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Magnetization reversal
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Magnetic Memory

Store : definea"0“anda”“1"

Read : to different electrical current fora"0"anda”" 1"
Write : be able to changea"0"toa"1"anda"“1"" 0"




Writing MRAM

2006 2016 2026

Processing-in-memory

Magnetic Field /\
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Toggle-MRAM STT-MRAM SOT-MRAM -
SOT+STT SOT +VCMA AOS-MRAM
35 ns : ) <500 ps 1ps
65 nm ) 7 nm
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from Z. Guo et al, Proc. IEEE 2021 ?

Thermal Stability given by AU = KV

attempt frequency




Angular momentum / magnetism

m=gL
g=-1|el/2m,
Electron spin — m¢= g, (e/2m,) S
g.=2.0..
Magnetization — Electrons rotating around nucleus
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Macro SPIN : Stoner - Wohlfarth
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Hypotheses Large E,. = -JS, -S,

® Monodomaine Particule

S, >1

® T=0K
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* Magnetisation field switching
* Energy
* Torques

e Current induced switching
 Spin tranfer Torque
* Spin Orbit Torque

* All optical switching
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Energy consideration

Hypotheses EeXC — _J§1 . §2 s large

® Monodomaine Particule

® T=0K

E

H, = 2K/M y .

mag aniso Zeeman KV(SIne)2 - Mo M S HCOS((P o 6)



Energy consideration

Hyx = 2KIM HI/A ©=0 A Lo
H ‘>/|v|

+H=+HK_/? —4-H=0 —» H=-Hk/2 H=-Hk

E (u.a.)

Angle 6(deg.) “H

P(t) =exp (t/ t4)
T =1, exp (-AU/kgT) -1




Energy consideration

H, = 2K/M H1A @ =9deg A
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Energy consideration

: -3/2
New = (sm2/3q + cos?/® q) hard
90” axis

1 120° 60°
1 hey 0.8
0.6 30°
] 0.4
0.2

— 0-

easy
axis

210° 330°

240° 300°

270°

Stoner - Wohlfarth astroid ‘



Angular momentum / Torque

o=mv L=rxp
I'=rxF

F= dp/dt Newton’s 2" |aw I = (jj_l‘
t



http://en.wikipedia.org/wiki/File:Gyroscope_precession.gif

Einstein de Haas effect

4
H <: H
v
Am

m=vy L
AL
dL 1 dm
I =—= ‘ I
dt v dt Rotation

A. Einstein, W. J. de Haas, Experimenteller Nachweis der Ampereschen Molekularstorme,
Deutsche Physikalische Gesellschaft, Verhandlungen 17, pp. 152-170 (1915).




290 0 90 180 270

Landau Lifshitz 1935 Angle 6(deg.)
Iso-energy
Frequency: 28 GHtz / Tesla dm .
Period about 100 ps =—y(mMxH)




Landau- Lifshitz equation

Field torgue (precession)

dm _
dt

%mgm%torque (dissipation)

E (u.a.)

3T | ' Magnetization Field Switching
90 0 90 180 270 ‘



il Typical times

100 ps spin precession &
and damping B
H =1 Tesla <( fii’l)’) ) >
10ps | «— s
12 |
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> <s—>— coupling
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> Magnetic
anisotropy
10 fs
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15 4 4+ 4+ 4| Exchange
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Typical times

t E
" Exchange interactions VQ / Lyr
" Magnetocrystalline anisotropy STABILIZE> \/
= Dipolar coupling slow relaxation 1ls
1ns
= Magnetic fields
= Spin torques DESTABILIZE> precession 1ps
= Light
1fs

spin-orbital couplings




* Magnetisation field switching
* Energy
* Torques

e Current induced switching
 Spin tranfer Torque
* Spin Orbit Torque

* All optical switching




Spin Transfer Torque STT

5 b o IS

P

© Angular momentum conservation

dL, dL
dt dt

m

©  Spin Transfer torque

r_dL,
dt




Spin Transfer Torque
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Amj = Pigug(sin0)

—AlLe = L 1K Pigug(sin6)

