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Spintronics Nanodevice
- How small can we make it and what else can we use it for -
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Outline

1. What spintronics delivers
2. Scaling further

3. Can you do more
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Current Working Memories

DRAM: dense, 6F?
SRAM: fast, 200F>

Volatile
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Energy Consumption & Carbon Footprint of the IT Sector »,,i ”“3;
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FOOTPRINT €U

Wednesday, July 18, 2018

Internet-connected devices produce 3.5% of global emissions within
10 years and 14% by 2040. (Source: Climate Home News)

Communications industry responsible for 20% of all the world’s
eleCtriCity In 2025. (Source: The Guardian)

Data centers consume 1/5 of Earth’s power in 2025. (source: Data Economy).



Al chip requirement for autonomous driving

Power consumption per 1000 TOPS (W)

[NVIDIA]

Drive PX2 : 0.25 ¢

Xavier : 1
Pegasus : 0.8

[Mobileye]

EyeQS5: 2.4 ®
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Taken (and modified) from analysis of NIKKEI based on input from Toyota
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Announcements of STT-MRAM 2017-2018 o
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|[Samsung ready to mass produce MRAM chips | TSMC to start eMRAM production in 2018

28nm FD- SOI process | 22 NM Process frrsm
S amsung Foundry will s be dy Tm g it memory{ reception.

s —n MRAM-info, 8 Jun. 2017.

Digitimes, 26 Sep. 2017.

-
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GLOBALFOUNDRIES Announces Availability of Embedded
MRAM on Leading 22FDX® FD-SOI Platform

") CLOBALFOUNDRIES (intel)

Intel says its embedded 22nm MRAM is production ready

2 2 1T |: D ‘S O | | - mocaod DXV | NFET CMOS  company has successtly

integrated

Santa Clara, Calif, Septembdg

MRAM-info, 20 Feb. 2019.

GLOBALFOUNDRIES press release, 20 Sep. 2017.

MTJ Size ~ several 10 nm



Papers presented at IEDM2019
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= ERSPIN' Demonstration of a Reliable 1 Gb Standalone Spin-
p— oroel Transfer Torque MRAM For Industrial Applications

1Gbit High Density Embedded STT-MRAM
in 28nm FDSOI Technology

Manufacturable 22nm FD-SOI Embedded MRAM Technology
for Industrial-grade MCU and IOT Applications

2 MB Array-Level Demonstration of STT-MRAM Process
and Performance Towards L4 Cache Applications

A, 22nm STT-MRAM for Reflow and Automotive Uses
%ﬁ with High Yield, Reliability, and Magnetic Immunity
e and with Performance and Shielding Options
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Nonvolatile spintronic device - Magnetic Tunnel Junction - é”‘%
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Two-terminal Three-terminal

4

Structure
WRITE READ WRITE
Application « Large capacity « High-speed, high-reliability
—— « Spin-transfer torque (STT) * Current-induced DW motion
Switching « Electric field - Spin-orbit torque (SOT)
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Parallel Antiparallel

Thermal fluctuation
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T = 1oef/kBT

E/k,T > 80

Perpendicular to the plane

Switching efficiency

Footprint



Energy barrier E
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MSZ V: volume
E :®27 V + KlS S: area

Ho

shape anisotropy interface anisotropy



Perpendicular MgO-CoFeB Magnetic Tunnel Junction @@
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Jco = 3.8 MA/cm?
(Ico= 48 PA)
E/kgT ~ 40

TMR ratio = 110%

T,=350C how > 400°C

interface perpendicular
- anisotropy

Mg

2o

=y
|

V+K,S

Si0,/Si sub.

S. Ikeda et al., Nature Mat. 9, 721 (2010)



Electric-field control of magnets i
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Ferromagnetic transition and coercivity Magnetization direction
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Ferromagnetic semiconductor (In,Mn)As Ferromagnetic Semiconductor (Ga,Mn)As
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H. Ohno et al., Nature 408, 944 (2000) D. Chiba et al., Science 301, 943 (2003) D. Chiba et al., Nature 455, 515 (2008)



Electric-field control £,
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Metal

Insulator -

Target Material

(Semiconductor/Metal)




Thickness dependence of anisotropy in CoFeB/MgO

p,H (mT)

-400 -200 O

10

in-plane

magnetic -

easy axis

10 E
] superparamagnetic |

OF

annealed

——~—

p,H (mT)

-400 -200 O

M. Endo et al., Appl. Phys.
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Lett. (2010)



Double CoFeB-MgO interface structure

Recording
layer

Ta(0.45

MgO

[Co(0.4)/Pt(0.4)],,

- ——
[Rp———

Reference
layer

oSN EEN BN NN NN NN N NN R SN N E—y,
_------_I

[Co(0.4)/Pt(0.4)],6
Ta(5)/Pt(5

Si/SiO, sub.

