= &

N’

SPIN-TORQUE-INDUCED
FERROMAGNETIC RESONANCE

Y.C.LIU

DEPARTMENT OF PHYSICS, NATIONAL TSING HUA UNIVERSITY \
N

ORI S B E TR Fremer
= 2018/11/2

Q o

et



~ OUTLINE

®Introduction and motivation
» Spintronics
» Spin transfer torque
» Previous works on ST-FMR
» Topological insulator
» ST-FMR with magnetic insulator

€ Experimental
» Thin film growth
» Device fabrication for ST-FMR

&® Analysis and discussion

» STM surface characterization
» ST-FMR on Py/TI
> ST-FMR on Pt/YIG



~ OUTLINE

= €®Introduction and motivation
] > Spintronics

» Spin transfer torque

> FMR

» Previous works on ST-FMR

» Topological insulator

» ST-FMR with magnetic insulator



'

'

SPINTRONICS

Tentative roadmap

Moore s law

Beyond CMOS

_éCHARGE 2006
I
’ Magnetic

Storage

HDD, MRAM
controlled by
Magnetic field

Magnetlc
Logic (ML)

ngh Integration
ML Circuits

STT MRAM, DW
spin-polarized Pu
charge current "= Electric field — Spin-

control by

spin transfer and
logic with pure
spin currents

manipulate
magnetization,
transport, with
gate voltage

Power dissipation
Scaling

High processing speed
Non-volatility

A @R



et SPINTRONICS

¢ Radiation-resistant device

—— s - -

The robots sent into Fukushima have “died”

due to high amounts of leaked radioactive materials. Most modern electronic circuitry

relies on controlling electronic

charge within a circuit, but this
control can easily be disrupted
In the presence of radiation.
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Magnetoresistive Random Access Memory

MRAM => STT-MRAM

Spintronics
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The Scheme of the Datta-Das spin field effect transistor
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7 Spintronics
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—_SPIN TRANSFER TORQUE
Spin-transfer -/
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SPIN TRANSFER TORQUE

* 4S5 (ITINERANT)-3D (LOCALIZED) S-DANTERACTION £139 ,,
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Spin Polarization of Conduction Electrons Due to s-d

Exchange Interaction

Kei YOSIDA and Ayao OKIJI

Institute for Solid State Physic:s,.Um'wemity of Tokyo
Azabu, Tokyo

(Received June 7, 1965)

Spin polarization of the conduction electron
due to the s-d exchange interaction with a
localized spin

o= (pJ[2N)<S5,>

<§S,>: expectation value of localized spin in
the ground state

p: density of the conduction electrons at the
Fermi surface

J: Ferromagnetic interaction factor
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Spin-orbit interaction

The spin Hall angle

0 |=10.13, 2

M. |. Dyakonov and V. I. Perel, JETP 13 467 (1971) é -
J. E. Hirsch, Phys. Rev. Lett. 83 1834 (1999) & Q Q) (/))
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Volt Meter

ulapurkar et al., Nature 438, 339 (2005) Liu. etal. PRL 106, 036601 (2011)  Mellink et al. Nature 511, 449 (2014)
Sankey et al., Nature Physics 4, 67 (2008) Pai et al. APL 101, 122404 (2012)  Wang et al. PRL 114, 257202 (2015)
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Spin-torque diode effect in
MTJ structure

Heavy metals/FM

Bilayer structure ‘ Topological insulators/FM



\/SPIN-TORQUE DIODE EFFECT IN MTJ STRUCTURE\/
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PHYSICAL REVIEW B 75, 014430 (2007)

Current-driven ferromagnetic resonance, mechanical torques, and rotary motion
in magnetic nanostructures

Measurement of the spin-transfer-torque
vector in magnetic tunnel junctions

JACK C. SANKEY', YONG-TAO CUI", JONATHAN Z. SUN2, JOHN C. SLONCZEWSKI?*,
ROBERT A. BUHRMAN' AND DANIEL C. RALPH'"

' Cornell University, Ithaca, New York 14853, USA

2IBM T. J. Watson Research Center, Yorktown Heights, New York 10598, USA
*|BM RSM Emeritus

te-mail: ralph@ccmr.cornell.edu

Supplementary Material for: “Measurement of the Spin-Transfer-

Torque Vector in Magnetic Tunnel Junctions™
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ST-FMR on bi-layer structures
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Spin-Torque Switching with the Giant

