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Abstract

This thesis investigates spin-transfer torque (STT) in magnetic tunnel junctions (MTJs) and its
advanced application as an RF detector. It also examines spin-orbit torques (SOT) in magnetic het-
erostructures featuring emerging materials with one advanced application of an ultrafast spectrum

analyzer.

First, we explored the application of STT using an MTJ-based nanopillar for RF detection based
on the spin torque diode effect. This chapter uses the energy-efficient method to detect RF signals
in two microwave bands (S + C and X bands). For a carefully chosen geometry, two modes
are simultaneously excited with opposite signs of rectification voltage, enabling microwave band
identification in a single device without requiring a DC bias. Additionally, the free layer (FL)
and reference layer (RL) modes exhibit different field-frequency dependencies, offering another
approach for RF band identification. Furthermore, we performed micromagnetic simulations,
demonstrating the opposite sign of rectification voltage. The origin of this difference is attributed
to the simultaneous excitation of the free and reference layers. Finally, a method to enhance
bandwidth in the X band is discussed based on our simulations. Secondly, this part of the
chapter explores using the spin-torque ferromagnetic resonance (STFMR) technique to measure
the magnitude of the damping-like torque and the field-like torque (FLT). The bias-dependent
behavior of in-plane torque (7)) and out-of-plane torque (7, ) in both parallel (P) and antiparallel
(AP) configurations was investigated in the MTJ nanopillars. STFMR analysis reveals that the P
and AP configurations exhibit distinct spin-torque dynamics. We observe two distinct modes in
both configurations. The nonmonotonic variations of 7, and 7, for both these modes with bias

voltage highlight the complex mechanisms driving bias dependence of STT in MTJs.

In the next chapter of the thesis, we focus on the determination of SOT using an insulator, EuS.
We observe out-of-plane polarized spin current at room temperature by employing angle-resolved
STEMR. The unconventional out-of-plane torque conductivity, o; = —0.13 x 10° (h/2e) (Qm)_1

in the Py(=Nig;Fe ¢)/EuS bilayer is observed, which is large and comparable to the conventional

y
O-DL'

in-plane damping-like torque conductivity, Additionally, a giant in-plane field-like torque
(07 ) with a magnitude of 27 times larger than that of the conventional out-of-plane field-like torque
(a'}fL) is also observed in the Py/EuS bilayer. The unconventional torques due to the out-of-plane
polarized spin current (o7, and o7y ) persist even by inserting a 10 nm-thick Cu layer between
Py and EuS and vanishes by inserting a 20 nm-thick Cu layer. Our findings demonstrate that
the unconventional torques in these systems originate from the interfaces through spin swapping

and/or spin-orbit precession mechanisms.



We further studied the SOT in epitaxial-FeSn/Py heterostructure, a collinear antiferromagnet
with a kagome lattice. A detailed investigation of SOT is performed using the angle-resolved
STFMR for radio frequency current passing along different in-plane crystallographic directions.
We observe a six-fold symmetric damping-like SOT directly linked to the six-fold symmetry of
the epitaxial [0001]-oriented FeSn films. A substantial unconventional field-like torque originated
from spin currents with out-of-plane spin polarization exhibiting unique angular dependence. This
is characterized by a superposition of six-fold symmetry inherent to the FeSn crystal structure
and uniaxial symmetry associated with the antiferromagnetic spin Hall effect. The unconventional
field-like torque is notably enhanced when the RF current flows along the Neél vector in FeSn.
These results demonstrate the existence of unconventional spin current anisotropy, which can
be tuned by crystalline symmetry and Neél vector, offering a compelling pathway for advancing
antiferromagnetic spintronics. Subsequently, We studied SOT in Fe;Sn,/Pt structure using a
polycrystalline, ultrathin Fe;Sn, layer. In this study, we found a giant SOT in the Fe;Sn,/Pt
heterostructure, employing a polycrystalline, ultrathin Fe;Sn, layer. A comprehensive analysis of
SOT is conducted using angle-resolved STFMR and DC-biased STFMR for samples with varying
Fe;Sn, thicknesses of 2 nm, 3 nm, and 5 nm. Our findings reveal that the effective damping-like
and field-like spin-torque efficiencies are significantly greater than those observed in conventional
Pt-based systems. The variation in torque with Fe;Sn, thickness is attributed to a combination
of the spin Hall effect (SHE) in the Pt layer and an additional torque component originating from
the bulk of Fe;Sn,. The intrinsic properties of Fe;Sn, are likely responsible for the giant SOT
observed in this system. This discovery holds promise for developing SOT-based devices with