Yo €

Newton second law
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Spin Transfer Torque

Number Spin
n=ReY v v, m=Re> v [, |V
» ®
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Magnetisation Dynamic : LLG

Field torque (precession) Spin torque (negative friction )

Damping torque (dissipation)

Description is valid at equilibrium:
Amplitude of M is a Cst / long time scale t > 100ps)




Nanopillars

Ta (5 nm)

Cu (15nm)
RL (3nm)
pNi] (3 nm)

Cu
\e-

Cu

Ta

HITACHI

Inspire the Next




Magnetization switching
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T

100 nm
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50 nm




Model system

RAC @

S. Mangin et al Nat. Mat. 5210 (2006)



Current induced switching

B ol

© For application

attempt frequency

High efficiency »  Low current

J. Z. Sun, IBM J. Res. & Dev. 50, 81 (2006) Thermal Stability » High energy Barrier

D. Chiba et al Phys. Rev. Lett. 93, 216602 (2004) U K = SOkBT ‘






Current induced switching

attempt frequency

y 0

J. Z. Sun, IBM J. Res. & Dev. 50, 81 (2006)

S. Mangin et al Nature materials 5 (3), 210-215 (2006)
S. Mangin et al Appl. Phys. Lett 94 012502 (2009)



Current induced switching
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A.V. Kimel et al Nat. Rev. Mater. 4, 189 (2019) Switching time (1)

K. Garrelo Appl. Phys. Lett. 105, 212402 (2014)
H.Liu et al JIMMM 358 233-258 (2014)




Current induced switching
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Current induced switching

Angular momentum 10p) -

conservation
1p)-
N.. - .
spin > AM=2M W 100n)-
=
* ¢ t 2 10n)-
3
........ ) I—| ; .
JL g
\/ -
v = 100p) -
o
N )
spin € — £ 10p)-
[ =« 5
£ 2 lel-
RNsplnz 100f) -
E=aqa
t 10 -
1)

attempt frequency

[, < AU

E=RI,*t = AR AU%t

Need to reduce AM ?

- Non uniform ?
- Antiferromagnet ?
- Out of equilibrium ?

Switching time (t)

| |
100fs 1ps 10ps”/100ps 1ns 10ns 100ns 1pus

10ps 100ps 1ms 10ms 100ms



Current induced switching
From AP state

Spin Transfer Torque

QOQQ
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Current induced switching
Spin Transfer Torque  From AP state

spin

QOQQ
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Current induced switching

Spin Transfer Torque  From AP state ,  to P state Criteria:
spin
> —
TN Ngpir AM=2M

OOO




Charge to spin / Spin to charge

A Charge-to-Spin conversion
Spin Hall effect / Edelstein effect

m TSGI
/ Ferromagnet
1 J
S
Spin Hall
material

Magnetization control

\

s

B Spin-to-Charge conversion

Inverse spin Hall effect/Edelstein effect

Energy conversion

K. Kondou & Y. Otani Front. Phys., 23 March 2023




Macrospin model of SOT-induced magnetization dynamics

Damping-like: Field-like: _
reversal precession symmetry breaking
s % N Bexi
Spin-orbit torque: T =t;ymx (m X 6) + 1;.(m X 0) ~—
Dampinglike torque  + Longitudinal mag. field + Fieldlike torque
—20—0—-20mT
1
0 -
Bext > 0
1r | . |
1 2
Time (ns)

Time (ns)

Krizakova, PG et al., J. Magn. Magn. Mater. 562, 169692 (2022)
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S. Fukami, Nature Nanotech 11, 621-625 (2016).



* Magnetisation field switching
* Energy
* Torques

e Current induced switching
 Spin tranfer Torque
* Spin Orbit Torque

* All optical switching




Ultra-fast demagnetisation

Optical-optical pump-probe (TR-
MOKE)
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E. Beaurepaire, et al Phys. Rev. Lett. 76, 4250 (1996) At (ps)



Ultra-fast magnetism

I I I
< 10} -
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%\ = Electrons (Te)
@
L
@)
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e Energy Transfer
O |
e Angular Momentum Transfer 0) 1 2 3

. Delay Time (ps)
e Charge / Spin Current Transfer




Femto second laser

* Pulse number / repetition rate

200 pus

* Pulse duration / Laser Fluence
Fluence few mJ/cm?

