefficient (R,), anomalous Hall coefficient (Rs), anomalous Hall
conductivity (g4 ), and the anomalous Hall angle (6, ) of the LC-CT-60
and HC-CT-60.

(a) Schematic of film deposition via magnetron sputtering (b) x-ray
diffraction patterns, recorded in coupled £-260mode, for the samples HC-
CT60/BT15 and LC-CT60/BT15 show the identical peak positions for
both the samples (¢) TOF-SIMS depth profile of LC-CT60/BT6 sample (d)
Schematic illustration of CrTe»/Bi,Tes heterostructure formation by Cr and
Te atom and Bi and Te atoms into a van der Waals structure.

(a, b, & c) Magnetic field dependence of anomalous Hall resistivity of the
LC-CT60/BT6, LC-CT60/BT10, and LC-CT60/BT15 heterostructure at
different temperature under the out of plane magnetic field. (d) The
anomalous Hall resistivity behaviour with the out of plane magnetic field
in which a 2 nm thick Te layer was inserted to break the SOC effect
between CT and BT layer.
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6.4

6.5

Al.l

Al.2

A2.1

(a) The measured transverse Hall resistivity data for LC-CT60/BT6
(T=2K). (b) The extracted contribution to the overall p,,,(T) from the pure
topological Hall resistivity at 2K for LC-CT60/BT6. (¢ & d) Color contour
plot of the extracted topological Hall resistivity as a function of
temperature for LC-CT60/BT6 and LC-CT60/BT10. HC(T) from M(H, T)
is also displayed to show a perfect overlap.

(a-c) magnetic field dependence of anomalous Hall resistivity at various
temperature for the samples HC-CT20/BT15, HC-CT40/BT15, and HC-
CT60/BT15, respectively. The blue and red data symbols represent the
decreasing and increasing magnetic field recording cycles.

(a) Schematic illustration of magneto-transport measurements for AHE
and MR (b)Temperature dependent out of plane magnetoresistance for the
LC-CT/BT and HC-CT/BT heterostructures as a function of magnetic
field.

(@) The XRR spectra of Zr(t)/CFB (20nm) bilayers with t;. =
2,3,4.5,6,10 nm. The symbols represent the experimental data, while the
lines represent the simulated spectra. (b) TOF-SIMS depth profile spectra
of sample Zr(4.5)/Pt(2)/CFB(20). (c) Frequency-dependent FMR spectra
recorded on the Zr(4.5)/CFB(20) samples. (d) Variation of linewidth with
the resonance frequency for the samples Zr(t=2, 3, 4.5, 6, 10 nm)/CFB(20)
Z1(4.5)/Pt(2)/CFB(20)/Pt(2), and Zr(4.5)/Pt(2)/CFB(20) fitted by the
linear equation. (e) Frequency-dependent variation of resonance field H,
for samples Zr(t=2, 3, 4.5, 6, 10 nm)/CFB(20). (f) Variation of effective
damping constant and effective magnetization with the increase of Zr film
thickness #7.

(a-c) Line width as a function of frequency of the CFB thickness dependent
series CFB(t), Pt(2)/CFB(t)/Pt(2) and Zr(4.5)/Pt(2)/CFB(t)/Pt(2)
respectively to find the effective Gilbert constant. (d) Thickness dependent
MH curve of the CFB(t) to calculate the saturation magnetization Ms
(a-e) Measured raw data signal for the thickness-dependent series for
Zr(t=3, 6, 10, 15, 20 nm)/CFB(20) the voltage was measured and current
was plotted by dividing the resistance of sample (f) Pumping signal for
CZ4.5C and Z4.5CZ4.5 sample, in which spin-orbital current is injected
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A2.2

A23

A3.1

B1.1

from the both top and bottom direction into the Zr. (g) Spin to charge
current /c signal as a function of applied magnetic field for the sample
Pt(2)/CFB(20), CFB(20)/Pt(2), and Pt(2)/CFB(20)/Pt(2) (h) Measured
pumping signal for CFB/CuOx heterostructure to verify the generation of
orbital current from the CFB layer. (i) Measured charge current signal for
the pure CFB(20) thin file to investigate the self induced ISHE signal in
the CFB layer.