ultra-high spin current densities and reduced power consumption.

In the final chapter, we explore the application of SOT. We demonstrate the use of spin Hall nano-
oscillators (SHNOs), a device based on the SOT phenomenon, for ultra-fast microwave spectral
analysis. We show mutually synchronized NC-SHNOs, with five nano-constrictions using a W (5
nm)/NiFe (3 nm)/Al,O5 (4 nm) trilayer structure. This shows robust mutual synchronization, high
output power (18 dB/noise), narrow linewidth (0.65 MHz), and broad frequency tunability (0.67
GHz/mA). These features enable precise and flexible spectrum analysis. Our study achieved one
order of magnitude improvement in frequency resolution bandwidth (1.9 MHz) over previously
reported methods using uniform-state magnetic tunnel junction STNOs. Moreover, compared to
vortex-state-based STNO spectrum analyzers reported earlier, NC-SHNO-based spectrum analysis
demonstrates an operating frequency one order higher. Additionally, our implementation of
ultra-fast time-resolved spectrum analysis has successfully captured rapidly varying frequency

components.
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HRIer

g MUY YA Tofel Sl (MTJs) H PUeT-giawy <ieh (STT) &I g &l §
3 W UF 3eaAd USAT g (RF) fSeaex o §F H o] el T HHATGAN
AT AT &1 TE IR g5 FHATIAT BT TAAYAT arel Jorohrar gediegF H Ruai-
3fifde eiéh (SOT) 1 S ar &, 3R SHHT Ush GHE HIAleT Ush i i T
TATTSoR & & & Y&dd fham arr gl

T g, g STT & 3EANT i MTJ-3MeRd Aliior & A & AUSAT 3ngfa
feeaereT & ua <% S/l woTd & 3TUR 9N 3{eydel [T IUg MeA & AgHad
d5@ (S+C 3R X d3@) & WA gl Restel &1 gar oo & v sefl-gerer Ay
T 3YANET AT g1 [T & & Lol 918 WA & AT, &F Agy v @y 3afod g
g, e IFefthres dlecs & donad fer TAwdia gidr 8, f9ad DC s &
3TETRAT & AT U &1 Basa & AsspIda 85 T Ugald 9T gl gl 9% faRed,
BT AT (FL) 3R Y64 oX (RL) Aigw 7 et deehraia-amgfa eiRar der sl
g, S X3V 3gir s ggatel T Ueh 3R AT el Il &1 A1 &, §HeA HgshiATaiiceh
faaererd forw, St MFefhdee dlees & Aol daha &1 qefd §1 30 3R &1 7o
SRUT FL 3 RL T Teh &Y SAofell &l AT -1 &1 3, §AR e & 3TUR
T X §5 7 SRy F B T B UF R W T@ B TS ¥ qEy oW A, 5@
AT H EueT-eler WIATATEH IGd (STFMR) dehsileh T 3UTNET deh T3-S
<l (DLT) 3R fres-aiss cie (FLT) T aR&Amor & Ardr s=r g1 MTJ saifter &
AR (P) 3R 3TAR (AP) [Je=ardt & ga-tald el (1)) 3R 3M3e-3h-tale cih
(r.) & SE-TAR c¥agR & ST fT 75| STFMR fA9wor & A9 giar & f& P 3R
AP fa=arat & faferse feue efd aifadhr 3@t ST 81 Sl & & 37el91-37c1eT A1z Yahe
Bl 81 31 AIgH # 73 7, IRWET I79 dtecst W @Rar STT &1 Jfear gepfd
&l gl B

