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The magnetic core memory

Magnetic-core memory was the
predominant form of random-
access computer memory
between 1955 and 1975. It was
used in the Apollo Guidance
Computer and Space Shuttle
IBM flight computers until 1990.
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The magnetic core memory
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A modern magnetic random access memory

‘Bit’ lines
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Chappert, Fert & Van Dau, Nat. Mater. 2007



Need for fast & nonvolatile memories
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Number of transistors (mm™2)
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Interconversion of linear momentum, angular momentum & ...
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The spin Hall effect
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The Rashba-Edelstein effect
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The Rashba field induces a homogenous in-plane spin polarization

Edelstein, Solid State Commun. 1990; Manchon Nat. Mater. 2015; PG and Miron, Phil. Trans. R. Soc. 2011



Current induced spin-orbit torques in FM/NM bilayers
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Manchon et al., Rev. Mod. Phys. 91, 035004 (2019)



I Spin-orbit torque induced switching of a single ferromagnetic layer I
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Current-induced domain wall motion in Pt/TmIG: expansion
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Spin-orbitronics

Functionalities & applications

o

Magnetlzatlon switching High-frequency oscillations Domain wall and skyrmion motion
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Magnetic memories
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GHz and THz nanooscillators Race-track memories
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Spin-wave excitations
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Magnetic Insulators
(YIG, TmIG Bi:YIG...)

Non-centrosymmetric magnets
(Ga,Mn)As, MnNiSb...

@ Co, Ni, Fe, GdFeCo...
%o 9P, W,Ta...
WO,, CuO, SrlrO;...
Bi,Se;, WTe,, MoS,...

\
Antiferromagnets
(CuMnAs, NiO, IrMn...)

Manchon, PG et al., Rev. Mod. Phys. 91, 035004 (2019)



Two-terminal vs three-terminal MTIJs
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Three-terminal spin-orbit torque MTJs
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Cubukcu et al.,
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Three terminals are more than two

Voltage-assisted SOT switching of
MTIJs on a self-aligned Ta-B SOT STT + SOT switching at zero field
electrode
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STT vs SOT magnetization dynamics

STT - MT) SOT - MT)J

* Delayed * Instantaneous



Fast and reliable switching of SOT-MTJs
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Three-terminal SOT-MT)J

g MTJ
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E. Grimaldi, V. Krizakova, K. Garello, PG et al., Nat. Nanotech. 15, 111 (2020)



Bias voltages in a three-terminal SOT-MTJ
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After-pulse switching probability
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E. Grimaldi, V. Krizakova, K. Garello, PG et al., Nat. Nanotech. 15, 111 (2020)



Single-shot measurements of SOT switching in a 3T-MTJ
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Analysis of single-shot SOT switching events at low in-plane field
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Analysis of single-shot SOT switching events at large in-plane field

to + At = 0.9 + 0.16 ns
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Origin of the incubation and reversal time in SOT switching
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Separating the effects of STT and VCMA (voltage control of magnetic anistropy)
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Field-free SOT switching of a 3-terminal MTJ below 1 ns
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SOT vs STT switching: speed and efficiency

STT is more efficient than STT at large 7, = 5 ns

SOT reaches maximum efficiency at 7, < 1 ns
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SOT-MRAMs: figures of merit

Cell size (cost): > STT, < SRAM =  Downscale the MTJ) and SOT current line
Write energy: > STT > = |ncrease the STT bias.

Write speed: > STT = Exploit the VCMA effect.

Read speed: > STT at equal RDR " |ncrease the SOT efficiency

Endurance: > STT at high speed
CMOS compatibility: ok

10

80 nm MTJ:
SOT — data

30 nm MTJ: 7
SOT
@ Vel Voor = +3.6 _extrapolation

-m VCMA =120 fJ V' m’

l, (mA)

0.01 — NPT
0.1 1 10

z, (ns)

E. Grimaldi, V. Krizakova, K. Garello, PG et al., Nat. Nanotech. 15, 111 (2020)



Conclusions #1
» Single-shot dynamics driven by SOT in 3-terminal MTlJs

» SOT incubation time due to strong anisotropy preventing domain nucleation
Interplay of SOT, STT, VCMA, and Joule heating
Extremely narrow switching time distributions can be achieved (std < 0.16 ns)
=~ 100% SOT switching rate at 0.3 ns at V5o = 2V

. Sub-ns field-free SOT switching with MTJ) hard magnetic mask

» SOT becomes energy-competitive below 1 ns

» Strategies to improve SOT efficiency

Grimaldi et al.,
Nat. Nanotech. 15, 111 (2020)

Krizakova et al.,
Appl. Phys. Lett. 116, 232406 (2020)
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Magnetic logic circuits driven by spin-orbit torques
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Proposals for spin-based logic devices

Nanomagnet logic

(" N
Spin transistor MRAM-based logic-in-memory
R, =0
lVG High
— 9 ML/BL )
Gate R Low ~ 1 . 2-bit storages
(MTJs)
. . , Comparison logic
| Spin—orbit : (MTJs & MOSs)
Magnetic coupling Magnetic
contact contact y
SL'/WL+ SL/WL;
\_ S.Datta et al. APL (1990) Yy T. Hanyu et al. Proc. IEEE (2016)
\

Magnetic domain-wall logic

A.lmre et al. Nature (2006) )

D.Allwood et al. Science (2005) )




Domain-wall velocity (m s™1)

SOT-driven magnetic domain walls

High speed
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Miron et al., Nat. Mater. 2011
Cai et al., Nat. Electr. 2020

