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30 yearsof nanomagnetism & spintronics

Giant magneto-resistance

A.Fert et al, PRL (1988); 

P.Grunberg et al, patent (1988) +PRB (1989)
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30 yearsof nanomagnetism & spintronics

Giant magneto-resistance RKKY coupling

Tunneling magneto-resistance Perpendicular magnetic anisotropy

Yuasa2007 Chappert1988

Bruno 19911988

Spin-valve concept

Diény 1991
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30 yearsof nanomagnetism & spintronics

Spin-transfer torque

Spin-Hall effect

Kiselev2003

Oscillator

Katine2000

Magnetizationswitching Domain-wall motion

Yamaguchi 2004

SHE, ISHE

Valenzuela 2011

Domain wall motion

Moore 2008

DMI, skyrmions

Tokura2010
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Technologypushingscience: HDDs

Hard disk drives
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Steady progress of HDD, however:
incremental, keeping the design

1956 Today

Staggering areal density

2000 2014

Increasing fundamental and
technologicalbottlenecks

Any 2D-based technology is
boundto facean end
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Competing technologies go 3D

1Gb/mm2Ҧ600Gb/in2...

Magneticmassstoragemayonly
remainfor nicheapplications

24-layer 3D NAND Flash

K. T. Park et al., IEEE J. Sol. State Circuits 50 (1), 204 (2015)

Cross-over in 2016
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Frontier backgrounds for nanomagnetism

Societal requests and challenges

Energy consumption ςPollution, global warming

Communication: more, faster, cheaper

Intelligent systems: comfort, safer, less energy

Sustainability: energy, material criticality

Health
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Continuousgrowth of data handling

https://www.smartinsights.com
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Continuousgrowth of data handling

1 Farm   =   Multi - MW operating power

+ Same amount for cooling

Cost

Environment

Requirements
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Internet of Things: a boomingmarket

Cost,weight,material

Low-power

Requirements
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Memory challenges to address

CPU

Processor

CACHE MEMORY

L1 Cache (SRAM)

L2 Cache (SRAM)

L3 Cache (SRAM / eDRAM)

WORKING MEMORY

DynamicRandomAccess Memory (DRAM)

SOLID STATE MEMORY

Non Volatile (Flash)

Registers

VIRTUAL MEMORY

Storage memory(HDD)

VOLATILE

NON VOLATILE

>GB  ~100 ns 

4 to 8MB  ~30 ns

Up to 512 KB  ~10 ns

4 to 32 KB  ~ns 
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Memory challenges to address

Memory wall

Logic keeps awaiting data

Limits speed

Increases power consumption

SRAM leakage

Embedmemory

(Leakage)power

Challenges
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Why MRAM?

Fast 

Like SRAM 
~10ns in normal mode

Non-volatile

like Flash
10+ years retention

Dense

like DRAM
10F2, small overheads

High Endurance

like SRAM / DRAM
1012 cycles, up to 1016

aw!a ƛǎ ƴƻǘ ǘƘŜ ōŜǎǘ ōǳǘ Χ

CanreplaceSRAMat 1/6th of size,zeroleakage

Canreplacee-Flashat >105xspeed,lower power

CanreplaceDRAM(if runningout of steam)
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Generationsof MRAM

Thermally Assisted (TAS) STT-TAS

Field-driven STT (SPRAM)

Perpendicular

OST

(Precessional)

DW motion

Planar

SOT

(Spin-Orbit Torque)

Toggle
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MRAM players
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MRAM comingto reality

256Gb in production. 1Tb in the pipes.

Demo at the 7th MRAM
Global Innovation Forum (Zurich, June 2016)

https://www.mram-info.com

https://www.linkedin.com/company/mram-info/

https://www.mram-info.com/
https://www.linkedin.com/company/mram-info/
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Efficiency of writing

Fundamentalfrontiers and challenges: efficiency

Spin-Hall, three-terminal?

Spin-Hall efficiency, 
topological insulators?

Electric field effects

Low damping: heusleretc.

Efficiency of reading

Electric field, multiferroics

Spin-Hall reading?

Lateral GMR reading?

S. Andrieu et al., PRB93, 094417 (2016)

Co2MnSi Heusleralloy
Damping‌ χɇρπ

G. Zahnd, Sci. Rep. 7.1 9553 (2017)
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Fundamentalfrontiers and challenges: size

Bit size & retention

3D design

Patterning challenges

arXiv:1803.02663 (SPINTEC)

Watanabe et al, Nat.Com. 9, 663 (2018)

PSA STT-MRAM
PerpendicularShape
Anisotropy
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Fundamentalfrontiers and challenges : time

Fast optical switching

C. D. Stanciu, PRL99, 047601 (2007)

Gd22Fe74.6Co3.4

˂ҐуллƴƳΣ плŦǎ

Three-temperature model

Superdiffusivehot electrons

Multiphysicsand multiscale 
modeling

Physics

All-optical or not?

One shot or stochastic?

Material versatility?

Technology

C. H. Lambert, Science 345, 1337 (2014)
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Brain

New computingscheme: neuromorphic

20 W

Low power

Non-linear, stochastic

High-performance computing 10 MW

High power

Deterministic
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Neurons

How do neuronsand synapses work?

27

1

+1

-1

x1

x2

x3

y

w1

w2

w3 y = f ( w1 x1 + w2 x2 + w3 x3)

1

Non-linear

Synapses

Analog valves (weighs w)

Ingredientsfor neuralnetworks: non-linearity, memoryandplasticity
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CMOS emulatedcircuits

28

Brainscales 20 wafer machine.

4M neurons, 1B synapses CMOS neuron

CMOS synapse

10-100 µm

10 µm

A transistor is nanoscale but it is just a switch

CMOS does not provide memory (volatile)

Merolla et al, Science 345, 668 (2014)
May neurons and synapses be
producedashardwarecomponents?