* Light Helicity

L ot o~

Pulse diameter around 100 um



All optical switching




All optical switching




3 types of All Optical Switching

All Optical - All Optical -
Helicity dependent switching Helicity Independent switching

After exposure

(a)
M®

Stanciu, C. D. et al. Phys. Rev. Lett. 99, 047601 (2007).

AO-HDS
* Switching given by light helicity
* Multiple pulses

* Ferro-, Ferri-magnets...

Radu, I. et al. Nature 472, 205-208 (2011).

AO-HIS

e Switching given by initial
state

* Ultra-fast single pulse

e Gd Based + MnRuGa close

to compensation

All Optical —
Precessional switching

Avilés-Félix, L. et al. Sci Rep 10, 5211 (2020).

AO-PS
e Single pulse

* Inplane re-orientation

e Heterostructure



All Optical — Helicity dependent switching

Characteristics

PD (ps)

6 7 8 9 10 11 12 13 14 15 16

F (mJ/cm?)
All types of materials Multiple pulses Characteristic State diagram
== Ferrimagnetic alloys, Multilayers
== Ferromagnet Co/Pt, Co/Ni
= Granular Media
Huang, T et al. Physical Review B Kichin, G. et al.
111 (14), 144408 (2025) Phys. Rev. Applied 12, 024019 (2019).

S. Mangin et al., Nat. Mater. 13, 286-292 (2014)
C.H. Lambert et al Science 345 (6202), 1337 (2014)

J-W Liao et al, Advanced Science. 6, 1901876 (2019)



All Optical — Helicity dependent switching

Mechanism

MCD Helicity dependence

Absorption asymmetry / heating Asymmetry X
-

Tcold >> Thot | ! !
T \/\/

EaboCK

ttt 4y

T, T,

Inverse Faraday Effect : Angular Mt transfer ? ’

ttret 4

J, = +h : . ,
\ Domain wall motion by thermal gradient
Y. Quessab et al Phys. Rev. B 97, 054419 (2018)

L)




IAII Optical — Precessional switching

spintec
Characteristics Single switching in [Tb/Co]. multilayer

50fs Initial state  4.1m]J/cm? 6.5mJ/cm? TF, TF,TF.

o 0 | ] | =
— PR
-8 - J
\ &

5 0° =

(1] 1
- 2
Initial state 4.1m]J/cm? 6.5m]J/cm? 8.7 m]J/cm? 11.0 mJ/cm? a 4 - 5 -
e - =N

10ps ns.. =
2- |

A M
0 - : :
0 2 4 19 14 16
Single pulse switching Slow Fluence(m]/cm )
- i - ~ Characteristic State diagram
Peng, Y et al. Nature Com 14 (1) 5000 (2023) e | 30ps | 1000 ps

Peng Y et al Appl Phys Lett 124, 022405 (2024 )




All Optical — Precessional switching

H, (kOe)

Mechanism

. . a
In plane reorientation
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> ’ o B S d
|
\ 1
6 O :
7 1
| A 4 :
23.5 25 !
AT (K) : Optical fluence (Jem™)

C. S. Davies et al, Phys. Rev. Lett. 122, 027202 (2019)
L. A. Shelukhin et al, Phys. Rev. B 97, 014422 (2018)

spintec

b ELECTRONI(
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............ 1.0
0251 |\ At+——-"-"" =
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i T ——18.0 m)/cm? 0.6 (o
-0.25 : P
i 0.4
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-0.75 ~02
-1.00 9,0
0 500 1000 1500
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Q@
8

