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Abstract

This thesis explores spin-to-charge conversion and spin-orbit torques (SOTs) in two novel classes of
quantum materials that are interesting from both fundamental and applied perspectives. The focus is
on two significant classes of materials: van der Waals materials and non-collinear antiferromagnets.
These quantum materials exhibit unique spin-dependent characteristics, which can be exploited
to obtain a substantial tunable spin-charge interconversion efficiency and generate unconventional
spin currents. These properties make them highly suitable for applications requiring spin-charge

conversion and SOT.

Firstly, large-area van der Waals materials are explored for spin-to-charge conversion and SOT. A
systematic study of spin-to-charge conversion at the interface of NigyFe,, and large area monolayer
(ML) transition metal dichalcogenides (TMDs) - MoS,, MoSe,, WS,, and WSe, - is conducted.
Large spin-to-charge conversion is observed in these systems, with efficiencies scaling with the
spin-orbit coupling of the ML TMD layer, consistent with the inverse Rashba-Edelstein effect. The
efficiency of W-based TMDs exceeds that of Mo-based TMDs. Subsequently, high-quality two-
dimensional growth of few-layer SnS on CMOS-compatible Si/SiO, substrates using the pulsed
laser deposition (PLD) technique is demonstrated. Spin-torque ferromagnetic resonance (STFMR)
experiments on SnS(1.3 nm)/Nig,Fe,,(8 nm) devices reveal evidence of an unconventional SOT.
The growth of the a-phase of another van der Waals material, GeTe, on Si(111) substrates is
optimized using PLD. Angle-resolved STFMR reveals a substantial in-plane damping-like torque
in GeTe/NigyFe,, devices. The calculated damping-like spin torque conductivity is (—-1.25 +
0.11) x 10° 1 [2e Q 'm™, marking one of the highest reported values for van der Waals materials.
These results underscore the potential of van der Waals materials for highly efficient spintronics

devices.

Subsequently, we focus on the non-collinear antiferromagnet Mn;Sn, a magnetic Weyl semimetal
with great potential for efficient memory devices. We grow high-quality epitaxial c—plane Mn;Sn
on Al,Oj substrate using Ru as the seed layer. Using spin pumping-induced inverse spin Hall effect
measurements on c—plane epitaxial Mn3;Sn/Nig,Fe,, spin-diffusion length (A, s,), and spin Hall
conductivity (ogy) of Mn;Sn thin films are measured to be 0.42 + 0.04 nm and (—1.40 + 0.07) x
10° 71/2e @ 'm™", respectively. While Apin,sn 18 consistent with earlier studies, oy is an order of
magnitude higher and of the opposite sign, which is explained by the shift in the Fermi level. The
growth of a—plane and polycrystalline Mn;Sn is optimized, providing an opportunity to compare
spin-charge conversion in different crystalline orientations. The spin Hall angle for c—plane and

a—plane orientations is nearly equal but opposite signs, possibly due to different orientations of

v



their kagome plane. Additionally, a systematic STFMR study reveals the presence of out-of-plane
polarized spin current (p,) in Mn;Sn/Py devices. The p, in c—plane Mn;Sn is anisotropic, while
it is isotropic in a—plane Mn;Sn. Unconventional damping-like and field-like torque in a—plane
and polycrystalline Mn;Sn are observed for the first time. These results position non-collinear

antiferromagnet Mn;Sn as a promising candidate for next-generation spintronics devices.
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nm), (¢) ML MoSe,/Py(10 nm)/Ta(3 nm), (d) ML WS,/Py(10 nm)/Ta(3 nm), (e)
ML WSe,/Py(10 nm)/Ta(3 nm) samples respectively. All the samples have similar

morphology and roughness as they are prepared simultaneously inside a sputtering

53

55

59

61

61

62



3.6

3.7

3.8

39

3.10

3.11

3.12

4.1

Field dependence of FMR (top row) and corresponding /- derived from IREE
measurements (middle and bottom row) for (a) Py(10 nm)/Ta(3 nm), (b) ML
MoS,/Py(10 nm)/Ta(3 nm), (c) ML MoSe,/Py(10 nm)/Ta(3 nm), (d) ML WS,/Py(10
nm)/Ta(3 nm), (¢) ML WSe,/Py(10 nm)/Ta(3 nm) samples. Here, numbers in
parenthesis reflect thickness in nanometers and ML is abbreviation for monolayer.
The middle row is for for H > 0 while the bottom row is for H < 0. The solid

lines in middle and bottom row are fits to experimental data. . . . . . . ... ..
Measured /- in Py(x)/SiO,(3 nm) for two different thicknesses (x) of Py layer. . .

