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| 30 years of nanomagnetism & spintronics
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2007

Albert Fert
Prize share: 1/2

The Nobel Prize in Physics 2007 was awarded jointly to Albert Fert
and Peter Grunberg "for the discovery of Giant Magnetoresistance”
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| 30 years of nanomagnetism & spintronics

Q spintec
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| 30 years of nanomagnetism & spintronics @spintec

Technology pushing science: hard disk drives
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__| 30 years of nanomagnetism & spintronics (jspintec

Steady progress of HDD, however:
incremental, keeping the design

Staggering areal density

1000 _ e 100 % CAGR / /’ ” ./
| == =g0% CAGR ’ 7/ .
| S -/ Increasing fundamental and
| wmasr S S technological bottlenecks
------ 20% CAGR ,’I ’/ _

100 7' s HDD Product

Gbits per square inch

------------ -/ Any 2D-based technology is
............. bound to face an end

© Coughlin Associates, 2014
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__| 30 years of nanomagnetism & spintronics @spintec
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| 30 years of nanomagnetism & spintronics Qspmtec

Technology hitting science: precessional dynamics

Basics of precessional dynamics

Magnetization dynamics: | MxH
Landau-Lifshitz-Gilbert equation:

dm |Volm X Hoge + X dm
dt Yo eff T & dt
Gyromagnetic ratio g9q
Yo = HoV V= m
14 Demonstration: 1999
>~ = 28 GHz/T » T

H ¢ Effective field
(including applied)

a Damping coefficient =~ 1073 — 1071

< All magnetization processes are intrinsically precessional

) Change of paradigm from quasistatics to precessional

150 um
C. Back et al., Science 285, 864 (1999)
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__| 30 years of nanomagnetism & spintronics Qspmtec

Solid-state magnetic cells

- Magnetic field sensors

- Magnetic memory bit (MRAM)
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Seed layer

Base electrode

Enhance stability

T
|

4 + + + + + + + + +

|:> rotects MTJ during process
NiFe(3) / CoFe(2) : Stores data (2 stable states)

|:> MgO (1.1) : Defines cell R & TMR

CoFeB(2) / Ru(0.8)/CoFe(2) : SAF, immune to external fields

|:> PtMn(20) : AF layer sets direction of reference layer
|:> Ta(5) or NiFeCr(10) : Promotes texture of critical layers

|:> Contact to select transistor + diffusion barrier
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__| 30 years of nanomagnetism & spintronics Qspinte

SPIN IN ELECTR ONICS

Spin-transfer torque: theoretical prediction
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__| 30 years of nanomagnetism & spintronics

QS pintec

Spin-transfer torque: experiments
Magnetization switching
| | ! ' |
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New physics!

Magnetization switching with charge current

L L

Domain-wall motion with charge current

Precessional dynamics with charge current

< ... all with deep roots in condensed matter magnetism
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__| 30 years of nanomagnetism & spintronics QSB ntec

Spin-Hall effect: physics Spin-Hall effect: drive magnetization
dynamics

N A

Domain wall motion, magnetization switching ...
Valenzuela 2011

- Spin-orbit effect

- Analogous to Mott detectors

-/ Generate pure spin currents
from non-magnetic materials

Moore 2008

- New physics, increased efficiency, new materials...
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| 30 years of nanomagnetism & spintronics Qspmtec

Magnetic exchange
12 = J1281 S

bbb

Magnetic layer

The Dzyaloshiinski-Moriha interaction (DMI)

12 Di2-(S;XS;)

Magnetic layer

—— Non-magnetic underlayer

X.Z. Yuetal.,, Nature 465, 901 (2010) W. Jiang et al.,Science 349,283 (2015)
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__| Frontier backgrounds for nanomagnetism Qspintec

PIN IN ELECTRONICS

Societal requests and challenges

-/ Energy consumption — Pollution, global warming
./ Communication: more, faster, cheaper

- Intelligent systems: comfort, safer, less energy

.l Sustainability: energy, material criticality

) Health
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__| Continuous growth of data handling ngintec

“What Happens Online
in b0 Seconds?

