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Outline UNIVERSITY OF LEEDS

 Hall Effects in Ferromagnets

Ordinary Hall Effect (OHE)

- Spin Hall Effect (SHE)

- Anomalous Hall Effect (AHE)

- Planar Hall Effect (PHE)

- Quantum Spin Hall Effect (QSHE)
- Topological Hall Effect (THE)

« Current-Driven Torques

- Spin-Transfer Torgues in Nanopillars
- Spin-Transfer Torques at Domain Walls
- Spin-Orbit Torques in ferromagnet/heavy metal bilayers
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Hall Effects in Ferromagnets



Ohm’s Law UNIVERSITY OF LEEDS

Schoolchild Version Vector Version
V=IR E=pJ
=p

Now the resistivity p is a tensor. Assume magnetic field along z-axis.
Ee \ _ [ pzz pay Jz
= X
Ly Pyz  PYY Jy

If  Pzxy — —Pyx 7Z0  then ﬁ and ? are no longer parallel
and there is a Hall effect. The current must still flow along the conductor,
but there is now some transverse component to the electric field.



Hall bar UNIVERSITY OF LEED

Cut sample into a neat strip with voltage contacts down the sides

R, =V, /I

Ry, = Vil

)
\7

Hall bar in FeCoSi
patterned by
photolithography,
hard mask, ion
milling.

www.lne.eu

Use van der Pauw method for irregular sample shapes



o

Ordinary Hall Effect UNIVERSITY OF LEED

Lorentz deflection of electrons — discovered by Edwin Hall in 1879.

In the OHE

R, is the ordinary Hall coefficient,
where

Ro = —+

ne

This makes the Hall effect a very
useful way to measure carrier
Wikimedia Commons type (electron or hole) and
density n.




Spin Hall Effect UNIVERSITY OF LEEDS

Predicted in 1971 by D’yakonov and Perel, observed 30 years later by
Waunderlich et al. and Kato et al.

%
In the direct SHE, a charge current density? drives a spin current.JJsthat is
orthogonal to both ? and the spin direction &° .

Direct SHE Inverse SHE
7 —
Js = OéSHEj» X T j = aSHE? X Js
‘H
' tJrs v jf}{
Spi cUrren E Chargecun‘emk y
S i A ah
J S W — - - . 1‘:' ﬂ "'RI.
LA W B W A x Jg S TN, N T, S S
Charge current \ Spin current ¥ ¥ x
Js

Spin Hall angle ¥SHE — J

Takahashi and Maekawa, Sci Tech Adv Mater 9 014105 (2008)



Spin Hall Effect

In SHE, spin-orbit interactions scatter Magneto-optical detection in GaAs
spins to opposite sides of 2D slab.

n.(a.u.) Reflectivity (a.u.)

2 1 0 1 2 12 345
Hall effect H
+ + + +/| | & » -
/ ‘y’% % %‘ VH R unstrained GaAs
________ y so-;v. ‘
g
L Accumulatecyzjc»-
x : 5
spins at =
Spin Hall effect sidesof ___—T¢ :
2 ) S channel o il
\Lér _ VgH :
F m R % 150 i
AN EENENR) A o Ly 20 40-4020 0 20 40

Position (upm) Position (um)

D’Yakonov and Perel, Physics Letters A (1971) |
Hirsch, Phys. Rev. Lett (1996) Kato et al., Science (2004).



Invertible Spin Hall Effect UNIVERSITY OF LEED

AV, /1 (m@)

Inverse spin Hall effect Spin Hall effect

Sp|n current => Charge current Charge current => Spin current

01 r

0.05

AV, /I (mQ)

-200 100 0 100 200 -200 100 0 100 200
figH (mT) PoH (mT)

Grey = Permalloy; Pink = Copper; Yellow = Platinum

Kimura et al., Phys. Rev. Lett. (2007).



Anomalous Hall Effect UNIVERSITY OF LEEDS

Sometimes called Extraordinary Hall Effect (to distinguish from ordinary).
Discovered by Hall in 1881. Proportional to magnetisation M, and hence
useful for nanomagnetometry.

