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Abstract

Spin-orbit torque (SOT) is a phenomenon that emerged as a promising substitute for spin
transfer torque. The concept of SOT is extensively utilized in magnetic memories, neuromorphic
computing, domain-wall motion, spintronics-based Radio frequency (RF) oscillators, etc. A
SOT device consists of a heavy metal (HM)/ferromagnet (FM) heterostructure, where HM is
used as the spin-current source. Spin Hall effect (SHE) and Rashba-Edelstein effect (REE) are
the mechanisms that are commonly utilized to generate spin current in HM metal. However,
the SOT-based devices are still far from commercialization due to the limited charge-to-spin
efficiency of HM and restricted polarization of spin current, which always lies in the plane due to
the symmetry of SHE and REE. The search for novel materials reaches 2D materials, specifically
Transition metal dichalcogenides (TMDs), which are promising for SOT application due to their
large spin-orbit coupling (SOC) coupling and ability to be deposited down to monolayers. The
low crystal symmetries of TMDs are predicted to generate out-of-plane polarization, which
is not possible by the spin Hall effect and Rashba-Edelstein effect. This eliminates the need
for an external magnetic field to achieve SOT switching of perpendicular magnetization of
FM materials. Apart from conventional effects (SHE and REE), which utilized bulk SOC of
materials, there are some unconventional ways of generating spin current, which can be realized
even in light elements having negligible SOC. These effects include the orbital Hall effect,
orbital Rashba effect, spin swapping effect, etc. Due to the abundance of light elements, the
utilization of these materials for SOT application can significantly reduce the cost of the device.
In this thesis, we extensively studied spin-orbit torque in two types of materials: Selenium-
based 2D materials (PtSes, PdSes, and GeSe) and light element Al. We employed spin-torque
ferromagnetic resonance measurement (STFMR) to quantify charge-to-spin conversion efficiency
and torque conductivities in these materials.

First, we measured spin-orbit torque utilizing STFMR in PtSes/NiFe heterostructure. We
extensively studied frequency-dependent STFMR and angle-resolved STFMR for PtSe, /NiFe/Pt
system and separated out the effect of PtSey in charge-to-spin conversion efficiency. The effi-
ciency was found to be 0.Inm~! for PtSes, which results in an enhancement of 63% in effective
SOT efficiency compared to that for the control sample (NiFe/Pt). This enhancement in effi-
ciency value was further verified by DC planar Hall measurements. Our findings indicate that
the interface between PtSes and NiFe can generate a significant current-induced damping-like
torque. Our band structure calculations suggest that the proximity magnetic field in the in-
terfacial PtSes plays an essential role in the strong charge-to-spin conversion observed in our

samples. Our work demonstrates a novel form of SOT to obtain high charge-to-spin conversion




efficiencies for device applications. Additionally, our work demonstrates that ”SOT through a
proximity magnetic field” needs to be considered for explaining SOT observed in other TMD-
based material systems.

We further studied the spin-orbit torque in PdSes /NiFe/AlOy heterostructure, where AlOy
was used as the capping layer.We performed a complete angle-resolved STFMR to separate
out the contribution of different spin polarizations in the spin-orbit torques. We observed a
substantial damping-like torque corresponding to the y—polarization of spin current, which is
found to be the opposite compared to the control sample (NiFe/AlOy). In addition, we observed
an unconventional field-like torque corresponding to the z—polarization of spin current, which
is not allowed by conventional mechanisms such as SHE and REE. We anticipate that uncon-
ventional polarization is arising due to the low crystal symmetry of PdSes, while conventional
torque arises likely due to the finite spin splitting caused by magnetic proximity.

Next, We studied spin-orbit torque in GeSe/NiFe/AlOy heterostructure. First, we opti-
mized the growth of GeSe using the pulsed laser deposition method. We measured angle re-
solved STFMR for GeSe-GeO,/NiFe/AlOx and compared the results with the control sample
(NiFe/AlOy). We observed a large damping-like torque in the GeSe-based stack, which was
absent in the control sample. By using different control measurements, we exclude the contri-
bution of bulk GeSe to the measured spin-orbit torque. We believe that the oxygen gradient due
to the native oxidation of GeSe film at the GeSe and NiFe interface is responsible for generating
a damping-like torque in the GeSe-based system via the orbital REE.

We also studied spin-orbit torque due to light element Al using Al/NiFe/AlOy heterostruc-
ture. We found a large in-plane field-like torque corresponding to out-of-plane polarization of
spin current, which was absent in the control sample (NiFe/AlOy). We further observed that the
magnitude of torque is independent of the Al thickness. In order to gain insight, we performed
various controlled measurements by replacing Al with Pt to exclude the possibility of orbital
torque. Our results are consistent with the theory of spin-swapping effects. We believe the
observation of various novel SOTs reported in this thesis will be useful for various spintronics

