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__| FUNDAMENTALS and APPLICATIONS —_Dspintec /|

Fundamentals: curved and 3D magnetism Note: 3D devices make the decision!
: i > T Poly
oy A channel
. — dielectrics
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Metal gate

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

Dreams for a 3D storage device
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S. S. P. Parkin, Science 320, 190 (2008)

A. Fernandez-Pacheco, Nat. Comm. 8, 15756 (2017) + patents (IBM)
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_| MASS STORAGE DEVICES: areal storage_spintec /|

-3

HDD: staggermg arealden5|ty
&
1,000.00
HDD products

— 100.00 2009-2015
= 0
E HDD products 16%/year
8 2003-2009
S 10.00
= 39%/year
£
= 1.00 HDD products
& 1998-2002
< 108%/year

0.10 HDD products

1991-1998
0.01 5%/vear blog dshr org | www.insic. org
1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014

HDD vs Flash Cross-over in 2016

- 1Gb/mm2 - 600Gb/in2...

-/ Magnetic mass storage may only
remain for niche applications
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24-layer 3D NAND Flash
K. T. Park et al.,

IEEE J. Sol. State Circuits 50 (1),

204 (2015)
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__| Walker breakdown in flat strips O spintec /VEH

/
Field-driven case / / Current-driven case
S | J (Alent) x10°
T el 0.0 -Q.5 '1.'0 '1.'5
1= L !
150 F = i —
- S ©150 :
£ 100 ] 0l — l . E’
= 100 0 5 10 15 L |
8 Field (Oe) %‘1 00
g o ' S
50 [ 8 o 90t -
- I |
%0 10 2 3 40 50 60 70 00 -1 'I2 | 'I3 -4
Field (Oe) Voltage (V)
G. S. D. Beach et al., Nat. Mater 4, 741 (2005) M. Hayashi et al., PRL 98, 037204 (2007)

-/ Physics: dynamic transformation of domain walls

- Average speed does not exceed much 100 m/s
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SPIN IN ELECTRONICS

__| Beating Walker with special materials Qspi ntec EEL

Dzyaloshinskii-Moriya interaction Ferrimagnetic materials
+ Spin-Hall currents

,H=40mT
2,000 -
H=60mT

400 1500 - : ;100mT
é 300 —+
2 500 " Field-driven ]
= 200- g : —
'g 200 250 :3:)) 350 400
g Kim et al., Nat. Mater. 16, 1187 (2017)
z 100 T Ta
j(10" Am™)
125 1 g 500 i'
0 -@®— 1.59
0 ~ 100 ~$ 12 / §/§ @
Current density (x 102 A m~2) ) —@— 0.
' E o7t Bou / +/’¢\ i —a—g
l.. M. Miron et al., Nat. Mater. 10, 419 (2011) = // . v
P —0—g_—
A. Thiaville et al., EPL100, 57002 (2012) 050 ¥ :i~.——§/§
0.25 | :/i/"éjé.o—o
: : : " | Current-driven ]
Is direct spin-transfer in ferromagnets 00 T o0 250 300 ™=—mEy
i i ion? T(K
not compatlble with fast DW motion? L. Caretta et al., Natf &Ianotech. 13, 1154, (2018)
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_| DISCUSSED SO FAR ~ Dspintec Ve

PIN IN ELECTRONICS A
institut

- Motivation

W Domain walls in wires
Expectations

e
—
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__ | DOMAIN WALLS IN CYLINDERS  Dspintec /\Ez

Topology of domain walls in 1D What is a Bloch point?