Spin Hall Effect of Tantalum

Lugiao Liu,l* Chi-Feng Pai,l* Y. I.i,1 H. W. Tseng,:l D. C. Ralph,"2 R. A. Buhrman11’

SCIENCE VOL 336
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ND SYMMETRIC LINE SHAPE
ANALY SIS
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—, ST-FMR on bi-layer structures o
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t —HH——®) Liu. etal. PRL 106, 036601 (2011)
EM Pai et al. APL 101, 122404 (2012)
HM (Pt, W, Ta) -

~ Source of Spin transfer torque:

SHE An oscillation of sample resistance due to
the anisotropic magnetoresistance of FM.
_ 2
‘ p=p L +(p| —pL)cos” by
—
FM . Mellink et al. Nature 511, 449 (2014)
TI — = Wang etal. PRL 114, 257202 (2015)

= Source of Spin transfer torque:
SHE[TT surface state |
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Spin-transfer torque generated by a topological

insulator
A.R. Mellnik', . S. Lee?, A. Richardella®, . L. Grab', P.J. Mintun', M. H. Fischer"?, A. Vaezi', A. Manchon®, E.-A. Kim', N. Samarth®
& D. C. Ralph®
r week ending
PRL 114, 257202 (2015) PHYSICAL REVIEW LETTERS 26 JUNE 2015

Topological Surface States Originated Spin-Orbit Torques in Bi,Se;

Yi \?Vamg,l Praveen Deorami,l Karan Ba.neljee,1 Nikesh Koira\lag2 Matthew Brahlek,2 Seongshik Oh,2 and Hyunsoo Yangl’*

Fermi surface < — Shifted Fermi 'Department of Electrical and Computer Engineering, National University of Singapore, 117576 Singapore, Singapore
forE=0 surface for *Department of Physics and Astronomy, Rutgers, The State University of New Jersey, Piscataway, New Jersey 08854, USA
E=0 (Received 4 February 2015; revised manuscript received 27 April 2015; published 24 June 2015)
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~ ST-FMR on HM/FI

— Extremely small damping(o~10-4)
— Electrically insulating

— Long-range spin wave transmission
k. — Chemically stable surface

HM, Ty
FM




" FERRIMAGNETIC INSULATOR YIG
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\/ ® Sample preparation
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\_/ \Dfe,vice fabrication for ST-FMR experimentv
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o FABRICATION PROCESS
PhotorTist (PR)
/ Ti/Cu/Ti
Pt N ’ /
YIG
Etched with 1on beam
Define the sample shape bombardment Define the contacts Metal deposition and
at “dark” area and PR removed with at “clear” area lift-off process
solvent
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0 ST-FMR ON PT/YIG

RF current no longer pass through the FM layer.

New theoretical model based on

SMR should be applied.

Spin Hall magnetoresistance

(SMR)
(a) (b) (c)
3
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Nakayama et al., Phys. Rev. Lett. 110, 206601 (2013)

Current-induced spin torque
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- " ST-FMR ON PT/YIG
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—"  THEORETICAL CALCULATION by i
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Line width analysis
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—  WHY AH, IS IMPORTANT IN THE
ANALYSIS?

Neglecting AH,, can lead to

1. Overestimation of damping coefficient o or spin
mixing conductance (Real part) G..

Schreier et al. Phys. Rev. B 92, 144411 (2015)

Pt17 nm Pt 4 nm
Pt 3 nm

YIG 55 nm YIG 55 nm YIG 4 nm

Fitting results yield o, = 0.01, 0.015, 0.04

2. Inconsistent fitting results of frequency-
independent parameters.

AH = aw, /Y

_ g + B coth(r/2) Re(n)

< K

1 should be frequency independent
based on SMR theory.

45| '
v 1

40 |- o 1

A 15dBm

3. Fitting results will vary with

f(GHz)

applied power.
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- IN-PLANE ANGULAR DEPENDENCY

(a) L2 ¥ T L2 ¥ L2 T (C)
AR .Ie'raw'data.l- l

10k L] raw data ‘ d 10k : i
sin(2p)cos(o)+sin(e) sin(2p)cos(p)+sin(o)
—sin(e) sin(2¢)cos(g)

sin(20)cos(o) —sin(o)

o
(3]
ot
o

S (a.r.b. unit)
- o
o

S (a.r.b unit)
- o
o

S
o
b
o

-1.0 1.0

" n n i " e Il 'y A [ A 1 A [ A ] A [ A
0 50 100 150 200 250 \300 350 100 150 200 250 300 350
¢ (degree) ¢ (degree)

s filas o9\ = (d)

o
a
o

10L ¢ rawdata
sin(2¢)cos(o)

s raw data
sin(2p)cos(p)