Managing Content Shock in 2017

2014
. 2015
[

I 4

.0 5 20
5'/

YOUTUBE
hours of video uploaded

EMAIL
emails sent

®

 Exabytes per year FACEBOOK

278 posts

cane 228
- 186
o 151
100 122
) 2016 2017 2018 2019 2020 2021

CISCO WORDPRESS

posts

WHATSAPP @
messages sent

1,440

SSSSSSS

GOOGLE
searches

INSTAGRAM
photos uploaded

https://www.smartinsights.com
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__| Continuous growth of data handling Qspmtec

1 Farm = Multi-MW operating power
+ Same amount for cooling

e i i!ﬂul'uf b

Requirements
) Cost

. Environment
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_| Internet of Things: a booming market Qsplntec

= Connectivity IC with
Power management IC integrated
&Jdialo antenna
30 ddiabg&amm E/ 29 noroic.
R IS &

N
ol

..........

)
O

B : i
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Micro-controller

Sensor(s)

Internet of Things

o

Number of devices in use globally (in billions)

oS

2010 201 2012 2013 2014 2015E 2016E 2017E 2018E 2019E

Source: John Greenough, “The Internet of Everything 2015,” Business Insider Intelligence. Produced by Adam Thierer and Andrea Cas- Req uire mentS
tillo, Mercatus Center at George Mason University, 2015.

. Cost, weight, material
- Low-power
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__| Memory challenges to address

A

Processor

Registers

41032 KB ~ns
L1 Cache (SRAM)
sRaM)  — \ > Uptod12KB ~10ns
> 4to8MB ~30ns

WORKING MEMORY

Dynamic Random Access Memory (DRAM) > >GB ~100ns

&)
SOLID STATE MEMORY 63)
8,

(7
Non Volatile (Flash) L

VIRTUAL MEMORY

Storage memory (HDD)

. \ Olivier FRUCHART AR C 2 N O r ] ‘ 11 Dec 2018
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__| Memory challenges to address Qspmtec

SRAM leakage

1000
B Leakage power

Dynamic power
800 . y P

600

NS R
400
.l Logic keeps awaiting data 200
. Limits speed - .

- Increases power consumption o RIS <

2

W/cm

o

Challenges

< Embed memory
) (Leakage) power
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__| Why Magnetic Random Access Memory (MRAM)? Qsplntec

Non-volatile Dense Fast High Endurance
like Flash like DRAM Like SRAM like SRAM / DRAM
10+ years retention 10F2, small overheads ~10ns in normal mode 1072 cycles, up to 1076

MRAM is not the best but ...
. Can replace SRAM at 1/6th of size, zero leakage
. Can replace e-Flash at >10°x speed, lower power

. Can replace DRAM (if running out of steam)

- : Olivier FRUCHART N ( : N r ] : 11 Dec 2018
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__| Generations of MRAM

Field driven

g

Thermally-assisted (TAS)

=
~ E\/VERSPIN
' TECHNOLOGIES

* CROCUS WGCn‘jo!ngy

2

STT

Planar Perpendicular

v

STT-TAS Precessional

Z

2

\ Olivier FRUCHART
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SOT (spin-orbit torque)
DW motion
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__| MRAM players Qspmtec

i ® FhA
2 cvereen NEC (lntel) -

B - = e ——
AvalancheTechnology = —
4 e — e
4 du : ——— i

i - LA RENESAS

.-'. ?m# Everywhere you imaging
€ \ L EEee "
2 i Aicron

# (B;llROCUS_Technology @ SONY FUﬁTSU

TﬂWERfdll S= AC)\. DIsS % QUALCONW(

KEYSIGHT
TDSHIBA ﬁ TECHNOLOGIES S[NGULUSn @ APPLIED

__ MATERIALS s
h Uunix S CANON canon AL CORPORATION €S

- \ Olivier FRUCHART - C 'NQNO - 11 Dec 2018
@ Eucv;g;gﬂg Mw]‘ Opportunities and challenges for " — 25

d Alpes nanGhaeEhetiens and soifityonich AN Lo e 3 e A gl [c roulon—CNANO 2018



__| MRAM coming to reality QSP”’W@C

= E\VERSPIN
P zcus.mo..s ::ﬂ

256Gb in production. 1Tb in the pipes.

s
Demo at the 7th MRAM

Global Innovation Forum (Zurich, June 2016)
https://www.linkedin.com/company/mram-info/

https://www.mram-info.com
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__| Fundamental frontiers and challenges: efficiency Qspmtec

Efficiency of writing Efficiency of reading
- Spin-Hall, three-terminal? - Electric field, multiferroics
- Spin-Hall efficiency, -/ Spin-Hall reading?

topological insulators?

- Lateral GMR reading?
- Electric field effects

-\ Low damping: heusler etc.