Measured /- for ML MoS,/Cu(5 nm)/Py(10 nm)/Ta(3 nm) (Red symbols) and
Cu(5 nm)/Py(10 nm)/Ta(3 nm) (black symbols). . . . . .. ... ... ... ...

Plot of I~ for Py (10 nm) samples having different capping layers, namely, Pt, Ta,
and SiO,. . . L

Measured I for CFB (10 nm)/Al (3 nm) (black) and MoS, (ML)/CFB (10 nm)/Al

(3 nm) (red). The measurment conditions were kept identical with Fig. 3.6.

(a) The extracted data (symbols) for AH versus f and its fit to Eq. 3.3 (solid line).
(b) The plot of AH, extracted from the fit in Fig. 3.11 (a). (c) Plot of | ;& " P/"Y|
and j, for various ML TMDs/Py(10 nm)/Ta(3 nm) samples, which follows the
trend of SOC strength shown in Fig. 3.1 (b). (d) f vs. H, data (points) fitted with
Kittel’s formula (solid lines) to extract M. (¢) Magnetization curves for various
ML TMD/Py samples measured using VSM. (f) Comparative plot of M4 (green

axis) and Mg values (brown axis) showing that the magnetic properties of Py are

similar for all ML TMD/Py(10 nm)/Ta(3 nm) samples. . . . ... .. ... ...

Comparative plot of Apgg for different Rashba interfaces. . . . . .. .. ... ..

(a) A schematic side view of the structure of bilayer SnS. (b) X-ray diffraction
(XRD) data for SnS thin film grown at various substrate temperatures (7). (c) X-
ray reflectivity (XRR) data and corresponding fits (solid line) for samples deposited
at 473 K (open circle) and room temperature, 300 K (open triangle). Acquired
Raman spectra for samples grown at (d) 473 K and (e) 300 K with different
thicknesses. (f) Raman spectra at ten different spots on the same large area SnS

thin film of thickness 5.4 nm. . . . . . . . . . . . ... ... . . ...,
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43

4.4

4.5

4.6

4.7

4.8

Atomic force microscopy (AFM) images of (a) reference Py(8 nm)/AlO (3 nm),
and SnS(#g,5)/Py(8 nm)/AlO (3 nm), where t,g is (b) 0.4, (c) 0.8 (d) 1.2, (e) 1.6,
(f) 2.0, (g) 2.4, (h) 3.2, (i) 4.0, (j) 4.8, (k) 5.6, (1) 6.4, and (m) 8 nm, respectively.
Here, SnS was deposited at473 K. . . . . . . .. ... oo

Atomic force microscopy (AFM) images of (a) reference Py(8 nm)/AlO, (3 nm),
and SnS(7g,5)/Py(8 nm)/AlO, (3 nm), where t, is (b) 0.7, (c) 1.4 (d) 2.0, (e) 2.7,
(f) 3.4, (g) 4.0, (h) 4.7, and (i) 5.4 nm, respectively. Here, SnS was deposited at

(a) The trend of RMS roughness of SnS thin films deposited at 300 K and 473 K. The
roughness is determined from the AFM scans as a function of film thickness (fgg).
Scanning electron microscopy (SEM) images for 4 nm SnS samples deposited at

(b) 300 K and (c) 473 K showing smooth and island-type growth, respectively. . .

(a) XPS survey spectrum of SnS sample deposited at 300 K. (b) High-resolution
XPS spectrum and its fit showing peaks of Sn 3d binding energies at 486.0 and
494.3 eV. (c) High-resolution deconvoluted XPS spectrum and its fit showing peaks
of S 2p binding energies at 161.3 and 162.6eV. . . . .. ... ... ... ...