applications.
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fem-siffde e (SoT) T Wt geT § St fRy <awR efd (STT) & T U 3111 S
fdwed & U & I g1 SOT B! FURIN AUS U ¥ HAfeH HARI, GRHIh TUMT,
S a1 Bi 7T, RUACT-a enid et snafy aae sanfe & I9anT fosar oidT 8| Ue
SOT IUHRUN H U /a1 Ueref &1 geIRga=R BIdT §, STal URY o1 fRUA $ie & Ja
& =0 H IuAIT fhar orar g1 f= 87d $thae (SHE) 3R IRE1-USTe A $thae (REE) T
fopan-fafyy § S WreRUaE: URY o1g H fR $ic IUd o34 & [T SUTRT &1 91t 8 1 aumf
SOT JUHRU THfHd 1A% Y YA RITIRU DT Gardl quT Uidsidd = gdidnzur & HRul
3t off maEriieRy @ R B1 AT uerf @ @ g o uar, fadiwaan eisieE Ao
SRATABSIZed (TMDs) d& Ugdd! &, Sl ofg= & f&m siffse swufei (soc) ¢k &
R d% F&TUT gH B &Hdl & HRUT SOT AN & Y RIS ¢ TMDs &1 9
foped TSI § dg & daad UIeRIZOIRH SdF g &1 JRHTGHT dd &I 718 8, S SHE
3R REE ¥ ¥Hd 781 | 98 Jad1d Uerd &1 dadd Jadha & SOT Rafd urd e+ & forg
I8l 99D1g &F DI TGSl T HR odl 8| IRWRS GHTE! (SHE 3R REE), forad
U1 BT Seh SOC BT IUANT a1 ST 8, P ATl U URT S B &b $S SURURN
R ¢, o8 I8t d& fos 07 soc a1 g« dal § ft @1 o bl g1 37 yurEt A
3iffsea gTd gthae, 3iifscd e thae, A Wt 3thae, anfe wMfw &1 @b dwl Bt
TRl & HRUT SOT SVRANT & [T 31 UGl BT IUART SUBRYT B! ANTA DI HIHT HH DR
IJHdl gl 39 MY YUY H, gH & UBHR & Uil Jafrad 3numia 2D uerdf (PtSe,, PdSe,, 3R
GeSe) 3R ga dcd TIHEH T SOT &1 98 TN W 3Heqa fohar| g7 37 uerf & i
Hefgefact 3R AW I fUT FTURY e A & fam Spin Torque Ferromagnetic
Resonance (STFMR) A9 fafd &1 v fohar|

Y Ugd, 89 PtSes/NiFe 8¢RI TRaAT T STFMR &1 SUIRT dRab SOT Dl ATAT| §H HTTD
U ¥ PtSe2/NiFe/Pt Ried & fam frequency dependent 3R angle resolved STFMR bl
317 foam SR SMaw ¥ spin FUIRUT G&fdl H PtSe; & UHTA DI (e fwa| pise, & forg
Q&dl -0.8 nm? tﬂ?f T, e gRUMRa=Y control sample (NiFe/Pt) P SEL T sOT &t
gyTdt gerdr o 63% Bt q@ E‘scl G&(dl He e ?{@ ®I 3 direct current surface hall
measurement gIRT 3R gafua fear man| AR Py ddhd <d % f& PtSe, 3R NiFe & &9
DI interface T II'EETLUf current induced damping like torque A X Hehdl %I gART band
structure TTOMT I TdT TIerd % f& interfacial PtSe, H proximity magnetic field Hsldd A T
&M wuiaur § te Smaxasds et FuTdT 81 §HART S1H SUSHRUT SVANT & forg 3=
3T FUA FUTRUT U HA & ol SOT &1 U 791 U YR Hra1 81 39 SHfafRa,
WWW%%&WTMDS W“cﬁﬁﬁsystemsﬁé@‘ﬁSOTﬁﬂﬂ%l’lﬁ%W
“Proximity Magnetic Field % §RT 3@3 SOT" TR faaR &1 &) Tawaehar 3|




A 3T PdSex/NiFe/AlOy 8SRI TRaHT H SOT &1 3T b, STgf AlOy T STIINT capping
layer & =0 ¥ foar a1 411 soT H fafvd spin polarizations & IRTIGH P AT P & o
I U tﬂlf angle resolved STFMR HTG favarm| g0 YA 4RT & y-polarization & Sy
BRINEEED damping like torque <, Sil control sample (NiFe/AlOx) P KL # faudia urn
1| 39 3fardl, 894 R YRT & x—polarization & 3T Tds 3URURFTA field like torque
a1, gt AT SHE Spin 3R REE SI¥ URUR® UHTEl GRT 8] &1 off Toball BHRT
3IHT § & S[URTRFTA polarization PdSe; &1 B fohved THEUT & HRUT S & 381 ¢
Sdfd URUR® &Frq:Uf magnetic proximity & HRUI B dral aRfid spin-splitting I IdF8H
B! HUTGT B |

P 16, TH GeSe/NiFe/AlOy B¢ WA H SOT &1 31ea fhaT| Jodl Ugdl, 851 pulsed
laser deposition fafer &1 ITANT IR GeSe B growth Ca| optimize far g7 GeSe-
GeOy/NiFe/AlOy & forg angle resolved STFMR [ HIU4 far 3R control sample (NiFe/AlOy)
& Ty GROMHS Bt NNEL P AT GeSe-3ATTRA structure H Udh damping like torque T S
control sample & 3{IUTYd 1| fafire FifEa Amdl &1 IUANT HReh g9 grdl fab SOT H bulk
GeSe HT INTGH 0T 7| GHART AFAT § & GeSe 3R NiFe & interface TR GeSe TRd &
WIHTAP SHRITHIU & HRUT RIS GIUIdT GeSe MR system H orbital REE & gRI
damping like torqueWW%Wm%I

BHA Al/NiFe/AlOx BT HXTHT BT IUUNT HReh Geob dd Al b HRUI SOT BT HI 3T
far! ¥ out of plane polarization & I in-plane field like torque YTtd g3T| A 3T gl
f ameof BT afATT Al B TS T Wdd §1SdR U HR & fo1g, 5 orbital torque Bt
HEHTAT DI FShId R & foTT Al &I Pt I UfARITUd #Rb faf¥F control measurements
f%d | gHR TR spin swapping effect % Rigid & 3T g1 8 M & b 39 MY-Tae &
a3 Y fafirs ¢ sOTs fafi fu=ei-e sruail & fore Suaih gi |
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