Energy

p X y — RO B _I_ RS M Down spin Up spin
.g Ny
£%
N
58
2y
5 s Spin-orbit
% :} ’. mleracuon\‘{ ‘A
. T4

Magnetic Induction B  kilogauss ‘( {
The Hall effect in Ni. Data from Smith, 1910. From

Pugh and Rostoker, 1953.
Toyosaki et al., Nature Materials 3, 221 (2004)

Best understood as SHE in the presence of spin-polarised carriers.



Anomalous & Spin Hall Effects:

Mechanisms

a) Intrinsic deflection

Interband coherence induced by an
extemnal electric field gives rise to a
velocity contribution perpendicular to
the field direction. These currents do
not sum to zero in ferromagnets.

17y & :
cg,'): EE_+£—'E><!)”
dt hok \Ji

b) Side jump

Electrons have an anomalous velocity perpendicular to

the electric field related to their Bermry's phase curvaturej

The electron velocity is deflected in opposite directions by the opposite
electric fields experienced upon approaching and leaving an impurity.
The time-integrated velocity deflection is the side jump.

c) Skew scattering

the effective spin-orbit coupling

Asymmetric scattering due to
of the electron or the impurity.

k-space Berry phase
curvature in perfect
crystals

Pxy O p?cac
(Karplus & Luttinger
1954: )

Spin-orbit scattering

from impurities
Pxy X Pxrx

(Smit 1955, 1958)

Spin-orbit scattering
from impurities —
independent of impurity
concentration!

2
Pxy X Pxy
(Berger 1970)

Nagaosa et al., Rev. Mod. Phys. 82, 1539 (2010)
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Quantum anomalous Hall effect UNIVERSITY OF LEED

Observed in ferromagnetic topological insulators

A The lowest sub-bands v B
with broken TRS Fermi level

0xx(0)

Oxy(0)

chemical potential

T1.5K

180K

gn 08 04 00 04 08
bare substrate film
uH(T)

Crg.15(Big.1Sbg 9)1.55T€3 Chang et al., Science 340, 167 (2013)
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Planar Hall Effect UNIVERSITY OF LEED

Actually a manifestation of the anisotropic magnetoresistance.
Recall that for AMR P 7> PL.
For a single domain magnet with in-plane angle ¢

exchange biased Co/YMnO3 bilayer

Ex=JPJ_‘|‘J(PH_PJ—)COS2¢ S

160.8

by = J(pH —pJ_) Sin ¢ COS ¢

160.7 |-

Resistance R(Q)

160.6

In-plane magnetisation can be

manipulated with an in-plane field, 1605
giving changes in E, that are picked 064
up as Hall voltages. S oesl O N ]
. o SRy . Pxy
Can be mistaken for true Hall effects. 2 -0e iR
E 070 O %.— M .
Bl Ny @ |
072‘(b)A | | /l | ~
-0.50 -0.25 0.00 0.25 0.50

Applied field u H(T)

J Barzola-Quiquia et al 2012 J. Phys.: Condens. Matter 24 366006
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Quantum Spin Hall Effect UNIVERSITY OF LEED

Found in 2-dimensional topological insulators, e.g. HgTe quantum wells.
Edge channels where spin is locked to momentum through the Rashba SOI.

Vi F v T ' T T J T
v 27 N\ FG =0.01 e2/h 20—
T\: \¢ 1ﬂ?- .................. - II'|.-=0..|:|3 Kz ]
-y I Y. G=2e"h] 3
\ \\* 2 = Waasy :
i T 10
s T=30mK o
107 F - 4
e E C &} E
newscenter.lbl.gov g
% 0 . . ]
Conductance ﬁ' 5 -10 05 00 05 1.0
f,:?:;ilx::ge = I:"E' 10 ;:-_ .m“"""""""E..'""" {"u,.l'lgI - ""lr1hr:| A" '-‘5
carriers ‘7,::;;»“"“ E G=03e4h b
o «‘7'7.‘/' Iul L A —————————
‘$ ‘ ‘ -~ -"33 M 1 L 1 i 1 -\-.."' S | " 1 "
-1.0 0.5 0.0 0.5 1.0 1.5 2.0
0 ? o (Vg = Vi) / V
uantum wn-spi
well ¥ g:a rr;eszar:riers
Curve |: normal band structure, Curves I, I, & 1V,