1
-

D. Salomoni, et. al, Phys. Rev. Applied 20, 034070 (2023)




IAII Optical — Helicity Independent switching

[ ] [ ] I £ I b I y T
Characteristics 30} |
W W W W SH | . &8 _
o e ; 7 2 o :
N = O Switcnin 4 4
' 5 20} 2 y e |
s 1 B = E [ o /’ . » | Multidomain |
Ostler, T. A. et al. Nat Commun 3, 666 (2012). 3 157 o A , state ]
o L ,./, i 4
(72} HH /m v B L] 1
M® % I 5 1.0F l:n,[ Swit@hlng ‘
' L I o/ m o
05} ._DE,,/ o;. -
T - s
Single pulse & Fast b a6 iz A& 4B 48
Specific materials Fluence (mJ/cm?)
= Gd based Material 100 Characteristic State diagram
N L
é 50.
=) MnRuGa X B
g .
g -50
5
Z
-100
Wei, J. et al. Jiagi Wei
-1 0 1 & 3 Phys Rev Applied 15, 054065 (2021).

Pump-probe delay (ps)

Radu, I. et al. Nature 472, 205-208 (2011).



All Optical — Helicity Independent switching

Mechanism Heat assisted phenomena

. x ial Pulse 1 Pulse 2 Pulse 3 Pulse 4
Optical

Pulse

Heat Pulse fro X\
Electrical Pu :

Yang, Y. et al. Science Advances 3, €1603117 (2017).

‘ (a) ™ s Gds4(FegpCo1o)es
‘ laser :
P T——
‘ heat current <o

Hot Electron Pulse

1st pulse 2nd pulse

(b) initial

N. Bergeard,et al, Phys. Rev. Lett. 117, 147203 (2016)
N Bergeard, et al APL 117 (22), 222408 (2020)

Wilson, R. B. et al. Physical Review B 95, 180409 (2017).

Angular mt transfer between two sublattices

100
§ s
Q
S 50
E L
- 0
0]}
N
g -50
o
2

-100

AR MRS R A
Pump-probe delay (ps)

Recipe

Demagnetize Fe

Demagnetize Gd to generate angular mt transfer

Js = dM,/dt




3 types of thermally assisted switching at different time scales

All Optical - All Optical - All Optical -
Helicity dependent switching Precessional switching Helicity Independent switching

Different but all are thermally driven

=2 Domain nucleation == Anisotropy reorientation == Ultra-fast Demagnetization
Magnetization Precession Angular Momentum transfer

3

Domain wall propagation

1,0-,ﬂl:

0,8F

0,6

MM,

0,4}

0,2} E

0’0 | L/\__/\_/\AM/“\F—-/V—:

0 10 20 30 40 50
Time delay (ps)




Light induced switching

Ultra-fast Optical switching From AP state to P state

X

-




Light induced switching

Ultra-fast Optical switching From AP state to P state

| M (t)
-7 5 Ultra-fast demagnetization

Ultra-fast spin pumping
by ultra-fast demagnetization




Light induced switching

Ultra-fast Optical switching From AP state to P state

Nqyin (£) M (t) Criteria:
| Synchronization
T Nspin(t) > AM (t)



Light induced switching

Ultra-fast Optical switching From AP state to P state

Criteria:

| Synchronization

Nspin(t) > AM (t)




Light induced switching

Ultra-fast Optical switching From P state to AP state

X

»

-




Light induced switching

Ultra-fast Optical switching From P state to AP state

i M (t)
P s ultra-fast demagnetization

spin pumping
by fast remagnetization




Light induced switching

Ultra-fast Optical switching From P state to AP state

Criteria:

| Synchronization

Nspin(t) > AM (t)




Light induced switching

Ultra-fast Optical switching From P state to AP state

Criteria:

| Synchronization

Nspin(t) > AM (t)




Light induced switching
Ultra-fast Optical switching From AP state

Ultra-fast spin pumping =
. . —r>
by ultra-fast demagnetization ’

Nspin (t) M (t)

. . From P state
spin pumping o |
by fast remagnEtization - RS TO AP state
ultra-fast demagrm

to P state

Ultra-fast demagnetization

Synchronization
Nspin(t) > AM (t)




e Current Vs Light Induced switching

e Light Induced switching : demagnetization driven switching

* Experimental results showing:
single pulse — ultra-fast — deterministic —low energy switching

© Conclusions



Ultrafast demagnetization

o
o
©
\ptlwl optical pump-probe (TR-

MOKE)
Ni

o
0

o
[

\4 - A v

Q
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Normalized remanence
o
4

o
»
L

E. Beaurepaire, et al Phys. Rev. Lett. 76, 4250 (1996)




Ultrafast demagnetization

\@@@@@

OOOOD®
OOOO®

1,0 —2.98
| | — 0.69 mJicm?