H. Sato and HO et al., Appl. Phys. Lett. 105, 062403 (2014).
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MTJ/CMOS Low Power VLSIs @;
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2013 Symposium. On VLSI Circuits 2013 IEICE Electronics Express 2012 Symposium. On VLSI Circuits 2014 |EEE I1SSCC

NV-TCAM NV-FPGA STT-MRAM NV-MPU

Non-volatile VLSIs for search Non-volatile field programmable Non-volatile cash memory Non-volatile microcontroller for
engine for big data gate array (FPGA) embedded in high speed CPU battery-driven sensor device

4.79mm
3.5mm 3.39mm 1.44mm

Power Consumption
Power Consumption

0.01 0.03 0.03 0.02
MOS-based Spintronics CMOS-based Spintronics CMOS-based Spintronics CMOS-based Spintronics

Power Consumption
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1 1 1 1 1 1 1 1 1 1
1 x x 1 = = < <
64 Lo X e =y 15 % 29 X 17 = 1L xgpx 1 =4,

(delay) (power) (area) (delay) (power) (area) (delay) (power) (area) (delay) (power) (area)

»¢in case of used for full text search system % in case of implementation to a typical application #in case of typical cash operation #:in case of use in a wireless sensor device

Prototype on 300 mm by Tohoku University



Al Processor by CMOS/MTJ VLSI

CORE4 COREO
CORE 2
CORE3

CORE 10 CORE®

CORE 8
2 CORE™M | [COREY

[ proposed processor ]
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Associative processor includes 12 core unit processor.

SRR RFSERERERRRRERNERCENAER

90nm-CMOS/70nm-

?“.:;E'gid | 3 Process MTJ
= Core Size 0.3mm x 0.9mm
- § & Frequency 20 MHz
s x Supply Voltage 0.9V
§ Average Operation
e Power 600 “W
| (30uW/MHz)
(b) Processor Core (c) mu Throughput
(cycles/vector) 16

Y. Ma et al. Jpn. J. Appl.

Tensor Processing Unit (TPU) @Google

@ Process: 28 nm CMOS

€ Frequency: 700 MHz

€ Operation Power: 28 ~40W
(40~57mW/MHz)

Phys. 55 04EF15 (2016).



Al chip requirement for autonomous driving ¢
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Ultralow energy consumption processor

1000000
= 100000
=
§ 10000
s
£ 1000
§ 100
g 10
&

1

Digital signal
processing of
sensor signals

Simple
terminal
control

Energy harvesting
supply power

Spintronics
processor

0 100 200
M. Natsui et al., ISSCC 2019.

I )

Processing Performance [MHz]

(Source): Renesas

Recognition o
and Nikkei, Feb. 19, 2019
Trend R
analysis .
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Parallel Antiparallel Mz
E=——V+K;S
210

Thermal fluctuation



Thermal stability factor, E/kgT
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Interfacial-anisdtropy
MTJ (double MgO)
@ satoetal. (2012)
Park et al. (2012)
W Janetal. (2012)

‘ ‘ ‘ ‘ ‘ € Thomas et al. (2014)

« satoetal (2014)

Interfacial-anisotropy
MTJ (single MgO)
‘ Ikeda et al. (2010)

‘ ‘ ‘ Worledge et al. (2011)
4 ® vV YV P TEIE
A : ‘v ® Gajek et al. (2012)
3%
2z < S ® Vv
=) > v ¥°% v

o

20 40 60 80 100
Diameter, D (nm)

After B. Jinnai et al., Appl. Phys. Lett. 116, 160501 (2020).



Physical Vapor Deposition System (300mm) @{%;?
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http://www.tel.co.jp/news/2014/1201_001.htm
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Mg
E=N—V
210

shape anisotropy

V: volume
+ KlS S: area
interface anisotropy

N: demagnetization factor

QR

N N1 pirenolandar)

Ki>0

(perpendicular)
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Shape-anisotropy MTJ (double MgO)
@ Watanabe et al. (2018) @ satoetal (2012)
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After B. Jinnai et al., Appl. Phys. Lett. 116, 160501 (2020).