(a-e) Spin orbital to charge current conversion in the ferromagnetic CFB
thickness variation series Zr(4.5)/CFB(t=3, 5, 7, 10, 15) at a constant Zr
thickness of 4.5 nm.

(a-d) Orbital to charge conversion of the sample series
Z1(4.5)/Pt(2)/CFB(t)/Pt(2), in which CFB thickness is varying and
generate pure orbital current through Pt layer into the Zr. (e) Orbital to
charge current behaviour for a constant thickness of CFB(20) and varying
the Zr thickness in the sample series Zr(t=2, 6, 10, 20)/Pt(2)/CFB(20)/Pt(2)
(f) Orbital to charge current comparison in the sample
Z1(4.5)/Pt(2)/CFB(20)/Pt(2) and Zr(4.5)/Pt(10)/CFB(20)/Pt(10), where
the thickness of platinum is much higher than the spin diffusion length. (g-
h)1/tCFB dependent of the charge conversion efficiency and the effective
Gilbert damping constant.

(a-d) LSOSE Curves for thickness-dependent of Zr layer in which
thickness is varied from 2-10nm in the samples Zr/CFB names as
Zr(2)/CFB(20), Zr(3)/CFB(20), Zr(6)/CFB(20), and Zr(10)/CFB(20),
respectively. The LSOSE signal is measured for different temperature
gradients at (AT=5, 10, 17, 26K) for all the samples. (e) The LSOSE signal
for the sample CFB(20)/Zr(4.5)/CFB(20), in which a thermally generated
spin orbital current is sent from the top and bottom directions into the Zr.
(f) ANE current signal generated from the pure FM layer of CFB at
different temperature gradients.

Photographs showing the severe flooding incident that damaged the PPMS
laboratory facility. The images illustrate water ingress into the
experimental room, leading to partial submersion and displacement of the

PPMS equipment, cryostat chamber, and associated electronic systems.
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B1.4

B1.5

The event caused significant disruption to ongoing experimental work and

necessitated a prolonged shutdown and restoration process.

Restoration and reassembly process of the PPMS sample probe and
cryostat components. (a) PPMS Diwar assembled with the coldhead and
superconding magnet with probe assembly (b) Superconducting magnet
with their electrical connection feedthrough and VTI (c) Diwar after
removing the coldhead and magnet from it and removing the water from
inside the diwar after submerged. (d) 4K coldhead cleaning and servicing
to remove the water and humidity and cleaning of the cernoc sensor. These
steps were essential for ensuring safe operation and recovery of the system
for subsequent experimental measurements.

Reconditioning of the PPMS sample probe assembly after flood-induced
damage. (a) Sample probe assembly with electrical feedthrough
connections for transport and magnetic measurements. (b) Resistive wire
heater integrated around the probe for precise temperature control during
measurements. (¢) Repair of the Cernox temperature sensor located near
the sample position, with newly soldered electrical leads. (d) Residual
water droplets observed inside the cold-head chamber of the dewar,
indicating moisture accumulation following submersion.

Inspection and repair of the HLC4500 helium closed-cycle compressor
system following water-induced damage. (a) Three-phase He closed-cycle
compressor unit. (b) Internal electronics of the compressor assembly,
including the three-phase variable-frequency drive (VFD) for compressor
power control and the single-phase VFD used for operating the cold-head
motor. (c) Compressor controller card responsible for remote
communication and system monitoring, enabling software-based readout
of parameters such as supply and return He pressure, cooling-water
temperature, and operational hours. (d) Single-phase VFD electronics
damaged due to flooding, which could not be repaired locally. () Faulty
resistor identified on the controller card and replaced locally to restore
system functionality.

Pump control system repair and restoration process following flooding

damage. (a) ECII controller unit responsible for regulating the pumping
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B1.6

B2.1

B2.2

system and electromagnetic valve operation. (b) Internal electronics of the
ECII controller, which were cleaned and successfully repaired after water
intrusion. (c) Electromagnetic valve assembly following restoration. (d)
Scroll pump after drainage and moisture removal. (e-f) Disassembly of the
scroll pump revealing water accumulation inside the pumping chamber,
followed by cleaning and reassembly. (g-h) Pump motor of the water
chiller showing corrosion and mechanical wear, undergoing servicing and
repair.