NfEF & 3Tl eI H, SOT & fAURer @ e &fgd forar @m g, ad &
fodargs EuS &1 391 fRam a1am g1 gH HUT-HATT STFMR delleh & HIEIH 8
FA F dYAT W 3e-3Th-Cod NoRkBos a9 e &1 Ademwr &=a &1 Py
(=NigiFe19)/EuS GIgr I & Teh INIRURS HT3C-3TH-CeleT ich dTetehdT 0%,=-0.13x10°
(h/2e)(Q'm)" 9Ted g8, St IRIRH gi-Celel SFPUIT-aATgeh I TTeishell oy, & Jer1T &
qry &1, Tk faerel sA-told FLT (oZ,), @ AT aRuRe 3m3e-3ih-told FLT (o7,)
¥ 27 I AHfAE §, o Py/EuS aledl Wd # & 7181 ¥ 39RURF el Cu H 10
nm A T Py 3R EuS & &7 Sised 9 8 §elt I@T § offohed 20 nm R SiseT
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W AT g o &1 g sy gud § & A ol Sexthg-3maRa feua e
3R/ Fge-3iifae R ¥ 3cded gid &l

g TUeTFagel-FeSn/Py geliteaay & SOT &r ot gt 3regaaT fohar, St o o
TRET WA § 3R Fea dfew @aer gotar g1 [Jffes sa-coa freea
feemsit & TR arelr WA G Ry & fAU HIT-FATH STFMR dehelleh @RI
SOT & favawor fmm arm| efedfeeaer [0001]-30REes FeSn et 1 og-aga
Wwﬁﬁamgmwa@-ﬂmwéﬁdnmsmmaml T g, e
3eaTAT 33¢-3Th-Coll BT JleR1Soield aTel BUel #ie ¥ 3ol IIRIRS FLT
oG I, St foheee 3N TGS BueT giel emra o HROT fAC-Slell HAETar
gaffar &1 o9 ¥R 3mgfy earr FeSn # Néel 39X & @1y yarled gir &, & Ig FLT
IR AT gaer g I1ar g1 ¥ fasey Rue #te sfadgr $r 3ufeafa & goa g,
58 foreceld FAFIAr 3R Néel aFeX carT AR forar o asdr 1 38% 91g A
sgfneeeld, A gdell FesSn, T & 39T FH FesSny/Pt T H SOT &r
eI TRaT| 37 3EqTT H, gHa FesSny/Pt gelikedaX #H 3Td SOT 9idT| Hivl-
FATUTT STFMR Teheiieh anT, faffiest A€ (2 nm, 3 nm, 5 nm) aTe F&AT & T
e TaRelsor fohar aram| fosenst @ oar el o STPYer-oiissh 3T $res-aTges <ie @i
GATATY IRURe Pt-3MerRe gonferdt &1 e 7 @rbr 31fte §1 ¢fd 3 I5 37k Fe3Sn2
$ A & T Pt R H U gicd 997 3R FesSn, & Tooh & 3cTeeT gled dTot
TR efe e & ATl & HRUT gIaT &1 FesSn, T 3iafaga [Avare s emer
SOT & AU 3ITERT AR JAdr §, Y 3= U & 3R 3 &7 96ay @ud drl
39RO & fow et gl