Demagnetization
uolleziaudeway

Critical Slowdown

Time delay (ps)

E. Beaurepaire et al Phys. Rev. Lett. 76, 4250-4253 (1996).
M. Scheffer et al Nature 461 53-59 (2009)



Ultrafast demagnetization : 2 level model

T =0K ‘ AEI M =M,
Temperature l | l Magnetization
‘ )

—
I

0

Te M
Tt a0 L



Ultrafast demagnetization : 2 level model

| |1|

T=0K

Demagnetization
uollezijaugeway




Ultrafast demagnetization : 2 level model

T=0KkKr AE

Ultra fast
Heating

0

Ultra fast
Spin current

Demagnetization
uollezijaugeway




Ultrafast demagnetization : Ultrafast spin current - Ultrafast spin pumping

Femtosecond

pump

T. Seifert Nature Photonics 10, 483—488 (2016)
T. Kampfrath et al. Nat. Photon. 5, 31 (2011)



Ultrafast demagnetization : 2 level model

— Mo cooling

T=0KkKr AE

- X
o 3 @
.
S 0
Ultra fast s S
. Q ™ . .
Heating C — Spin Pumping
o0 N
© 3
= .
@ .
)

150

Ultra fast
Spin Pumping




Ultrafast demagnetization : 2 level model

Spin heating "

ol |I§1l

Spin Pumping

Demagnetization
uollezinausewoay

———
i B

Ultra fast
Spin Pumping




Ultrafast demagnetization : 2 level model

Spin heating

T

Demagnetization

0

Ultra fast
Spin Pumping

0K

\

o

Spin Pumping

Spin cooling



Ultra-fast spin current affect demagnetization

Normalized A0/0 (a.u.)

00 05 1 2 3

74

G. Malinowski et al. Nature Physics 4, 855 (2008)



Modeling — Spin pumping
* Spin temperature/magnetization
changes:

dm
Frie 2(Wiosiny — Winy)
AE
Wl_)T — e_kBTe
Wiy

K. Blum, K.. 64, (Springer Berlin Heidelberg, 2012).
Cywinski, t. & Sham, L. J. Phys. Rev. B 76, 045205 (2007).

J.-H. Shim, et al. Nat. Com. 8, 796 (2017).
Q. Remy et al, Nature Com 14 445 (2023)




Modeling — Spin pumping
* Spin temperature/magnetization changes:

dm 1,74
=7 = 2Woyny = Wimy) Wl"TC o N S o =1

W __AE _2mkgTc—Au
ad I e kBTe = o kpTe

* m: self consistency/
mean field: Ay =m =0=dm/dt =0

e T,: cooling/heating
Hard to control.

dm —Au
\

dt |m=0 ZTkBTC
CSD)!
e Au: Spin cooling/Spin heating
Controlled by changing external spin
polarization.
K. Blum, K.. 64, (Springer Berlin Heidelberg, 2012).
Cywinski, t. & Sham, L. J. Phys. Rev. B 76, 045205 (2007).