(a) AFM topography near a SnS step. (b) Lateral PFM response showing the

contrast between substrate and SnS. . . . . ... ... ..o oo L.

(a) EDX spectrum of Sn, S, Si and O in SnS thin film deposited at RT. (b), (c)
Energy-dispersive X-ray spectroscopy (EDX) maps for Sn and S, respectively,

showing a homogeneous distribution of both the elements. . . . . . .. ... ..

(a) IV measurements for SnS(4 nm) and Py(8 nm) samples using the four-probe
method. The slope of both the curve hints at a much higher resistivity of SnS
compared to Py. (b) Raman measurements before (only SnS layer) and after Py
deposition (SnS/Py) showing the vibration modes from SnS. The peak positions
of the Raman spectra obtained after the deposition of Py coincide well with their

corresponding pristine SnS thinfilm. . . . . . .. ... ... 000000,
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(a) Linewidth (AH) as a function of RF frequency (f) for SnS(4 nm) samples
deposited at 473 K (open circle) and 300 K (open triangle) with Py(8 nm)/AlO (3
nm) on top. (b) f vs. resonance field (H,) plot with their corresponding best fit
(solid line) using Eq. 4.2. Variation of (c) inhomogeneous line broadening (A H,),
and (d) effective saturation magnetization (47 Mg) as a function of tg,5. The trend
of effective Gilbert damping parameter (.q) and uniaxial anisotropy field (H,) as

a function of fg,g for sample deposited at (e) 473 Kand (f) 300K. . .. ... ..

(a) Schematic illustrating STFMR measurements setup and SnS/Py bilayer mi-
crostrip device with in-plane (7)) and out-of-plane (7,) torque generated by the
electric current along x—direction. (b)-(c) Scanning electron microscopy (SEM)
image of the STFMR device. (d) The STFMR spectra (open symbols) of SnS(1.3
nm)/Py(8 nm) sample at 5 GHz frequency, where red and blue dotted curves rep-
resent the symmetric (Vg) and anti-symmetric (V) components of the rectified
voltage, respectively. (e), (f) The angular dependence of Vg and V,, components,

respectively. . . . . .. L

(a) Crystal structure of @-GeTe having rhombohedral structure (R3m). The struc-
ture was generated using VESTA [177]. (b) ARPES data shows well-resolved
Rashba-split bulk bands, which allowed to derive the momentum splitting Ak =
0.13 A™! and Rashba parameter ay to be around 4.2 eV A. ARPES data is adapted
from [178]. . . . e e e

(a)—(c) The depth profiled x-ray photoelectron spectroscopy (XPS) spectra of Ge,
Te, and Si, respectively, for uncapped GeTe thin film. The numbers with the curve
represent the etching depth in nanometers. The inset in (b) provides a zoomed plot
of the unetched spectrum for clarity. The spectra show that the GeTe thin film gets

oxidizedup to ~7.2 nmifnotcapped. . ... ... ... ... .

(a)-(c) The XPS spectra of Ge, Te, and Si, respectively, for GeTe(23 nm) thin film
capped with Al(3 nm). The spectra show that the Al capping has protected the

GeTe film from getting oxidized. . . . . . . .. ... ... ... o000
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5.5

5.6

5.7

6.1

(a) Grazing incidence XRD pattern of 23 nm-thick GeTe thin film. The observed
peaks match well with the a-phase of GeTe. Inset: IV measurements for Py(8
nm) (green) and GeTe(15 nm) (red) samples using the four-probe method. (b) The
room temperature Raman spectra before (black) and after (red) deposition of Py on
top of GeTe show both E and A; modes at 88.3 and 125.6 cm™'. (c) AFM image

of GeTe thin film showing a smooth surface with RMS roughness < 0.2 nm. . . .

(a) SEM image of the STFMR device. (b) The schematic depicts the setup for
STFMR measurements and a microstrip device consisting of a GeTe(15 nm)/Py(8
nm)/AlO, (2 nm) bilayer. This device is subject to electric current flowing along
the x—direction, resulting in the generation of both in-plane () and out-of-plane
(t,) torque. (c) STFMR spectra at 6 GHz frequency for Py (green) and GeTe/Py
(red) samples. (d) linewidth (AH) vs. frequency (f) (open circle) and their
corresponding fit (solid lines) with Eq. 5.2. (e) f vs. H, curve for different zy;, s,

(open circle) and their corresponding fit (solid lines) with Eq. 5.3. . . . . . . ..