inverted (topologically non-trivial) band structure

Spin-locking prevents back scattering and

provides ballistic channels with G = 2e?/h N _
Konig et al., Science 318, 766 (2007)



Quantum Hall Effect vs.

o

Quantum Spin Hall Effect UNIVERSITY OF LEED

Quantum Hall effect Topological insulator

magnetic field no magnetic field

chiral edge state helical edge states

http://www.elitenetzwerk.bayern.de/



Summary UNIVERSITY OF LEEDS

(b) Anomalous (c) Spin Hall
(a) Hall effect Hall effect effect

; g

T~ B — _/;/ SOC
(d) Quantum (e) Quantum (f) Quantum
Hall effect anomalous Hall effect spin Hall effect

L~

>
Cd

A% 00% OO«
38 338 DO
< < (#:*:’

Liu, Zhang, & Qi arXiv:1508.07106 [cond-mat.mes-hall]
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Current-Driven Torques
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Spin-transfer torque - Concept UNIVERSITY OF LEED

*Magnetisation affects current:
GMR, TMR etc.

Newton’s 3 law => current affects d
magnetisation g

torque
V]
*Theory: / i /&/
» Slonczewski, IMMM 1996 /
= Berger, Phys. Rev. B 1996 '

*Transverse component of spin e i o
current is absorbed by layer

| Field-like

Brataas, Kent, and Ohno, Nature Materials 11, 372 (2012).
*Rate of change of angular

momentum is a torque

__ +0S
Torque = h 357
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Form of spin-transfer torque UNIVERSITY OF LEED
Consider nanopillar So .
geometry, e.g.

Cu/Co/Cu/Co/Cu

*Thick Co fixed

*Thin Co feels torques

Adiabatic relaxation of | N
. - |
spins over | => ‘ - l;

Precess ion ‘
Torque o J5S x (S x Sp) = Y

Brataas, Kent, and Ohno, Nature Materials 11, 372 (2012).



Current Driven Switching in

Nanopillars

*130 nm diameter nanopillars patterned

by e-beam lithography A
*Devices must be very small Col l{posxm-c bias)
= Qersted field Col .
= Current density (1 mA => 6x101° A/m?) )— —

*Probe reversal with GMR — reversible
with current direction ,

*Parabolic background due to heating

dvidl (€3)

-Katine et al. Phys. Rev. Lett. (2000)

R ()




STT switching & microwave generation UNIVERSITY OF LEEDS

Microwave generation peak

0.594 0.59 -

056 J16-IRT7KA, L1, H=0 Oe, 77K 1o 16-IR77K-h, L1, H=00e
IrMn(6nm)/ CoFe(Snm)/ Cu(4n m) E: Ezj e |
/| CoFe(3nm) £ on o ,
(Grown at Leeds) §§;§;j olket \ /
o 0.60 |

Junction size= 230 nm x 120 nm

Asymmetric switching currents (
| ,p—1p 1 JC~0.4x107 Alcm?
lp—lap ; JC~2.5x107 A/lcm?

