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|. Motivation I1l. Spin-torque ferromagnetic resonance (ST-FMR)

/ Basics of magnetic \ /Spin orbit torque (SOTN / 2D materials for SOR Experimental setup for ST-FMR
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v'All-electrical switching « study the ch i , , Amplitude-modulated GHz current is injected
(highly efficient) udy the charse-1o-spin conversion into the sample, and an in-plane external

v'Transverse geometry using 2D materials with large spin- magnetic field is applied
orbit coupling (Mos,) The voltage, measured via a lockin detection '(ﬁ-

Charge-to-spin conversion

* And interfaced with graphene (V..), is proportional to the change of the H V
Two configurations: leads to SOT (proximity effect, refs [2,3]) sample resistance due to anisotropic ] —
“g” “q” magnetoresistance (AMR). This allows us to
Parallel Antipgrallel probe the magnetization dynamics.
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Figure adapted from ref [1] Landau-Lifshitz-Gilbert (LLG) equation

Il. Device fabrication = —yuo( x H) + a(ﬁ x‘il—’:’) + Taemag + Too + Tri + oy
Bl — .
MoS, grown on sapphire. Graphene grown on Pt foil is e Device fabrication: Spin-current-induced . Anti-damping
detached and dry-bonded to the MoS,/sapphire rectangular stacks M
substrate. defined by laser
Layer by layer growth with some hexagonal islands + graphene transferred on top lithography and RIE Field-like torques (oddinM) > m X s
00pm 05 105 20 25 are embedded in Damping-like torques (even in M) > m X (m X s)
coplanar waveguides D
for high frequency
dynamics experiments. i
/-~ | 1 ™ V. _ARIfCOS ¢ sing [9Byp D (B )_I_a(BOe"‘BFL) 1+'UOMSFA(B)
a(ZBres + .uOMS) alrf aIrf \ Bies |
Al (0-10nm Al (10nm) -
Al (10nm MOSZ M052 gr | \[\
e Low-temperature growth (by molecular beam epitaxy) of sapphire sapphire sapphire
metallic spacers (Al layer of 0 to 10nm) and ferromagnet \ J
(Py, 5nm) on top of MoS, or MoS,/gr. A 2nm-Al capping V.. can be seen as a sum of symmetric and antisymmetric contributions (V. and V,, respectively)
prevents Py from oxidation.

V. ST-FMR angular dependence

ST-FMR at different frequencies to extract M 4 and Gilbert damping o

Angular dependence of ST-FMR for MoS,/gr-based heterostructures

Comparison for the spectra (at fixed

2004 A | in f . . -
" nerease n Trequenty frequency) obtained for the samples with and 15dBm and f=10GHz . . . .
1004 without eranhene spacer: 200 °* Vv, Symmetric and antisymmetric voltages (Vs and V,, respectively) are
a - grap P ' oV, extracted from ST-FMR curves measured varying the angle between
£ 01 _ the current and the external magnetic field B.
> ' 10,04 MOS,/gr/AI(L0NM)/Py ~__ < 1007 Va=2o1V 5
100y - | MoS,/Al(10nm)/Py Py
-200u—- 5.0 - ™ % 0 As an example, results for sample MoS,/gr/Al/Py are shown,
, | , | , | S - = 1 v=1.92pV together with fits to Vcos? ¢ sin .
0 100 200 300 £ 00 = 1op4 (bad fit)
=
B (mT) o Angular dependence of all tested samples show large field-like
5.0u 20
- Bl torque (antisymmetric voltage) and negligible damping-like torque
From measurements for different frequencies (GHz) of 10.0p - M?SZ./gr./AI./Py. —— que | : Y ge) SIS PIng :
. . 0 50 100 150 200 250 300 350  (Symmetric voltage).
RF current (with a fixed angle between the current and . Angle (d
the magnetic field) it is possible to extract the effective B (mT) ngle (degree)
magnetization (M_4) and the Gilbert damping (a), as . MoS. /ar/Al/P
follows: 16 - MoSZIAI(lonm)/Py 05,/8 Y

Bal M,.,=6.1x10° A/m VI. Characterization by AMR (DC current)
. : : =12 (uM= 770mT)
fvs. B (Kittel fit) 2 pM 4 >10] \
T 8-
g o MoS,/gr/Al(1onm)Py | - MoS,/Al/Py AMR measured by applying a DC current of 50 pA
freq = g\/(Bres * Bo)(Bres + Bo +‘uMeff) . 3 My;=7.9x10° A/m > and sweepin they mzp:etﬁ: field B in the samule
4 0 — T T T T T T T T T 1 (UM= 990mT) PIng 8 P
A 10 0 50 100 150 200 250 300 544 7= AR=1.04Q, AMR=0.19% MoS,/gr/Al(10)/Py plane and perpendicular to the current direction.
= Meysr (—) = —.UMeff(mT) B,c. (MT)
30 . .
- MOS,/gr/AI(LONMIPY | Mos_ fer/Al/Py = 266 MoS,/Al(4)/Py
S £ 204 MOSJAILONM)PY \ ¥.| a=0.019 S AR=1.400, AMR=0.52% Difference in the AMR for different samples suggests
* Linewidth (w) vs f 2 a S i different magnetic properties of the Py(5nm) layer
- 10~ Mos,/Al/Py even though the growth was done simultaneously.
2 sl a=0.0045
w=wy+—freq i
° g 4 03 & 6 B 10 12 14 16 (devices of 25x75um?)
Frequency (GHz)
M., and a.: comparison between stacks, various devices Lo A B(r‘:ﬂ) P2
1000_5 "B Mos,/Py Extracted effective magnetizations show a stricking difference
: l\'\/fgSS/AAI'(j)(/)%,/SV between samples with MoS, and samples without MoS, or with Vil COnC|USiOnS
~ 9504 “Mos fAI(G)/Py graphene spacer. :
E 00 Seeing that M, ; = M, — —= here K is th dicul
= 900+ eeing that Merp = Mg — oM ¢ Vnere R the perpendicular MoS, and MoS,-graphene-based heterostructures were fabricated and measured by spin-torque ferromagnetic
= gg0 4 anisotropy energy density, and M_.. is supposed to be the same, resonance (ST-FMR). The insertion of a graphene spacer results in enhanced Gilbert damping parameter.
= . sat
: different magnetic anisotropy could maybe explain these results. However, differences in extracted effective magnetizations as well as for the measured anisotropic
300 MoS.,/gr/Al(10)/Py
: Aﬁlf)/Py * ‘, magnetoresistance suggest differences in the stack may affect the growth and therefore the magnetic
750 41T T T Extracted Gilbert damping parameter is enhanced for the properties of the Py film. Angular dependence of the ST-FMR shows negligible damping-like torque but large
4 6 8 10 12 14 16 18 20 heterostructure containing graphene. field-like torque. Further studies are required to determine the contributions of Oersted field or of Rashba to
Gilbert damping o x1073 the latter.
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