Depinning

Haazen et al., Nat. Mater. 2013

Interplay of DMI and SOT

sttt
AN |

Chirality control and
positioning of DW

=

Down-up DW

.
Up-down DW

Thiaville et al., Europhys. Lett. 2012
Emori et al., Nat. Mater. 2013

SOT + exchange
coupling torque

Franken et al., Sci. Rep. 2014
Chen et al., Nat. Comm. 2013

Yang, Ryu &Parkin, Nat. Nano. 2015



Advantages of magnetic DW logic

 Complete set of logic elements — arbitrary logic circuit
* Same objects for logic inputs and outputs — easy cascade
* Logic gate defined by geometric structure — flexible design

* Emerging current-driven domain-wall memory devices

Inputl Input2 Input3 Output

DW injectors

0 0 0 0

0 0 1 0

0 1 0 0

0 1 1 1

1 0 0 0

1 0 1 1

¥ 1 1 0 1

s ""{" ’ 1 1 1 1

Manfrini et al. AIP Adv. (2018)
Parkin & Yang, Nature Nano. 2015 Zhao et al., IEEE Trans. Mag. 2011
Chang et al., IEEE J. Expl. Sol. State Comp. Dev. 2016



Implementing basic logic gates is not always straightforward...

NOT gate

_07

vdd

Vin Vout

Vss
D.Allwood et al. Science (2002)



From chiral Néel walls to chirally-coupled nanomagnets
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Pt(6 nm)/Co(1.6 nm)/Al (2 nm)
Pt(6 nm)/Co(1.6 nm)/AIOx (2 nm)

Kerr signal (a.u.)

——— OOP pattern

IP pattern

500 1000

Ta

Dao et al., Nano Lett.

19, 5930 (2019)

Control of magnetic anisotropy by selective oxidation of Pt/Co/Al

CONTROL OF MAGNETIC
ANISOTROPY

Oxidation
Monso et al., Appl. Phys. Lett. 2002
Rodmacq et al., Phys. Rev. B 2009

lon irradiation

Fassbender et al., J. Phys. D 2004
Haazen, Nat. Mat. 2013

Gating

Weisheit et al., Science 2007
Maruyama et al., Nat. Nano. 2009
Bauer et al., Nat. Mater 2013
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hirally coupled OOP and IP nanomagnets

_ IP region
half domain wall

OOP region /.J\"’“

s | -
XPEEM @ SIM beamline/PSI

Luo, Dao, Hrabec, Heyderman, PG et al., Science 363, 1435 (2019)
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ateral exchange bias induced by chiral coupling

H__=+230 Oe

bias

5mQ
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H__=-230 Oe
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Luo, Dao, Hrabec, Heyderman, PG et al., Science 363, 1435 (2019)



ield-free spin-orbit torque switching of chirally coupled
nanomagnets
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Luo, Dao, Hrabec, Heyderman, PG et al., Science 363, 1435 (2019)
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Z. Luo et al,,

Science 363, 1435 (2019).
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Current-driven domain-wall inverter

Z. Luo, et al., Nature 579, 214 (2020).

STXM measurement of an
OOP-IP-OOP racetrack

Experimental

—

realization

The @ |® DW is inverted into
a ®|® DW by the current pulses



Current-driven domain-wall inversion process

OOP region IP region OOP region
N /_/\ e
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Luo, Hrabec, et al., Nature 579, 214 (2020)

.
.
.
B
B
W T Af
“BE _

0 01 02 03 04 05
Time (ns)

3
®
®

Dao et al., Nano Lett. 19, 5930 (2019)



2nd
operation

3rd

operation

4th
operation

Nucleation of the
reversed domains

V-shaped IP region provides a well
defined nucleation center




Domain-wall NOT gate
We define @ = logical ‘1’ and ® = logical ‘0’

Input Output
Input Output e 4| >0—

\
4 Data flow 4 Cascaded NOT gates A
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DW reservoir w/wo
inverter to define
inputs

Computation core
based on chiral
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Current-driven operation of a NAND gate with a sequence of logic inputs

—_—
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Luo, Hrabec, et al., Nature 579, 214 (2020)




A complete set

of logic
elements

Luo, Hrabec, et al.,

Nature 579, 214 (2020)

Magnetic DW logic

Symbol
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Examples of DW logic circuits #1

AND gate

AND gate

2-bit multiplexer

NAND+NOR circuit

Difference

OY '
Borrow s

Half subtractor

Luo, Hrabec, et al., Nature 579, 214 (2020)

Long circuit
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Full adder

its #2

IC Circu

Examples of DW log

Half adder




Propagation delay time for DW motion

a
M
O ____________
input @ Current
pulses
|l e
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o ________________
I input b
-l s
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output 1 1 L
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output ¢
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* Asynchronized DW motion
* Need for delay time
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Issues to be addressed in the future

Scaling down vs performances

800 nm-wide i
DW inverter —— D'\Tvn'ng 5
~150 m/s °Pee

Synchronization

Feedback loops

MTIJ

MTIJ




Chiral domain wall

IP region \
OOP region *K/\/\

Conclusions #2

DMI enables flexible design of synthetic chiral magnets
Field-free switching in OOP-IP coupled magnets

SOT DW injectors

Current-driven DW inverter

Reconfigurable NAND/NOR gate

Logic operations with DWs in cascaded logic circuits

~

Z. Luo, et al., Science 363, 1435 (2019).
T.P. Dao, et al., Nano Lett. 19, 5930 (2019).
Z. Luo, et al., Nature 579, 214 (2020).

), Z. Luo, et al., EU patent EP20161352.8.