J.-H. Shim, et al. Nat. Com. 8, 796 (2017).
Q. Remy et al, Nature Com 14 445 (2023)



Modeling — Spin pumping (3d-4s) model

-Md,sat 'Nld,sat-l'AIVI % pump
3d 3d I 3d 4 FM
‘A 1 | glass
HHHE PP
—2.98
T znR: ETanza i L
4s 4E 4s 4E 4s 4E 8r
AY ' b
EF EF [-[JS
AT T fﬁlﬁ | _
< > < > < > o L—m mr————
\_/\_/\_/ 0 10 20 30 40 50
Time delay (ps)
Heating Angular momentum Decay of p,
s-electrons transfer d -> s via e ph scattering L
(sd-exchange) dmg 1 U ’ 0 2makgTe — Ug
d d dt B Tsd Ma ZkBTC MMa €O ZkBTe
Js = dM/dt
/ dus = p dmg s
S o — 2
M. Beens et al., Phys. Rev. B 102, 054442 (2020) dt " dt 1

Q. Remy Phys. Rev. B 107, 174431 (2023)



Ultrafast switching = demagnetization + remagnetisation
xLM
T=0Kt+ M=M, AE'

T=Tc M

]
o




Ultrafast switching = demagnetization + remagnetisation

'M=MO AE

fast light induced
gnetization

B 2

De

T

ot M=o e




Ultrafast switching = demagnetization + remagnetisation

My AEI

fast light induced
gnetization

T 2

<
I

De

Spin cooling

AM (t) < Nspin(t) ‘
LY
Tt M=o a0

T




Ultrafast switching = demagnetization + remagnetisation

<
I

Demagnetizat

T

My

fast light induced

ion

—

Tc__ M=0

AE

Fast spin cooling

Spin cooling

AM (t) < Nspin(t)

RENESESE RS




e Current Vs Light Induced switching

e Light Induced switching : demagnetization driven switching

*  Experimental results showing:
single pulse — ultra-fast — deterministic —low energy switching

© Conclusions



[Co/Pt] /Cu(t nm) /[Co/Pt ]

[Co(0,6nm)/Pt(1nm)]x2

Free =
B tc,=10 nm tc,.=80 nm
m (Detected from the ref) o
| | | | | | | Detected from the free layer , : 1
- - — - Detected from the reference layer p+
[ 1_
Cu (t nm) N t
I
- | i | |
3 ! !
S 0 | I
Ref. N ' I
_ | l -
L AR ": and |
100 B0 0 50 100

toH (MT)

Junta Igarashi

AIST J. Igarashi, et al Nature Mat, 114 36 (2023)



[Co/Pt] /Cu(t nm) /[Co/Pt ]

800 nm te, = 10 Nnm
50 fs pump 3.7 mJ/cm? 3.7 mJ/cm%
[Co(0,6nm)/Pt(1nm)]x2 Initial state Initial state

Free ‘ AP+ 1 P+

Y
] 1
N
Cu (10 nm

5.9 mJ/cm? 5.9 mJ/cm?

t
t

ts
-~ u = t
[Co(1nm)/Pt(1nm)]x3
Ref. %

probe

J. Igarashi, et al Nature Mat, 114 36 (2023)



A [Co/Pt] /Cu(t nm) /[Co/Pt ]

tc,.=80 nm

probe % pump Initial state 6.9 mJ/cm? Initial state

12.0 mJ/cm?

J. Igarashi, et al Nature Mat, 114 36 (2023)



Stopping the ultra-fast spin current

b
;;100 - 2.83 mJ/cm? "
o Switchi f Col/
GdFeCo ; - witching of Co
© .
X 60} Co/Pt :
g; Multi-domain state
VO, = 40
=
3 20}
Co/Pt

310 330 350 370 390

VO, (insulator) Temperature (K)

VO, (conductor)
Low temperature

High temperature

Xiaofei Fan

Beihang University ~ X. Fan et al Advanced Electronic Materials 8 (10), 2200114 (2022)



Ultra-fast magnetisation switching AP to P

1.0 IR -
Gd.,FeCoy, 08l ]
' Ultra fast spin cooling coming |
06 from the demagnetisation of |
ED 0.4 I the refence layer ]
S .
Cu (10 nm) 02} _
b4 0.0 1
L B 4 02
Co/Pt 04 b . : '
0 2 4 6 8
Quentin Rem . . '
Fr:(ieUnive(:sit::t Berlin Ultra-fast SWltChlng Time dEIEy {ps) oy

Q. Remy et al Nature Com 14 (1), 445 (2023)



Ultra-fast magnetisation switching

Experiment

M/M,

1.0 %
08 T
06|
04|

0.2

0.0

Quentin Remy

Frei Universitat Berlin

Q. Remy et al Nature Com 14 (1), 445 (2023)

Time delay (ps)

1,0

08
067
047}

Time delay (ps)

—6.35
—5.99
~——5.53
4.99
4.40
3.79
—3.19
—2.62
—2.31
—2.21
mJ/cm?