The shape-anisotropy MTJ

STEM

15-nm
FeB layer

Fe/ B/

K. Watanabe et al., Nature Comm. 9, 663 (2018)
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\ K. Watanabe et al., Nature Comm. 9, 663 (2018)
See also, N. Perrissin et al., Nanoscale 10, 12187 (2018)
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Magnetic tunnel junction : E/kgT < 20 & M
R O
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Lecture by Richard Feynman (1981) éff‘%
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“Simulating Physics with Computers”

“If you want to make a simulation of
nature, you’'d better make it quantum
mechanical, ...”

~

Quantum computing

“...the other way to simulate a
probabilistic nature is by a computer

which itself is probabilistic, ...”
Physics of Computation Conference

at MIT @

on May 6-8, 1981 Probabilistic computing

https://www.nature.com/articles/d41586-019-02781-4

“Simulating Physics with Computers”, International Journal of Theoretical Physics 21, 467-488 (1982).



Probabilistic computing &,
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® Boltzmann distribution

E(T)
kT

1
P(E,T) = exp

The lowest energy state is most-frequently observed.
-> Probabilistic computing



Procedure of probabilistic computing g“%
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1. Define an energy (cost function) for each given problem.
2. Mapping the cost function to a physical system with
probabilistic nature (stochastic neurons).

3. Acquiring statistics.
4. The most frequent state is the “answer”.

N Probabllity in state
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What we did ... é@;
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Controllable Sigmoidal Connected Mapping
stochasticity response by synaptic cost function
weight logic to system

j> Integer factorization
(illustrative example of optimization)



Stochastic magnetic tunnel junction ¢
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Probabilistic bit (p-bit) &
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Probabilistic circuit (p-circuit) ¢
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(Micro-controller)



Cost function for integer factorization &
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X=1+2xy +4x, +8x3 + -
— _ 2 1 2 3
E=(XY-F) Y =1+ 2y, + 4y, + 8ys + -

/‘ Examp|e) Factorizing 35 (= F) by 4 bits (X1, X5, Y1s y2) coefficients are rounded offto\

have one significant digit.
E = _O.3X1 - O.7X2 — 03y1 — 07y2 — X2Y1 — 1.4ny2 - O.6X1y1
—x1Y2 + 0.3x1y1Y2 + x2Y1Y2 + 0.3x1%5y1 + XXy, + 0.7x1X21 Y7
I
3-body interaction 4-body interaction
0E
I = “ax =03+ 0.6y, + 1.0y, — 0.3y,y, — 0.3x,y; — 1.0x,y, — 0.7y:x,y, Pt =
1 -
OF o
Ix2 = _6_x2 = 07 + 10y1 + 14’y2 - 10y1y2 - 0.3X1y1 - 1.0x1y2 - 0.7x1y1y2 ‘_'.: ._[':— < W ._L;r:j\—
G "~ "
L, = _5_311 = 0.3+ 0.6x1 + 1.0x, — 0.3x1y, — 1.0x,y, — 0.3x1x, — 0.7x1x,Y> e I
Iy, = NS = 0.7 + 1.0xq + 1.4x, — 0.3y,x1 — 1.0y1x, — 1.0x1x5 — 0.7x1%2¥, S DAC CH :o:fm,',_,, g'[ =

_ yz




Results of integer factorization
945

F= 35

€ Uncorrelated

Probability
o o ¢

- =

€ Correlated

63 x 15

[ x5 23 x 1

X xY =
W. A. Borders et al., Nature 573, 390 (2019).



Comparison with quantum annealing machine & M
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 Room temperature
* Manufacturable at the Mb-Gb level (STT-MRAM)

« Can implement many-body interactions easily
* No quantum supremacy



Comparison with CMOS-based simulated anneallng{*%gé;
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¢ MTJ-based p-bit

W2

LD- D-%o- -J

XOR 3

32:bil LFSR

l_.ff. e m,
Activation] az T
Functon o
(LUT) 32 il
Comp

~

LFSR: Linear-feedback shift register
LUT: Look-up table
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Energy per random bit (fJ) Transistor Count (#)
20 1194

2
4
MTJ LFSR MTJ LFSR
based only based only
p-bit p-bit