The angular dependence of (a) symmetric (V) and (b) antisymmetric (V) com-

ponent, respectively for the GeTe(15 nm)/Py(8 nm)/AlO (2 nm) sample. . . . . .

(a) Plot of spin-torque conductivities (O’SL, alfL, and O'SL) for reference Py(8
nm)/AlO,(2 nm) and GeTe(15 nm)/Py(8 nm)/AlO, (2 nm) samples. The spin-
torque conductivities for the Py sample are multiplied by a factor of 10 to enhance
the visibility of the spin-torque conductivities in the plot. (b) Comparative plot
of spin torque conductivity O%L for other van der Waals materials (MoS, [188],
MoTe, [187], WTe, [50], NbSe, [171], PtTe, [189]) with a-GeTe investigated in

thiswork. . . . . . . . e

(a) The magnetic and crystal structure of c-plane Mn;Sn, revealing the kagome
lattice of Mn magnetic moments. (b) Measured X-ray reflectivity (red circles) for
the Ru(7 nm)/Mn;Sn(30 nm)/AIO, (2 nm) thin film and corresponding theoretical
fit (black solid line). (c) The surface topography measured using AFM. The
scan area is 2 um X 2 um. (d) X-ray diffraction (XRD) spectra for the Ru(7
nm)/Mn;Sn(30 nm)/AlO (2 nm) thin film. (e) Comparative XRD data for 30 nm
(wine) and 10 nm (blue) Mn;Sn samples. (f) The corresponding ¢-scan for Al,05
(1123) (violet), Ru (1011) (cyan) and Mn;Sn (2021) (wine). . . . ... ... ..
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6.3
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7.1

7.2

EDX spectrum of (a) Al,O5/Ru(7 nm)/Mn;Sn(10 nm)/NiFe(8 nm)/AlO (3 nm)
and (b) Al,O3/Ru(7 nm)/Mn;Sn(30 nm)/AlO (3 nm) samples. . . ... ... ..

Elements distribution maps for (a) Mn and (b) Sn measured using electron probe
microanalyzer (EPMA). (c) SQUID magnetization (M) curve of Mn;Sn (30 nm)
sample. Inset: Magnetization (M) curve of Mn;Sn (30 nm)/Py (8 nm) bilayer thin
film. . e

103

(a) The measured FMR signal at 4 GHz for samples (Al,O3/Ru(7 nm)/Mn; Sn(tM[13 sn)/Py(8

nm)/AlO, (2 nm)) having different thickness, fy, s, of Mn3Sn near the resonance
field (H,). (b) linewidth (AH) vs. frequency (f) (open circle) and their corre-
sponding fit (solid lines) with Eq. 6.1. (¢) f vs. H, curve for different 7y, 5, (open

circle) and their corresponding fit (solid lines) with Eq. 6.2. . . . . .. .. . ..

(a) A representative ISHE signal for Mn;Sn(10 nm)/Py(8 nm)/AlO (2 nm) sample.
Inset: ISHE signal for a reference Ta(5 nm)/Py(8 nm) bilayer to establish the
negative sign of spin Hall conductivity (ogp) in Mn;Sn(10 nm) (b) The plot of the
ratio Vigr /Rw as a function of Mn;Sn thickness (y, s,,) and its fit with Eq. 6.4 to
determine Ay, s, and Ogy. The inset depicts the predicted ogy based on Ref. [195],

when the Fermi level is moved upward with electron doping e.g., due to high Mn

CONCENTIatioN. . . . . . . o v v i e e e e e e e e e e e e e

(a) Crystallographic hexagonal structure of Mn;Sn. Mn atoms are depicted in blue,
and Sn atoms are shown in yellow. (b) The magnetic texture of Mn;Sn reveals
the inverse triangular spin structure of Mn magnetic moments, represented by the
red arrows. The bigger orange arrow represents the ferroic ordering of a cluster
magnetic octupole (). (c) Schematic illustration of the c—plane (orange) and

a—plane (pink) of Mn;Sn. For the c—plane (a—plane) film, the Kagome lattice is

in (out of) the film plane. The above structures were generated using VESTA [177]. 110