Co,MnSi Heusler alloy
Damping a < 7 -10~%

1.26 | woer | 10K | nn
2 ' b !
3 : | . | V01 "
~ (b) tO Mn Sl | | 1.23 | . s V)
w 2 ]'] | | ’ ‘ —
~ - | | A e ° - a “. | m
2 ! , i =1.20 ’I | 4
=) /i B | | S
— \ 1| *-
e | | o 1.14 ﬁﬁww
N \ I . ‘ ‘
a8 ‘, : 04 02 00 02 04
R~ 0 . 1 | g H (T)
S. Andrieu et al., PRB93, 094417 (2016) G. Zahnd, Sci. Rep. 7.1 9553 (2017)
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.| Fundamental frontiers and challenges: size Qspmtec

Bit size & retention
PSA STT-MRAM _ G
. 3D design Perpendicular Shape Ll
. Anisotro L D=8,1 nm E
- Patterning challenges PY 300 .
S0 = 7 : 0F T
i g ///,' A I T
50 P /f//? o 800 240 D=9,75 nm 1
i N 7 ///// A psasTrvRAM g 1801 1 ] 1
40 2 YN :860/‘ = 150 = R
— Al \ =7 FM = Co 14 i K
g 30 k. \ """"" SOU T FeCoB 135} D=12,02 nm 7
=4 3 L — MgO i 1
¢ ~- 120 — ]
§ S | 105 | :
= s 4
. 90 f D= 15,4 ﬂ |
10 60 - 4
In-plane 75+F .
3 p-STI-MRAM - 2 0 0 0 2 0 0 0
2 e oB
. 60 E $lg()') H (Oe)
i B
%0 5 0 15 20 25 Watanabe et al, Nat.Com. 9, 663 (2018)
Diameter (nm) N. Perrissin et al., Nanosacale 10, 12187 (2018)
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| Fundamental frontiers and challenges : time Qspmtec

Fast optical switching Gd,-Fe., .Co
S 22" ~74.6-¥3.4

A=800nm, 40fs

Physics
- Three-temperature model

- Superdiffusive hot electrons

— G - Multiphysics and multiscale
modeling
(2007)
Technology

- All-optical or not?
-/ One shot or stochastic?

- Material versatility?

C. H. Lambert, Science 345, 1337 (2014)
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__| New computing scheme: neuromorphic Qspmtec

Brain 20 W High-performance computing 10 MW

- Low power - High power

-/ Non-linear, stochastic -/ Deterministic

Olivier FRUCHART

- E . C'NQNO '
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.| How do neurons and synapses work? (jspintec

Neuron

Synapse
Wi'

Neurons Synapses
- Non-linear -/ Analog valves (weighs w)
X1 ~ W1
+1 1\\‘\55
>y
-1 w _
X3 oy =twy Xy + Wy Xy + Wi Xs)

- Ingredients for neural networks: non-linearity, memory and plasticity

Olivier FRUCHART E v : D) ;
. 11 Dec 2018 %

;U?*rgﬁgst;fg )‘;" Opportunities and challenges fo R | c 0 2018
! / nanomagnetism and sbintronics THE NANOSCIENCE MEETIN GREELEUES L 1 !




| CMOS emulated circuits Q’SQJ,@;QE

-/ Atransistor is nanoscale but it is just a switch

./ CMOS does not provide memory (volatile)
Brainscales 20 wafer machine.

CMOS neuron  10-100 um 4M neurons, 1B synapses
CMOS synapse  10um —

Scheduler
: Memory
Controller—__0
1 =
C o
Bl T
o Y 3
Router il ~Neuron
\:‘
' 1.2 million
! transistors

Merolla et al, Science 345, 668 (2014)
-/ May neurons and synapses be

produced as hardware components ?

C,Nono 11 Dec 2018 &I
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__| Assets of spintronics for neuromorphic computing Qspmtec

Non-linearity

- Spin-torque nano-oscillators (STNO)
A |

Voltage > ‘One’

J. Torrejon et al,

B

Amplitude

\J

Time Spintronic oscillator Nature 547, 428 (2017)
Stochasticity
- Superparamagnetic dot + TMR /=10 pA
700 F " '
o 8 600 e
— S 5 =
= )
N | 5 o g °f
o
> « i)
“ 400 _ ! ) 0 . : A. Mizrahi,
0.100 0.125 0.150 -50 0 50 Nat. Comm. 9,
dc current Time (s) Current (uA) 1533 (2018)
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__| Spintronics for RF wireless communciation QSBW

Current-driven precession of magnetization

dm

—= |y0|mxH+am><E+ [Volajm X (m X P) + bym X P

Damping-like Field-like

Implementation in spin-torque nano-oscillators (STNO)