Reversible peaks are only
observable when electrons
flows from free layer to fixed
layer in the parallel state

Atif Aziz, Mark Blamire

0.58 4 0.58 4

I (uA) I (uA)
d16-IR77K-i, L1, H=00e d16-IR77K-k, L1, H=00e

W

0.57
. . w ; ' 0.57 d ; ‘ ; ‘
S DT Satng SR Bl /5000 15000 -10000 -5000 O 5000 10000 15000

0.66

H :O) 0.62

0.614

0.65

v
/y 0.644
\ 7/ i E 062
8 061

— 0.60
£
: -
Q 059 ]
@ o 060
0.58- 1 0.59+
0.581
0.57 ——————————— ‘ 0.57 : ‘ ; ‘ .
-10000-7500 -5000 -2500 0 2500 5000 7500 10000 15000 -10000 -5000 O 5000 10000 15000
I (uA) I (uA)

-ve current — electrons flow from fixed to free layer
+ve current — electrons flow from free to fixed layer



Spin-torque oscillators:

o

stable dynamical states UNIVERSITY OF LEED

Bias :"-4[:, B {7 Swept signal

|_ : panearalor
E LS nicer
L Filter
ge IR

25100 MHE

 Current induced torque opposes
damping — if large enough
oscillation can set in.

 dc current converted into ac

5]
—
1

1
dvidl (£)

18] power
-4
. d : « GHz frequency — tunable with
- _,_3__/& field or current
3 = |————| « Kiselev et al., Nature (2003)
& =
mﬂ_, — LTmA P orientation
0 Frequency (GHz) 18 &
® 251 f1s S
g g
E’r ] " e % current-induced
(R " = torque
o (negative friction)
0 | I -I-:Id -:hl!}: I 5 1 Current (ma) a
I .

= log [IPP,) (1 map =) 1



Injection locking UNIVERSITY OF LEEDS

« Pump with ac component of current

« Magnetisation dynamics locked to ac pump current

60 65 70 75 80 60 65 70 75 80

I (mA) I_(mA)

Rippard et al., Phys. Rev. Lett. (2005)



Mutual Phase-Locking UNIVERSITY OF LEEDS

Two point contacts in close proximity can exchange

spin-waves and phase lock — much higher power
avallable (P~N2)

a
15.6
)
o
g 154
o
=
T
o
=
b
15.2
B " (mA)
—— b . v v c v T r
_‘
s - A 120 A+ B) 1
c d - - . E & ‘ &
156 s ] T ' &
] e 2
= S 4 | = 801 1
515.4- / 3 g. ' .| g.
§ 8 ' g I 2
%15'2 é 0 M"h \\Vﬁ-wm 4 0] = ——
i v . . T T T
15.0 . | 15.2 154 156 152 15.4 156
8 8/ (M:C 12 Frequency (GHz) Frequency (GHz)

Kaka et al., Nature (2005)
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Current-driven switching of MTJ UNIVERSITY OF LEED

 Also possible to reversibly il Slisioon
switch a tunnel junction el fo T\ | oy |
 Barrier must be ultrathin to allow g"’“ i
enough current density Sy -
- - 800
» Useful for writing MRAM data ™ e 7508 mimfﬁ
Voitage Bas (mV) 2032
- Large effects now available in Y - i
MgO based low RA junctions s |
- 640
& 600
 Fuchs et al., Appl. Phys. Lett. : TS
(2004) o Vona‘;ec%zas (mv) i

1700 @)

1500

avidl (51)

-0.4 -0.2 0 02 04
Currant (mA)
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MgO-based MTJ Spin-Torque Diode  uNIVERSITY OF LEED

b
| | 7 120 __spintransfer ' |
| % ' Space charge II E g0 — Effective field ]
|_J Bias T / &, E 0
Top electrode B
TimM 8 B0 T g
Metwork i H H H S 120(
CoFeB(@) analyser igh resistance 15 1/ ﬂfd § ol
\ AR § o
Low resistance © . . .
isuiatory oFeBe) <V> @ o Time\/ 7 8 9 10
CoFe(2.5) ‘\ AV=IAR | /S N N f(GHz)
Voltmeter Time
Bottom electrode
b B S ——— * Injection of RF current | causes RF motion of
280+

free layer moment
* Device resistance AR varies through TMR
» Mixing of | and AR leads to output dc voltage

1680

H ®1
| 5
\.i_lg
‘_260 200

=500 =400 =200 0 600

H (Oe)

Tulapurkar et al., Nature (2006)