3ifa# ey &, g7 SOT & HeIoAIeT &7 Ial ofald 81 &4 i oy Agshldd Fdergel
faeevor & fow SOT IR™eAT W MR Teh 3UaoT, 9T gl aal-3iTTaeie (SHNO)
& 3TINET & JGRd A ol &7 W(5 nm)/NiFe(3 nm)/Al,03(4 nm) BdRa =T T
3YGIT &h G lell-Hehesl & AY YREIRE & & sheliget NC-SHNO fe@rd €
g Aol RTINS fHshellsoielel, 3Ta 3M3eqe 9l (18 dB/noise), HehIUT dis=ATdsy
(0.65 MHz), 3R = g cgAfafad (0.67 GHz/mA) R@rar 81 sa@ weeH
faeawor 3fRe e 3R ofier Soar §1 39 eI # qdadt MTJ-STNO fafet @
oo A 3R {ellegere dsfasy & & I+ gur (1.9 MHz) gf@e fhar | sas
3faRed, NC-SHNO 3maiRa Tuaesd fagawor o aided-¥ee STNO TATaBd fr
Jolell # U JTST 3T IR IRy ured | g8 faRerd, gAR 31fa ey da7g-
AT TFeA faRelvor & FRfileadsl & dofl ¥ dgoid Mgy ueshl & Ahaldr de
gehs T gl
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“Mode 2” at 8.8 GHz.The color represents the amplitude of the mode. . . . . . .

(a) Experimental, simulated, and analytical resonance frequency variation with an
applied field for both modes. (b) Simulated variation of bandwidth in X—band

with pinning field. The solid lineis a linear fit. . . . . . . . . . .. ... ... ..

STFMR spectra obtained under the various bias DC currents indicating DC current

dependence of the diode sensitivity for “Mode 1”7 . . . . . . . . ... ... ...

(a) Schematic of the MTJ stack with the measurement setup. (b) Magnetoresistance

(MR) of MT]J device measured with a magnetic field applied along 6 = 0°.

ST-FMR spectra recorded at P, = —29 dBm and 6 = 50° relative to H,,, = 300 Oe
for (a) the Antiparallel (AP) state and (b) the Parallel (P) state. The spectraillustrate
how the resonant response varies with the applied /.. For better visualization, the

plots are vertically offset along the y-axis. . . . . . ... ... ... .......

Bias dependence of the (a & c) IP torkance, and (b & d) OOP torkance determined

from the room temperature STFMR signals in AP and P state respectively . . . .

Bias dependence of the (a & c) IP torque, and (b & d) OOP torque determined

from the room temperature STFMR signals in AP and P states, respectively

(a) 6 — 260 XRD pattern for 70 nm thick EuS film on Si/SiO, substrate. The peaks
represent the growth of polycrystalline of EuS thin film. Inset shows the AFM
image of a 10 nm thick EuS film for a scan area of (1 x 1 ,umz), (b) M-T curve for
a 10 nm thick EuS film over the temperature range of 3-30 K. Inset shows in-plane

hysteresis loop for the same EuS thin filmat5SK . . . ... ... ... ... ...
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4.2

4.3

4.4

4.5

4.6

4.7

Ferromagnetic resonance (top row) and the corresponding /- measured from IREE
measurements (middle and bottom row) for (a) Control sample Py/Cu(10), (b)
Py/EuS, (c) Py/Cu(10)/EuS, and (d) Py/Cu(20)/EuS. The middle row is for H> 0,
while the bottom row is for H< 0. The solid lines in the middle and bottom rows

fit the experimental data. . . . . . . . . .. ... L L L.

(a) VNA measured S, parameter versus frequency, (b) Total RF current passing
through the device for Control sample Py/Cu(10), Py/EuS, Py/Cu(10)/EuS, and
Py/Cu(20)/EuS . . . . . . e

Frequency-dependent STFMR measured at -5 dBm and § = 40° for (a) Control
sample Py/Cu(10), (b) Py/EuS, (c) Py/Cu(10)/EuSand, (d) Py/Cu(20)/EuS. The

solid lines represent fits performed using Eq. 2.5. . . . . . ... ... ... ...

(a) The variation of linewidth (AH) with frequency (f ) together with fits (solid
lines) performed using Eq. 1.8 (b) Frequency(f) as a function of resonance field

(Hy) together with fits (solid lines) using Eq. 1.7 . . . . . ... ... ... ...