Steady IDC | . . v
state oscillations ‘ output signal V(t)
I =
A = 05
Tl I O
- O o0 HMh” "IHWH ||\|||V|JH ?
- — 004 76 78
momentum . ) G
< > Magnetoresistance (Ghz)
transfer 100 nm
: Olivier FRUCHART . ’ :
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__| Challenge: synchronization QSPIH’CGC

Goal: increase power, increase frequency and phase coherence

Mutual synchronization

N
T
=
- foH=745mT

6 = 82°

¢=3

2.0 2.5 3.0 35
I (mA)

10
£ 02 E.‘!‘!ﬂﬂ'@!ﬁﬁ?&! HS ~
= K 5
R I:_a‘._-_n ._.J .l'.. 3
> 0.2 RAVAVAVAVATRvARATA 0

u-BLS

OLx/

Spin-Hall Nano-Oscillator (SHNO)
292 (2016)
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__| Challenge: synchronization Qspmtec

External synchronization through PLL

PLL = STO chip + Amp-IC + PLL-IC + PCB card

10 | PL;.;)ffA
- pc=7.3m
e PLL on

30 [ [pc=9.2 mA

nnnnn

mmmmm
UUGUEUU

sf///////m o

@ vsTo_ToP & .
(® vsTo_soT rJ-,

» d'-!i

Blas networ .
(SMD components)

& '
0 "“.‘-;, ‘

M. Kreissig, AIP Adv. 7,
056653 (2017)
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__| Table of content Qspmtec

- Decades of nanomagnetism - adiain hdness

E T

- Energy consumption in ICT ‘,.{ E@T )HU‘
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__| Radiation hardness QSP”’W@C

Space applications Nuclear industry

'!k

B

- Solar particles - Accidents

- Cosmic rays - Decommissioning

Consequences
- SSE: Single-Event Effects (digital damage)

- TID: Total lonizing Dose
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_| Assets of spintronics for radiation hardness Qsplntec

MRAM and asynchronous communication
- Combine DRAM and MRAM

- In case of SEE, refresh DRAM with MRAM content

- Redundancy reduced, cost lowered
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__| Table of content Qspmtec

- Decades of nanomagnetism - Radiation hrdnes

T R
rg & h

- Neuromorphic computing

i
]
|

- Energy consumption in ICT
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__| Material criticality Qspmtec

lout ow = 165 0oo INHARITANMT S

—
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__| Materials for spintronics QSPIH’EGC

Spintronics requires an increasing number of
materials and elements in stacks

<) Price
< Material criticality

|:> Protects MTJ during process
Capping layer NiFe(3) / CoFe(2) : Stores data (2 stable states)

Storage layer |:> MgO (1.1) : Defines cell R & TMR

~Tunnel barrier CoFeB(2) / Ru(0.8)/CoFe(2) : SAF, immune to external fields

e s |:> PtMn(20) : AF layer sets direction of reference layer

Pinning layer

|:> Ta(5) or NiFeCr(10) : Promotes texture of critical layers

Seed layer |:> Contact to select transistor + diffusion barrier

Base electrode
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| Material criticality: context

Ever increasing complexity . Tﬁ]&

co)

0000 000200
(CaJ CoJCu D

oW et et

olee W QOO w

I I
1700 1800 1900 2000

© Fraunhofer IWKS, Armin Reller

% S® Ii%@‘ 0000
t

Q spintec

Quantifying criticality
criticality matrix

4 Neodymium Dysprosium
(high)
> Lithium Europium [l Critical
& Tellurium  Yttrium Terbium
< 3 o) §] [J Near-Critical
==
< [ Not Critical
= Nickel Cerium Lanthanum
= 21 @ Cobalt Manganese
- Gallium Praseodymium
@ Indium
5 1 Samarium U.S. DEPARTMENT OF ENERGY
3 S) . :
low c
2| tow ritical Materials

1(low) 2 3 a(high) Strategy

—_— ) December 2011

Supply risk

Mid-term (2015-2025)

Criticality

-l Geopolitical

-/ Limited resources

-/ Environmental regulations

-/ Ethics

. Cost
Actions
-, Replace
. Reduce
. Reuse
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__| Material criticality: mining

Q spintec

Critical materials

Russia
» Platinum

South Africa * Ta™g
* Platinum group
« Tantalum

Australia
« Lithium

* Magnesium
« Tantalum

MFA 2014

EU: Raw Materials Information System

Olivier FRUCHART A
Opportunities and challenges for
nanomagnetism and spintronics
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__| Material criticality: recycling Qspmtec