RF connections used for MTJ-STO-

based neural network

«Classifies nonlinearly-
separable RF inputs with
an accuracy of 97.7%

-Can identify drones by RERl e MEILe NN

WiFi emissions with few e T
mW power (10,000x more
efficient than in software)

o
Q

eq. (MHz) Power (LW)
X% R onuwro

DC voltage (uV)
- o N - -]
@
§ 3
2
- O
N T
[T [ I
- N w > w
RF power (uW)
DC voltage (uV)
_L S o o
5 @& o o

300 400 500
Frequency (MHz) & DC current (mA)
h

*A. Ross & N. Leroux, et al. f L

arxiv:2211.03659 [cs.ET] EE O -
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Domain walls UNIVERSITY OF LEEDS

*Naturally occuring magnetic
mICro or nano structures

*Separate regions 4
magnetised in different i age
directions

al
*Thickness depends only on
material parameters: 1 4
exchange stiffness (A) and

anisotropy (K)

/| A
D: ?




Early work UNIVERSITY OF LEEDS

*Several papers by Berger and various co-authors in 1970s and 1980s
*Both theory and experiment

*Two mechanisms found: first is hydromagnetic drag

*Hall effect causes eddy current loops -> wall motion

*Only significant in films thicker than a few 10s of nm

99 i |
—-;"’/:\"‘ >
—I—'-'/T\b-& - > ; » + @
00
a) b) c)

Berger, J. Appl. Phys. (1978)
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Early work UNIVERSITY OF LEEDS
«2"d mechanism - ‘s-d St
exchange force’, now o

known as spin transfer

effeCt EXCHAMNGE DRAG FORCE

Walls moved by high / |

current density pulses

*Observed by Kerr
microscopy — wall motion
depends on current
direction

Freitas and Berger, J. Appl. Phys. (1985) s



Wall motion in magnetic wires TR ST G E S

AccV SpotNagn Det WD b FH— 2Om

200KV 30 Bbbx o 66 12 Uneversity of Durtiam

250 . 460 . 660
Current density (GA.m™)
*U-shaped permalloy wire with injection pad
*Wall positioned in corner with vector field

*Dc current applied — pinning field drops due to heating, but difference between
current directions proportional to current density: spin transfer effects move wall (or
at least assist depinning)

Vernier et al., Europhys. Lett. (2004)



Spin Transfer Torgues UNIVERSITY OF LEED

Modified LLG equation given by A. Thiaville et al., Europhys. Lett. 69 990 (2005)
dM dM

W:—70H><M—i—ozl\/1><E—(u-V)l\/I—l—ﬁl\/Ix(u-V)l\/I

% = gyromagnetic ratio, « = Gilbert damping constant, § = ‘non-adiabaticity’ parameter

Implemented in OOMMF code from Antoine Vanhaverbeke http://www.zurich.ibm.com/st/magnetism/spintevolve.html

= -
S RSP -

P~ =

e e
S N e

-

- _—

s

—

/LBJe

u = oM Pdiffusive
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Sample Design UNIVERSITY OF LEED

Wall nucleates in Wall pins in Wall annihilates
_H )
elliptical injection pad patterned notch at pointed end

Vv

SEM

XMCD PEEM F4

Raw PEEM Vector Map

GeiO L SN
SRR

Raw PEEM Simulation

Typical injection fields: 10-15 Oe  Typical depinning fields: 15-20 Oe
Electron beam lithography, sputter ~20 nm Permalloy, 1-2 nm Al or Au cap, lift off



Field-Current Depinning Boundary

H—] ___\140 T T Y T T T
\_/  {enm = —m— £=0.0025 .
- —e— £=0.04
S 100 | —v—£=0.08 -
(@) ~— I
e T Y A a4 A B
********** - NN AN WA dd et 'E 80 -
B e i e S R O T o ST T
- R N N O N I I S E e e, e -
mmmmmmmm waN Y b v e
ewrrmbnmmmy Y b J A 3 60 =
11111111 N N o I A R B et O
rrarsnnmnaA N bl FF A rrcrsrrass s
[
b) o 40 4
************ K FF & e d dr e e e e b B
************ ~ V i F o o ar e i ettt '5 20 B
*********** L N N N N T T c *1
*********** -ww 1 P e L m | Wjdth=128nm
************ vy Yt v rrarree
++++++++++++ SMRNAN b A v 0 9 ] . 7 .
111111111111 AR R RN ERE N EEE et
************ \\\\**‘ﬂf}.’*—‘-o—-—-— 0 10 20 30
() Magnetic Field H (oe)