Measured STFMR spectra for (a) Control sample Py/Cu(10), (b) Py/EuS, (c)
Py/Cu(10)/EuS and (d) Py/Cu(20)/EuS. These spectra are measured with the mag-
netic field applied at an angle of ¢ = 60° at the RF frequency of 6 GHz and injected
RFpowerof -5dBm. . . . .. ... ... ... ... ...

Symmetric & antisymmetric STFMR components for (a) Control sample Py/Cu(10),
(b) Py/EuS, (c) Py/Cu(10)/EuS and (d) Py/Cu(20)/EuS as a function of in-plane
magnetic field angle (¢). The fitting (solid lines) is performed using Eq. 4.3 and
Eq.4.4. e
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(a) Torque ratios for control sample Py/Cu, Py/Cu(10)/EuS, Py/Cu(20)/EuS and,
Py/EuS. The ratio T]);L / T%’L represents the conventional DL torque ratio (black),
while 775 / T%’L, and 15 / T}ZL represents the unconventional DL torque ratio (red)
and the unconventional FL torque ratio (blue) respectively. The torque ratios for the
control sample Py/Cu, Py/Cu(20)/EuS are multiplied by a factor of 5 to enhance the
visibility of the torque ratios in the plot. (b) Schematic illustration of generation
of out-of-plane spin-polarized current via the “spin-swapping” mechanism in a
Py/EuS bilayer. (c) Schematic illustration of generation of an out-of-plane spin-
polarized current in the Py/Cu/EusS trilayer via a combination of REE at the Cu/EuS

interface and “spin-orbit precession” mechanism at the Py/Cu interface. . . . . .

a) Schematic of the unit cell (blue) of the kagome antiferromagnet FeSn. (b)
Schematic of the kagome layer of Fe;Sn and stanene layer of Sn,. Fe atoms are

depicted in red, and Sn atoms are shownin Gray. . . . .. ... ... ... ...

Structural characterization using: (a) #—26 XRD scan measured for Pt(5 nm)/FeSn(30

nm). (d) ¢-scan measurements for Pt(5 nm)/FeSn(30) film on an Al,O5;. The
top, middle, and bottom panels show the ¢-scans for FeSn(1011), Pt(200), and
Al,0;4(2116) reflections, respectively. . . . . . ... ... ... ...

STFMR measurements (a) Structure of STFMR device consisting of a FeSn/Py
bilayer. This device is subject to electric current flowing along the x—direction,
resulting in the generation of both in-plane (7)) and out-of-plane (7,) torque.
(b) The schematic depicts the setup for STFMR measurements. c) Frequency-
dependent STFMR spectra of FeSn/Py microstrip measured at ¢ = 40° when the
current direction is at 0° with in-plane reference direction [1100] (The plots are
shifted along the y—axis for clarity). (d) linewidth vs. frequency data and (e)
frequency vs. resonance field data for FeSn/Py. Symbols are measured data, and

solid lines are fits. . . . . . . . . . . ... e

(a-1) SEM image of differently oriented devices (left panel), Vg (middle panel)
and V, (right panel) components as a function of angle ¢. 6 represent the angle

between Iz and in-plane reference direction [1100]. . . . . ... ........

(a and b) shows the Vg (left panel) and V, (right panel) components for a angle of
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5.7
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5.10

5.11

6.1

DL SOT efficiency due to y— spin polarization and FL. SOT efficiency due to z—
spin polarization for different 6 values in (a & b) FeSn/Py device and (c & d) Ref.

DL SOT efficiency due to x— spin polarization for different 6 values in (a) FeSn/Py
device and (b) Ref. device. . . . . . . . . .. ... ... .. .. ..

STFMR experimental data with 6 GHz RF current with power +4 dBm applied at
60° w.r.t magnetization and with field reversal with angle 240° for (a) Fe;Sn,(2

nm)/Pt, (b) Fe;Sn,(3 nm)/Pt, and (c) Fe;Sn,(Snm)/Pt . . . . . . . ... ... ..