(a) Brillouin zone of Mn;Sn showing the distribution of Weyl points near the
Fermi level. (b) Band structure along high symmetry points for Mn;Sn. (c)
ARPES results for Mn;Sn with different Mn concentrations show a shift in the

Fermi level. The figures are adapted from [219]. . . . . . . ... ... ... ...
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7.10

(a) a—plane Mn;Sn films on r-sapphire substrate deposited at 420 °C and post
annealed at 650 °C for 1 hr, and its (b) corresponding atomic force microscopy
(AFM) image of 60 nm thick a—plane Mn;Sn having very large RMS roughness

ofaround 3.8 nm. . . . . ... e

XRD patterns are presented for: (a) c—plane Mn;Sn films on c—sapphire substrate,
(b) a—plane Mn;Sn films on r-sapphire substrate, and (c) polycrystalline Mn;Sn

thin films on Si/Si0, substrates. The thickness of Mn;Sn is 60 nm in all cases.

AFM images of 60 nm thick (a) c—plane Mn;Sn, (b) a—plane Mn;Sn, and (c)
polycrystalline Mn;Sn film surfaces and their corresponding magnetic force mi-
croscopy (MFM) images on the same scan area in the second row. The scan area

is3x3 ymz and the scale baris 600 nm. . . . . . .. ... ... ... ... ..

(a) The out-of-plane magnetic hysteresis loop (M — H ) for (a) a—plane Mn;Sn and

(b) polycrystalline Mn;Sn. All the measurements were done at room temperature.

The longitudinal current (/) versus voltage (V) data (red circles) for (a) Ru(7

113

115

nm)/c—Mn;Sn(60 nm)/AlO (1.5 nm), (b) Ru(7 nm)/AlO (1.5 nm), and (c) a—Mn; Sn(60

nm)/AlO, (1.5 nm) used to calculate the resistivity of Mn;Sn and Ru. Inset in (a)

shows an optical image of the fabricated Hallbar. . . . . .. .. ... ... ...

A representative FMR (a) and its corresponding ISHE (b) signal for a—plane
Mn;Sn(60 nm)/Py(8 nm)/AlO (2 nm) sample performed at 3 GHz frequency. . .

(a) The trend of effective saturation magnetization (M) and inhomogeneous line
broadening (AH,) with a—plane Mn;Sn thickness (fyy,,s,)- The trend of (b) ef-
fective spin mixing conductance (gy, ), AV;SYI{IHE /Rw, and (c) spin Hall conductivity
(o7sy) as a function of 7y, ,. The variation of M. and A H,, with the introduction
of 2 nm Al spacer layer. The trend of (e) g, Vlsg}llnE /Rw, and (f) ogy with and
without 2 nm Al spacer between Mn;Sn and Py(8 nm)/AlO, (2 nm). The dotted

line shows the average value of ogy. . . . . . . . . ..o oL

(a) The variation of M s and A H, with the Mn atomic concentration in a—plane
Mn;Sn. The trend of (b) g4, AVISg;InE /Rw, and (c) ogy as a function of Mn atomic

concentration for a—Mn;Sn(60 nm)/Py(8 nm)/AlO (2 nm) sample. . . . . . . ..
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7.11 (a)-(b) Schematic illustrating that the kagome plane is in the in-plane (out-of-plane)

8.1

8.2

8.3

8.4

direction of the c—plane (a—plane) oriented Mn;Sn(60 nm)/Py(8 nm)/AlO (2 nm)
thin films. (c¢) The variation of M 4 and A H, with the crystal orientation.The trend

of (d) 810> AVISggE /Rw, and (e) ogy with different crystal orientation of Mn;Sn. .