2

He

5 10

F Ne

17 18

Cl Ar

23 | 24 | 25 | 26 | 27 35 36

Cr Mn Fe Co ' Br Kr

41 42 RERETS 45 53 | 54

Nb Tc | Ru Qi Sb l Xe

55 73 EN /5 76 77 | 85 86
Cs W R Po | At Rn
87 105|106 | 107 109 | 110 113 | 114 | 115 | 116 | (117) | 118
Fr Db | Sg | Bh Uut | Uug | Uup | Uuh | (Uus) | Uuo

' Lanthanides“ 57 58

** Actinides (89 | 90 | 91 | 92 | 93| 94 | 95 | 96 | 97 | 98 | 99 | 100| 101 | 102] 103
Ac/| Th | Pa| U | Np| Pu|Am |Cm | Bk | Cf | Es | Fm | Md | No Lr
B < 1-10% >1025% [l >25-50% [ >50%

T. E. Graedel et al., J. Ind. Ecol. 15, 355 (2011)
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| Material criticality in spintronics Qspmtec

Reference layers Writing
- Antiferromagnets </ Spin-Hall effect
PtMn, IrMn Pt, W ...

. L
- Synthetic antiferromagnets Dzyaloshiinski-Moriya

Ru, Ir Pt, Ir, W ...
Perpendicular magnetic
anisotro
pY . Note
- Interfacial anisotropy
. Often related to high
Pt, Pd... spin-orbit
< Heavy (and rare)
elements
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| Material criticality in spintronics: case of Pt Qspmtec

Mine production

Other non -EU

2% €
Canada
4%

United States

Zimbabwe
6%

Russia
16%

163t

Other EU
countries
0.3%

South Africa
71%

Study on the review of the list of

Critical Raw Materials

2 Xk
*
*

*
* gk

European

Critical Raw Materials Factsheets Commission

Price
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manufacture 2%
Others
5%
/

Petroleum o
2% il
Electrical
3% \
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Raw Materials Information System (RMIS) —
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__| Serious issue for massive production Qspmtec

L Connectivity IC with
Power management IC integrated
&ldialo antenna
‘jdialochmm 9 NoRDIC
" B« i

20

il Sensor(s)
Micro-controller

15 3 ” Internet of Things

Number of devices in use globally (in billions)

;,th 1“1!{‘ 'l l'_’ >

0O |
2010 201 2012 2013 2014 2015E 2016E 2017E 2018E 2019E

Source: John Greenough, “The Internet of Everything 2015,” Business Insider Intelligence. Produced by Adam Thierer and Andrea Cas-
tillo, Mercatus Center at George Mason University, 2015.
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__| Replace, Reduce QSPInteC

2D materials Need for upscaled production

2D materials: graphene, WSe,,

MoSe,, MoS : . .
2 2 Anisotropy, interconversion, RKKY

3D structures Heusler alloys Oxide interfaces
R _— O,

Anisotropy

. Co-dz2
SAF/MgO/Co(60)/Ta(150) Antiferromagnets,

D=19nm | anisotropy, polarizers

_ B. Diény, M. Chshiev,
Anisotropy, stacks on wafer Rev,'ﬁj‘gd_ Phys,s(;)\g])
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__| Material criticality: magnets for energy Qspmtec

per 1 MW windpower

= +/-600 kg Nd-Dy-Fe-B
" 4% Dy=24kg

= 28% Nd =168 kg r

(image Renault)

Average turbine
rotor diameter ;

(image General Electric, Data: US DOE)

37m 154m 240m
1990 Today 2020 Big Ben
450kW 6-3MW https://www.siemens.com/global/en/home/markets/wind/offshore.html
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__| Material criticality: rare earth

China triggers the 2011 crisis

% of January 2008 price

Rare earth metal prices compared with gold

Never safe again...

I
I
sl 5 October 2010 |
"China tightens grip on |
output of rare earths” |
Financial Times | Dysprosium
1,500 ' - — ’
1
I
i
1,000 —— +— — :
1
I
I
1
500 (— i
1
I
Gold P A A A K A A S S
0 ‘ i ‘ Y ¥ ¥y & X
2008 2009 2010 2011 2012 2013 2014 j§ .é‘fb .S% ,:50 Cpi? é) ‘;g -1\3'b
Source: Bloomberg i e ERE s
Impact on permanent magnets
- Markets: wind mills, electric cars, magnetic refrigeration...
-, New material research programs launched: materials and microstructure
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__| Special thanks for sharing material Qspmtec
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