1 10F

o
()]
T

A (a.r.b. unit)
o
o
o
=)

A (a.r.b. unit)

o
]

-1.0

150 200 250 300 350
¢ (degree)

o A A [ A A [ A 1 A L A L
0 50 100 150 200 250 300 350
¢ (degree)

100

VSMR 3= hAF;ﬂc FS(Hex) (YC L Yc Hex HFMR) S|n2(|)COS(|)

An extra sin(e) component of

=, = symmetric part was observed
Vgp = 22t Fs(Hex) (Z£YE — ZEYF) SIn2@Ccose Y p\../ ]
o, ¥2

4 AH?



-

- HEATING INDUCED VOFFSET DURING M SWITCHING
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_ Curve fitting with theoretical model

- 0.058+0.004 0.064+0.003 0.063+0.003

- 1.40+(0.03)x10  1.30(x:0.04)x101  1.09(::0.04)x 101
- 0.110+0.003 0.104+0.004 0.1260.006

uUQ



et SUMMARY

« WE TESTIFIED THE THEORETICAL MODEL OF SMR-BASED ST-
FMR MEASUREMENT.

« WE PROVIDE SOME MODIFICATIONS ON THE MODEL
1. ADDING AN INHOMOGENEOUS FACTOR.

2. FREQUENCY DEPENDENT MEASUREMENT.

3. SUBTRACTING AN EXTRA SIN® SYMMETRIC
COMPONENT.
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= Outline

¢ INTRODUCTION

TO DECOUPLE/REDUCE THE INTERFACIAL COUPLING
BETWEEN TI AND FM

RESULTS FOR TRANSFERRED (TR) BI,SE; FILMS

SAMPLE TRANSFERRING AND CHARACTERIZATION
SPIN-ORBIT TORQUE FMR

SUMMARY AND FUTURE WORK



APPEICATION OF SPIN MOMENTUM LOCKED'
J _© SURFACE STATE
N/

- Spin-momentum locked surface state
- Protected by time reversal symmetry (TRS)

Band

faas » High spin—charge conversion
>

.. » magnetization switching (SOT-MRAM)

B Band

=
Does the strong interfacial exchange coupling modify

' the spin texture of the topological surface state, furth
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\_ibﬂrohi(property and chemistry of metals in contact WithﬁS’l’Z/Se3

. D. Spataru et al., Phys. Rev. B 90, 085115 (2014)
Calculated spectral function of Au/Bi,Se,
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* Preservation of Dirac cone and the spin texture of Tl
 Chemically inertto Tl

=> Au may serve as a promising interlayer %

However, it is difficult to directly grow Bi,Se; on Au/YIG.\/
=>Thin film transferrin |
9/ \ bt \ v
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Peel-off

-

Floating the Bi,Se;/Al,O;
film on BOE solution
(a few mins to several hrs)

This is the most uncertain step.
The difficulty of peel-off
depends on samples.

Ideally, the film can be peeled
off by itself without our poking
or peeling.

TRANSFER PROCEDURE

l

Film transfer

Floating the Bi,Se; film
on water to rinse off BOE
(1 hr)

film to target

Transferring the l
substrate

4

PMMA removal .__/

Bathing the TR-Bi,Se; in
acetone
(1 hr)

l

Drying the transferred
film in the chemical hood
(1 hr)

Ultrasonically cleaning the
sample:
1. Acetone x 3 (10 min x3)
2. IPAXx 1 (10 minx 1)
3. Water rinse multiple times

l

Heating the sample at 40 —
50 °C on a hot plate

(~ 5 min) |
>N/

o

\,Q



Broken part _ _
e - Pinholes spreading

throughout the film.

Improvement

large cracks & wrinkles

- B AT e - ; ‘kﬁ
This part was not successfully Bi,Se; can be completed peeled off from A_Iapé
peeled off, and remained on Al,O,. 9) Much less pinholes.

ew wrinklgs, ripples, ar-vd\cracks. )
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TI782: 9 nm Bi,Se;/sapphire TR-Bi,Se,/sapphire
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The particles might be the residual PMV WhldﬂMard to comple\tely remOVj)
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.. There is no substantial change in line shape and peak position ~/
_ Dbetween Au 4f core-levels of Au/YIG and TR-Bi,Se,/Au/YIG.