(a) SEM image of the STFMR device. (b) The schematic depicts the setup for

STFMR measurements and a microstrip device consisting of a Ru(7 nm)/c—Mn;Sn(10

nm)/Py(8 nm)/AlO, (2 nm) bilayer. This device is subject to electric current flow-
ing along the [2110]—direction, resulting in the generation of both in-plane ()
and out-of-plane (7,) torque. (c)-(f) STFMR mixing voltage (V,,;,) at in-plane
magnetic field angles ¢ = 40°, 150°, 220°and 330°, respectively. The red curve is
the best fit to the data with Eq. 8.1. The green and blue curves are the antisymmetric

(V) and symmetric (V) components, respectively. . . . . .. ... ... ...

(a) Schematic illustration of in-plane damping-like torque TSL and out-of-plane
field-like torque TFyL for originating due to in-plane polarized spin current (p,)
when Ixp L my,. Symmetric (b) and anti-symmetric (c) components of the
STFMR signal for Ipp L mg. (d) Schematic illustrating an unconventional in-
plane field-like torque 75 originating from out-of-plane polarized spin current (p )

when Iy || m. Symmetric (e) and anti-symmetric (f) components of the STFMR

oct*
signal for Iyg || m.. The above measurements are for Ru(7 nm)/c—Mn;Sn(10

nm)/Py(8 nm)/AlO, (2 nm) devices. . . ... ... ... ... ... .. ... .

(a) Schematic illustrating the torques present when m, is tilted in the out-of-plane
direction for a—plane oriented Mn;Sn(60 nm)/Py(8 nm)/AlO,(2 nm). Vg (b) and
V, (c) components as a function of angle ¢ for a—plane Mn;Sn/Py bilayer. (d)
Schematic illustrating the torques present when m, is in both in-plane and out-
of-plane directions for polycrystalline Mn;Sn. Vg (e) and V,, (f) components for

polycrystalline Mn;Sn/Py bilayer showing the presenceof p_. . .. .. ... ..

Anti-symmetric (V, ) and symmetric (V) components of STFMR signal for various
angles (6,) with respect to the crystallographic direction [0001] for a—Mn;Sn(60
nm)/Py(8 nm)/AIO, (2nm). . . . . . ...
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8.6

Anti-symmetric (top row) and symmetric (bottom row) components of STFMR sig-
nalfor I || m . as afunction of Mn; Sn thickness (1, s,) for c—=Mn3Sn(tyy, 5,)/Py(8
nm)/AlO (2 nm). V, follows a conventional sin(2¢)cos(¢) dependence whereas

Vg has an additional sin(2¢) dependence. . . . ... ... ... ... ......

(a) Summary of unconventional field-like torque 5 /TFyL and (b) damping-like
torque 75, / TgL ratios as functions of the crystallographic angle (6,) in a—Mn;Sn(60
nm)/Py(8 nm)/AlO,(2 nm) samples. 6, is the angle between Iy and the crys-
tallographic direction [0001] for a—Mn3;Sn. (c) The trend of normalized torque
75 /75y as afunction of c—Mn;Sn thickness ("Mnysn) for the c—=Mny Sn(tyg, ,)/Py(8
nm)/AlO, (2 nm) sample stack. (d) The crystal orientation dependence on different
torques shows that the conventional torque remains nearly constant, whereas the

unconventional torque is dependent on crystal orientation. . . . . . . .. ... ..

XXV



XXVi



List of Tables

2.1

3.1

9.1

Dependence of symmetric (V) and antisymmetric (V) components on the angle
¢ between applied current and FM magnetization (s2) for spin polarization in
the x—, y—, and z—directions. The first set of three entries pertains to the DL
(Damping-Like Torque) components, while the last three entries describe the FL.
(Field-Like Torque) components. The parentheses in the torque notation indicate
whether the torque is in-plane (IP) or out-of-plane (OOP), considering 7 to be
in-plane. Conventional and unconventional torques are highlighted in blue and

purple, respectively. . . . . . . ..o

Values of effective damping parameter subtracted from reference sample (Aa,g),
spin mixing conductance (gy ), charge current density (jc), spin current density

(), Rashba efficiency parameter (A;ggg), pseudo spin Hall angle (Opgy). - - - - -
Comparison of the magnitude of spin Hall conductivity (ogy) for three different

classes of materials: heavy metals, van der Waals materials, and non-collinear

antiferromagnets. . . . . .. L. Lo

XXVii

132



XXviii