Ultra-fast magnetisation switching p to AP

Ultra fast spin cooling coming
from the remagnetisation of

pump the refence layer
[Co(0,6nm)/Pt(1nm)]x2 10k 5.1 ml/em? -
Free T —A— Free layer
0.8
0.6
zcn
= 04
Cu (10 nm S
* 0.0 05 00 05 10 15 20 25 3|0
[Co(1nm)/Pt(1nm)]x3 -0.2¢ tCllJ = :.LO n.m T
Ref % 2 0 2 4 6 8 10
probe Delay (ps)

J. Igarashi, et al Nature Mat, 114 36 (2023)
H. Singh et al to be published



Deterministic Switching in TbCo/Cu/[Co/Pt ]

1.0
TbCo |
=
0.5}
50
Cu(10n ) '
H "‘ @ 0.0
P
-
Co/Pt " g 0.5
‘ 1.0
‘ 4500 3000 1500 0 _ 1500 3000 4500
H (Oe)
L Al
Wei Zhang HTbCO > > HCO/Pt

Beihang University
W. Zhang et al submitted



Deterministic Switching in TbCo/Cu/[Co/Pt ]

13.8 11.5 mJ/cm?

L & i 4

Pulse duration of 2 ps

TbCo

1 pulse 9 pulses 1 pulse 9pulses 1pulse 1 puls

Cu(10n

|

Erase



Deterministic Switching in TbCo/Cu/[Co/Pt ]

Pulse duration of 2 ps

F=11.5 15.8 mJ/i 710
Multidomain state
8 of CoTb layer
M
8
c
g
b
o
-
o 4
Q
L)
E Multidomain state
e of the whole stack

8 10 12 14 16 18 20 22 24

Threshold Fluence (mJ/cm?)



Light induced switching

Laser
pulse

J— AI.D*..,.M_
| ¢

Bk (arb.unit)
o
(@)
1

I — lcy=67nm [
-1.0 rj‘ ]— tcy =100 nm ||

07\

Ké aki Ishibashi -100 =50 0 50 100
ZUakKl | |
[Co 0.6nm)/Pt(1nm)]x2 MoH (mT)
foy =2 N () 4, =100 nm

[Co(0,6nm)/Pt(1nm)]x2 Initial
state

~nttiat.
state

K. Ishibashi et al submitted



_LigtTinduced switching : heat induced switching

1.0
Laser #

pulse

0.5

Bk (arb.unit)
o
(@)
1

- e — tcy=2nm |
0.5 — tcu=33nm

i — tcu=67 1
_10 J‘ ]— t(c::=100nnmm !

07\

Kazuaki Ishibashi -100 -50 0 50 100
ZUakKl | |
[Co 0.6nm)/Pt(1nm)]x2 MoH (mT)
foy =2 N () 4, =100 nm

Initial
state

~nttiat.
state

K. Ishibashi et al submitted



Efficiency of All Optical Switching M-RAM

10 p)
51A
Write/Read _ 1) -
y Y o
' -C}__.’ 10 n)
g 1n)—
>
> 100p) -
5
Switching time: 1ps (/) £ 100/
= 1p]-
Fluence = 10 mJ/cm? 5 P

Device area =10 nm x 10 nm = 1019 cm? 100f) -

10f]
Energy = 1f)/bit @
1f) T | | | | T | | \ | |
@ 100fs * 10ps 100ps 1ns 10ns 100ns 1ps 10ps 100ps 1ms 10ms 100ms

Switching time (t)

Threshold Fluence : Tc

Thermal Stability : AU @

Will it work for small devices ?