Recommissioning and performance validation of the PPMS system after
complete servicing. (a) Restored PPMS laboratory setup following full
disassembly, cleaning, and reinstallation of damaged components,
successfully brought back into operational condition. (b) AC transport
measurement: resistivity versus temperature curve (2-300K) of a thin film
recorded after system recovery, demonstrating reliable temperature-
dependent behavior. (¢) Temperature-dependent (2-300K) anomalous Hall
effect (AHE) loops confirming magnetic characteristics in the field range
(5T). (d) Room-temperature magnetization (M-H) hysteresis curve of the
thin film measured in VSM after-repair, indicating proper functioning of
the superconducting magnet and sample-probe assembly.

(a) High vacuum sputtering system associated with the RHEED insitu
characterization. (b) Burn filament of RHEED (c) Electric tungusten bulb
(d) Filament made by using bulb (e) Filament holder cage

(a) Electron source (b) First spot of electron beam seen after new home
built filament (c) Electron diffraction pattern of Si with new filament (d)
Old CRT tube (e) Cutting of CRT screen for fitting in the RHEED frame
(f) Screen after fitting into the frame (g) Diffraction pattern with new

screen.
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Table Caption

List of some important heterostructures comprising of either NMs, HMs
or TIs and Ferro/Ferrimagnets together with the values of their effective
spin mixing conductance (g.s;) and spin to charge conversion efficiency
parameter (Aiee) and growth method employed in synthesising them.

List of orbital Hall efficiency of the pure elements and their

heterostructures.

List of van der Waal materials with their 7. and magnetic ordering.

Growth parameters for fabricating the heterostructure.

Details of samples of different series together with their name code. The
letters S, B, C, R, and N used in the sample code refer to SbaTes, BixTes,
CFB, Ru and Nb, respectively. While individual layer thicknesses (in
nm) of S, B, C and N are respectively fixed at 20, 20, 20 and 10 nm (as
specified in parenthesis), the Ru interlayer thickness (7) is varied from 0
to 12 nm. A passivating layer of Ru (Thickness 4nm) is sputtered on top
of almost all the samples of the different heterostructure-series.

Values of various parameters determined from the FMR and ISHE
measurements performed on different heterostructure samples: the
effective damping constant aey, spin pumping voltage (Vsp), width (W),
resistance (R), effective spin mixing conductance (gg}f) of the SbaTes

layer and the charge current density J2? from the SCC effect.

A summary of previously reported values of g.rr and spin to charge
efficiency Aieg measured by FMR and SPFMR in stacks with trivial and
non-trivial topological materials together with those found in the present
case of SboTes/Ru/CoFeB/Ru. The data reported in the present work are
comparable with the literature values.

A summary of previously reported efficiency of spin Seebeck generated

power. The power generated via spin Seebeck measurements was
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compared with the topologically non-trivial materials and our
observation of the generated power is much higher than the previously
reported value. Here we are comparing the efficiency of the device in
terms of power, while in the literature, they show the enhancement in
terms of generated voltage. The generated voltage can be enhanced by
the higher internal resistance of the device. So, in the given table we

compared with the generated power by converting formula of P =

2
VLSSE/ g- The data reported in the present work are comparable and

higher with the literature values.

The details several heterostructures series fabricated on the sapphire
ALO; (0001) substrate at room temperature growth are shown in the
table below.

Details of the CrTe: film samples of the LC-CT and HC-CT series (Film
thicknesses and growth temperatures 7).

Comparison of the Curie temperature of sputter-grown 2D ferromagnetic
films with those prepared using other growth techniques

Details of the CrTeo/Bi>Tes film samples of the L-CT/BT and H-CT/BT
series (Film thicknesses variation of BT).

Values of various parameters determined from the FMR and ISHE
measurements performed on different heterostructure samples: the
effective damping constant a.p spin orbital current density (Jis),
generated total charge current density (j2?), effective spin mixing

conductance (gl}fs), and the effective inverse Edelstein length a7/,

which have both IOREE effect and Orbital Hall angle in terms of
Edelstein length and ISHE effeciency converted into the IEE length
contribution calculated by ration of total pumped spin current (J.s) and
total charge current (J2°) of the Zr, and Pt/Zr layer of the given stack

below.
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