Intensity (counts)

XPS characterization

- The peak position of Au 4f is nearly consistent, which indicates that there was no
severe interfacial interaction between Bi,Se; and Au after heated at 150°C for 2min.

® Au(8nm)/YIG

® TR-Bi,Se (4.5nm)/Au(8nm)/YIG

Au 4f

o

92

90

g8 86 84
Binding Energy (eV)

82

80

Intensity (counts)

—e— CPS_Au4f
Background_Shirley
= [itting curve

Au 4f7 1
Au 4f5 -

90

88 '
Blndlng Energy (e\7)/ \j

Au/YIG 83.943 eV  87.616 eV
TR- 83.960 eV  87.632 eV J
Bi,Se /Au/YIG



\/ \-D/gvice fabrication for ST-FMR experimentv

\—
= . Bias Tee Signal generator
Au
Py Volt Meter <\\£> ] =3
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ST-FMR device
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ASY1</II\/IETRIC AND SYMMETRIC LINE SHAPE
ANALY SIS

s ot i e i
C:i—l\t/[= —YM X Heff+0(0M><dM+ i (mXGXm)yMXHrf

dt 2eMgqdg

Mx(&xM) XM
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= —YM X H)eff + 0(01\7[ X dd—l\t/[ + Y[T”

o ‘@' T @& @ Lorentzian line shape Symmetric asymmetric

OCT” X TL

spin-orbit torque ratio 0, = J/J.= VS/VA(euOI\/IStd/E)[/1+(47rMeff/Hext)]1/2
N/



V(uV)

100 i & Transferred-Bi,Se,

S ; N Au (1.8 nm)

60 | )

ol Py (10 nm)

20| !
0 I.- AR 3 -l‘\\\l\\\\\\\\\-l\\\1\\\]-\\1-]-\1\‘1‘-.

O Raw data @ 3GHz
fitting curve
symmetric part
asymmetric part

V(pV)

60

40

ST-FMR on TR-BI,Se,/Au/Py before annealing
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Vmix(uV)

80
60

ST-FMR on TR-Bi,Se./Au/Py before annealing
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Avu (4.I8 nm)

Py (10 nm)
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; After annealing
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After annealing

Vmix(uV)

O Rawdata @ 3GHz
— symmetric part
—— asymmetric part
fitting curve

The symmetric part is
drastically enhanced.
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Comparison of Au thickness dependent Js/Jc

N
0.16 ——r
I —H— Au/Py without annealing
—@— TR-Bi_Se_ without annealing
0.14 s _
@ Au/Py with annealing
0.12 _ ¢ TR-BiSe, Au/Py with annealing _
| O
0.10 | )
o 0.08F
=)
) L
~ 0.06 | i
. i
0.04 ; i@/
0.02 | ]
n|l e
0 2 4 6 8 10 12 =
tAu(nm)

Js/Jc shows larger enhancement after annealing.
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PSU/CorneII PSU/IBM PSU/Minn NUS Minn

PSU/Cornell, Nature 511, 499 (2014). (ST-FMR)

PSU/IBM, Phys. Rev. B 91, 235437 (2015). (Spin-polarized tunnel junction)
PSU/Minn, Nano Letters 15, 7125 (2015). (Spin pumping)

NUS, Phys. Rev. Lett. 114, 257202 (2015). (ST-FMR)

Minn, Nature Materials (arXiv:1703.03822) (Switching)
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4 SUMMARY

-

_» AFTER ANNEALING AT HIGH VACUUM, LARGE ENHANCEMENT OF JS/JC WAS OBSERVED.
=> COULD BE DUE TO BETTER ADHESION BETWEEN TR-TI/AU

« HOWEVER, THE OBTAINED VALUE OF SPIN TORQUE RATIO IS NOT MUCH HIGHER THAN
PREVIOUS WORK ON TI/FM

FUTURE WORK

« SO FAR WE HAVE ONLY USED TRANSFERRED-BI,SE; THIN FILM WHICH IS QUITE BULK
CONDUCTING.

=> USING BULK INSULATING BST FOR THE TRANSFERRING COULD INCREASE THE RATIO.
« SWITCHING MEASUREMENT OF TR-TI/AU/FM