Variation of Gilbert damping constant (@) and odd component of Hy with the total
applied DC bias (I,) at positive (60°) and negative applied fields (240°) for (a)
and (d) Fe;Sn,(2 nm)/Pt, (b) and (e) Fe;Sn,(3 nm)/Pt, and (c) and (f)Fe;Sn,(5

nm)/Pt respectively. The lines represent the linear fitof thedata. . . . . . . . ..

Summary of (a) égyr, (b) €pp. and (c) &gy for FesSn, (2 nm)/Pt, Fe5Sn, (3 nm)/Pt,
and FesSn,(Snm)/Pt. . . . . . ..o

Origin of the torque acting on Fe;Sn,(2 nm)/Pt, Fe;Sn, (3 nm)/Pt, and Fe;Sn, (5
nm)/Pt attributing to the SHE in Pt, the bulk contribution from Fe;Sn,, and the
net resultant torque in the Fe;Sn,/Pt heterostructure. The green and purple arrows
represent the DL and FL SOT efficiencies, respectively, with the arrow lengths

indicating the torque strengths. . . . . . . . ... Lo oL oL o

Free-running properties of spin Hall nano-oscillator chains: Power spectral density
(PSD) for (a) single nano-constriction (1 NC) SHNO and (b) five nano-constriction
(5 NCs) SHNOs in a chain. (c) Spectral linewidth for 1 NC and 5 NCs. The
measurements are performed at external magnetic field, H = 0.79 T applied at

out-of-lane angle, § = 80° and in-plane angle, ¢ =20° . . . . ... ... ....
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6.2

6.3

6.4

6.5

NC-SHNO-based fast spectrum analysis: Schematic of the NC-SHNO-based spec-
trum analyzer consisting of two blocks: an NC-SHNO-based sweep-tuned refer-
ence signal generator and a signal processing block with a mixer and a matched
filter. DC current source injects bias current into the SHNO chain at point (a). RF
signal goes to a highpass filter after the DC block capacitor and coupler. A coupler
injects a triangle-shaped signal at point (b) to modulate the SHNO chain frequency.
The filtered signal after a highpass filter gets digitized and fed to the Simulink en-
vironment. Additional filtering with a bandpass filter is done to improve the SNR
of the SHNO frequency chirp signal. An unknown signal is added at point (d) to
be mixed with the SHNO frequency chirp signal. A resulting intermediate signal
at point (e) is postprocessed with a matched filter to perform inverse Z-transform

and recover the spectral components of the signal V;, in the form of voltage spikes.

Spectral analysis of a single-tone external sinusoidal signal (f;,= 9.41 GHz): (a)
sweeping signal V,, (measured at point (a) in Fig.2a.) (b) signal V,; (measured at

point (e) in Fig.2a.) (c) signal V.. (measured at point (f) in Fig.2a.). . ... ..

Experimental results of the spectrum analysis and resolution bandwidth. The

spectrum analysis results (V,,..(¢)) of external signal with different sweeping fre-

pec
quencies fy, = 2 MHz (a) and 1 MHz (b) . Output spectrum V... Statistics
are performed on 10 random consequent measurements at f,,, = 2 MHz (c) and
1 MHz (d). (e) Resolution bandwidth (RBW) of the spectrum analysis AFgpy as
a function of the sweeping frequency f,. The solid blue line indicates the theo-
retical limit AFggw = fi. The red dashed line shows the practical limit imposed

by an averaged half-linewidth of NC-SHNOs. The red dash-dotted line shows the

practical limit imposed by an averaged half-linewidth of the uniform-state STNO.

Signals with various modulation patterns: (a) Signal modulation with the shift-
keyed frequency between 9.40 and 9.42 GHz. (b) Signal modulation with frequency
varies discontinuously in a sawtooth fashion with increasing frequency. (c) sig-
nal modulation with frequency varies discontinuously in a sawtooth fashion with

decreasing frequency. . . . . ... L. Lo
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