« Depinning boundary as a function of field
« Shape depends on strength of non-adiabatic ‘field-like’ term

* Nonadiabaticity parameter, ¢ = 8, obtained by curve-fitting results from
micromagnetics simulations.

J. He, Z. Li, S. Zhang, J. Appl. Phys. 98, 016108 (2005)



Simulated Depinning Boundaries UNIVERSITY OF LEEDS

N
—_—
T

P=0.4 . . . . . .
~ —v—simulation: p=0.02( »  Micromagnetic simulations including

18F —e— Simulation: p=0.04 . . . . .
[ — e— Experiment the adiabatic _and nonadlabatlg spin
—4— Simulation: p=0.06 torque terms in the LLG equation (code

—=— Simulation: p=0.1

from Antoine Vanhaverbeke at IBM,
http://www.zurich.ibm.com/st/magnetis

/)

o
O
T

Current Density (lOle/mz)

m/spintevolve.html)
0.6 : - Starting state as obtained from XMCD
0.3 F £} imaging
oop TS, W
0 2 4 6 8 10 12 14 16 .
Magnetic Field (OC) ddll/l |]/|HeffXM+aMde'::/| +UI\Z><(M>< )+ﬁu|\]><%

« Experimental depinning boundary as a function of field compared with
or different values of B8 — best fit gives
=0.040 £ 0.005, P =0.40 £ 0.02.

S. Lepadatu, CHM et al., Phys. Rev. B 79, 094402 (2009)



Spin-dependent Seebeck torque UNIVERSITY OF LEEDS

*Seebeck effect

= any metal

= VT drives a charge current (in
closed circuit)

.
*Spin-dependent Seebeck F 7
effect
= i | v = E h J
erromagnetic meta 0 2o M.

= VT drives a pure spin current

(equal and opposite flows of spin- 2010

T and spin-{ electrons) Js = “ortoy (St — Sy VT

= This spin current exerts a spin-

transfer torque, driving DW
motion. Yi et al., Adv. Funct. Mater. 30, 2004024 (2020).



Spin Seebeck torque UNIVERSITY OF LEED

Observed in YIG film

*SSE takes place in metals
and insulators

VT leads to a magnon current
Magnons carry spin S=1
= =>this is a spin current

*Spin current exerts a spin-
transfer torque on a DW

f=0s =08s I=2.1s {=3.3s {=4.2s {=57s

DW will move towards hot

region ,,

g_ U= _ﬁlh'jlll Jm — k]?;f;r FO
A is thermal magnon a M 6m2Aha
wavelength

Jiang et al., Phys. Rev. Lett. 110, 177202 (2013)



Racetrack memaory UNIVERSITY OF LEED

« Combine MTJ reader with CIDW motion to produce 3D ‘storage class’

memory
a) Memory bit select

Postive
cumem pulse

bi e Tunnel oxide layer . T
Fixed layor

Using Current Pulses to Move Magnetic Domain Walls Magnetic Race-Track Memory records a string of about 100 bits of information
perpendicularly to the Si substrate for each read/write device. This means information density is about 100 times higher than MRAM.
Operating principles are shown for access memory bit select (a), write (b) and read (c). When selecting the memory bit for access a current
pulse is applied to the magnetic material, causing the magnetic domain wall to move. A positive current pulse will move the wall to the right
in the diagram, and a negative one to the left. The quantity of pulses can be controlled for random access, with data read executed after
the target bit has been accessed. (Diagram by Nikkei Electronics based on material courtesy IBM)
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Miron et al., Nature 476, 189 (2011)
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Rashba Mechanism UNIVERSITY OF LEED
Orientation of the SO-induced magnetic field (arrows) as a function of current direction (solid lines)