Conclusions

* single pulse — Ultra-fast — deterministic —low energy switching

e  Switching driven by fast demagnetization or remagnetization

» Synchronization Nepin(® = AM (1)




Digital world : A growing energy cost

9,000 terawatt hours (TWh)

Annual Size of the Global Datasphere 175 ZB

180
160 Source: Data Age 2025, sponsored by .

Seagate
140

120 1ZB=10°TB
100

Zetabytes
8383

N
o

o

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
2025

Artificial Intelligence
Creating an image with Al: a few Wh vs 40 Wh (laptop battery).
Training Google PALM: 3.5 GWh = 20,000 years of human brain activity.

Autonomous vehicle

maintain carbon emissions at the current level.

If 95% of the car fleet will be autonomous by 2050, the efficiency
of digital components will need to double every 18 months to

ENERGY FORECAST 20.9% of projected
Widely cited forecasts suggest that the electricity demand
total electricity demand of information and
communications technology (ICT) will
accelerate in the 2020s, and that data
centres will take a larger slice.

B Networks (wireless and wired)
B Production of ICT

Consumer devices (televisions,
computers, mobile phones)

M Data centres




Non volatile

Hard disk

MRAM

PIN MEMORY

Magnetic Random
Access Memory

Volatile DRAM
SRAM

Non Volatile MRAM

Needs NO Energy to be maintain Needs Energy to be maintain

Logic Computing Energy RF devices

@ ADVANCED Spin caloritronic

MATERIALS
ou HeatQ Ho

Magnetic nano-
oscillators

Magnetic logic

Spin 4

Nomorphic Spin driven electrical
computing power generation




Interaction between : Electron Spin «+=»  magnetization

o | @ —
Influence of magnetization on electron spin
GMR TMR Spin precession

Small current density

Influence of electron spin on magnetization
STT SOT Large current density

Need to understand the transfer of angular momentum

dL,, . dL.
it @




Requires nano-technologies
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Classical approach

W
e
Am~* = Pigug(sin 6) g7
© 1 Analyzer
_ALe — " et PigMB(Sin 9) 7
0 o> O
N A "
Newton second law —_— Dolar
W < o olarizer
r=——
dt

= dLe _ 1 |Pi9HB(

~ P mAa(mau,))




Quantum Mechanic approach

Number Spin
n= Rezw; W, m = Rezw; ' Seor | Vier
9 ®
i=Re >y, [V]v, Js=ReX i ls, s ® Vv,

"" 'uﬂ

on : @_m — ]

—~ ot °

ot

om

=—-J. +mMxB_. +damping

ot



Absorption of tranverse angular mt

1
ﬁ‘ Simple limit

\‘/ R¢ 2 =

RT 220

Magnetization

Interfacial torque

F=J-J+J&¢

In

= TFL e



Spin transfer Torque

Approximately: Interfacial

Complete absorption of
transverse spin current

For one dimension A
JS=—P§®j
2
nl hl .
Jg,| = e Pl x(§xrh)] I = e P[ (xm)]

Review: Stiles and Miltat, Spin Dyn.in Confined Magn. Struct. 111, Springer 2005 a



Ultra-fast AOS in spintronic devices

Demagnetization Reversal

- 1 single ultra-short light pulse ( 50fs)

- Ultra-fast switching in less than 0.5 ps

- Deterministic and Controlled switching
Energy efficient

AP to P and P to AP switching

Works for a large range of Materials

S. lihama et al. Adv. Mater. 30, 1804004 (2018)
Q. Remy et al Nature Com 14 (1), 445 (2023)




Toward AOS- MRAM ?

2006 2016 2026

Processing-in-memory

Magnetic Field /\

Write/Read

Read
SOT electrode 1| ?
@Y - Wri&f
Read J M;;netic Field
Toggle-MRAM STT-MRAM SOT-MRAM -
SOT+STT SOT +VCMA AOS-MRAM
35 ns : ) <500 ps 1ps
65 nm ) 7 nm

100 pJ/bit Ik 100 fJ/bit RA 10 fJ/bit

from Z. Guo et al, Proc. IEEE 2021 ?

Thermal Stability given by AU = KV

attempt frequency
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