(@) k, (b) k,
(or

[110]

Dresselhaus

~
S
SN
.
.
*
“

M, (arb. units)
: N
G
¥

/AIOX(2 nm)
f==—Co (0.6 nm) - . )

F 'I\Pt (3nm) -40 -20 0 20 40
B (mT)

*
*
L3
.
»
*
>

Energy isosurface with

Out-of-plane
and without current flow

magnetisation.
Gambardella and Miron, Phil. Trans. R. Soc. A 369, 3175 (2011).

Inversion asymmetric

Moving spins are tilted by
sample

SO field.



Spin Hall Mechanism

——B,=10mT

loe (MA)

(€) Zo—Y Q

”rﬂk
B

Spin current driven vertically into FM
layer (through A) by horizontal charge
current (passing through D).

Liu et al., Phys. Rev. Lett. 109, 096602 (2012).
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MRAM architectures UNIVERSITY OF LEED

J B ¢
f 0 ."M = ) 5 | -/ rRelerence layer e
B3 - B N
- : - Free layer i . , !
Q L - -,- - ’ g s w ! l | : l '
Ha‘d \ e ?-7 ' o v ¢
ﬁiayer 3 ‘h} | i | 1 : )
T I ~ B S i
—— Polarizes Jomain wa 2 b 5 i

Brataas, Kent, and Ohno, Nature Materials 11, 372 (2012).

Switching using current driven torques will
dramatically reduce write energy per bit
(from 100s of pJ to a few pJ).

Liu et al., Science 336, 555 (2012)



MRAM architectures

STT MRAM commercially available

Memory

10" P - Read performance of
@ ﬂ; Toggle MRAM new NVM technologies
RAM

is equivalent

-
=
Spin-transfer Torque MRAM

Write Cycles

' 3D-Xpoint
| Storage|

ReRAM
PCM

N

1Gb commercial chip

IIIII 1.0E-08 19607 1.0E-06 1OE05 1.0E-04 19603

Write Time (seconds)

« Fast write times
« High endurance
* Low power

 Radiation Hard

https://www.everspin.com/spin-transfer-torque-
mram-technology

o

UNIVERSITY OF LEED

SOT MRAM under intense development

In-memory compute

4
SOT MRAM |[—LI-L3

On-chip
(embedded)

- O
Slow L3/eDRAM \%)
&

Off-chip NAND Flash

HDD storage
Archival

STI-MRAM

VCMA-MRAM

Memory hierarchy

« Different memories suitable for
different different points in the
memory hierarchy (at least in the
near future)

Nguyen et al., npj spintronics 2, 48 (2024)



SOT-driven DW motion UNIVERSITY OF LEEDS

« Spin current from » /‘W‘ 3’«‘@?@3”4{”“
SO layer exerts Z “\\.}:@

torques DW yq/v , \a .
* Requires Néel wall

in PMA material:
direction of motion

b > = &y
: . g 300N SHE+DMI € ol D 3 ok
set by wall chirality S 4688
o g o5l 88 o E g9
5E SHE+STT S oap U¥ OO -l 1 -
5> 100} + .- G S
i Torque can be §’ oL SHEonly '\ .- —__”_'—_ ~ 1o} gtuap dow; BYX ~ 1ol
0 -5 0 5 10 600300 0 300 600 600 -300 0 300 600
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* O IS the spin Hall Data for Ta/CoFe/MgO
angle, which
converts charge to

spin current Emori et al., Nature Materials 12, 611 (2013).
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*1.0 —In-plane, STT
«2.0-PMA, STT
3.0 - PMA, SOT

*4.0- PMA synthetic
antiferromagnet, SOT

DW velocities ~ 1km/s In
version 4.0

Parkin & Yang, Nature Nanotech 10, L,
195-198 (2015) i
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The End.
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