—_— /’ - —_— /59; -

® [ —— ———— — -
Transverse Vortex
X
& / & <2 / &
A @] Y A +—)j Y
Bloch Neel
) ) Magnetization texture with local
/ ( / | / / / | vanishing of magnetization
o o A R. Feldkeller,
: / @ : / : 4 : / Z. Angew. Physik 19, 530 (1965)
| : : z |
— R — — W. Déring,
Transverse-Vortex (TVW) Bloch-point (BPW) J. Appl. Phys. 39, 1006 (1968)

H. Forster, JAP91, 6914 (2002); A. Thiaville, Spin dynamics in
confined magnetic structures Ill, 101, (2006).

i Review : S. Jamet, in Magnetic Nano- and Microwires, M. Vazquez Ed., Woodhead (2015) (arXiv:1412.0679)
. Transverse and vortex walls for IP have same topology: subject to Walker field

J  Bloch-point walls have a different topology
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__| BLOCH-POINT WALLS DYNAMICS

LLG equation

dm dm

— = — mxH+ am X —
di |V0| dt

Qspmt FeL

‘Once-only’ Walker event

1«”’/Ebcked
A. Thiaville, Spin dynamics
in confined magnetic structures Ill, (2006
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Magnonic limit  Tubes (similar to wires)
| | I | I
© 1200 - -
E v FESEgeE eSSy
> m
= 800 +
) I
S
2 400 - —— Walker regime
(@] | —— Magnonic regime
O L 1 ! 1 1 | " 1 L 1
0 2 4 6 8 10
H [mT]
. S itt—
R. Hertel, JPCM 28, 483002 (2016)

. Broad theoretical background

- No experimental report
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__| MOTION OF WALLS UNDER CURRENT Qs pintec EEL

LLG equation

dm dm
— —|y0|m><H+am><d——(u Vim+ fm X [(u:-V)m]

Precession r Damping r Adiabatic r

Strips: Walker breakdown

Non-adiabatic

Cylinders: no Walker I

v ] BPW

velocity steady™

A

4+ velocity v <] TVW

walker

current

current

v

[
»

R. Wieser et al., Phys. Rev. B 82, 144430 (2010)

\ Magnetically-soft materials: [ > « I
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_| DISCUSSED SO FAR ~ Dspintec Ve

PIN IN ELECTRONICS Hstitist

- Motivation

-l Domain walls in wires

Expectations
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__| SYNTHESIS

~ Dspintec Ve

Standard

: 4
g S. Da Col et al.,

J Anodlzatlon of aIummum -> template

. Electroplating -> Magnetic wires

Simple metals and
alloys : Co, Ni,
Fe,oNigy, Co,Nig,

100nm
APL 98, 112501 (2011)

Diameter engineering

- Atomic layer deposition to reduce inner
dlameter at constant pitch

S. Da Col et al., APL 98, 112501 (2011)
- Sequences of anodization/ALD/etching

S. Bochmann, JAP 124, 163907 (2018)
-/ Pulsed anodization

UNIVERSITE
< Grenoble
2 Alpes

Olivier FRUCHART
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_| DISCUSSED SO FAR ~ Dspintec Ve

PIN IN ELECTRONICS A
institut

- Motivation J  ldentify walls

’
S

-l Domain walls in wires

Expectations
[ 4
—— T — L/

- Synthesis

200 nm
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__| XMCD-PEEM TECHNIQUE

0spintec[v?ﬂ

X-Ray Magnetic Circular Dichroism

- Element selectivity

. Fe Ni
i)
-
0
!
: u;
g [
H
\J I L | | L | | |
700 800 900
Photon energy (eV)

- Magnetic sensitivity

790 800
X-ray energy (eV)

780

Photo-Emission Electron Microscopy

‘<
/ ~
analyzer N intermed. y
/ J lenses sector field condenssi (
transf 5
. /\ /. rans l?nreld lenses \ '_‘
projector N / y 2 \\/
: electron gun
screen
‘ contrast
aperture

N

selected area - '*-’J»-"'
aperture

W

beam
sample

- illumination

aperture
m M objective

-/ Synchrotron-based

./ Secondary electrons -> surface
sensitive

.. 25nm resolution in best case

Olivier FRUCHART
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__| IMAGE BOTH WIRES AND SHADOW — Dspintec /|

PIN IN ELECTRONICS A
institut

Locate walls FeNi Image domain walls FeNi
Beam along wire Beam across wire

-/ Non-trivial patterns

-/ Need for modeling
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__| MODELING SHADOW XMCD-PEEM  — Dspintec /|

SHADOW XMCD-PEEM SIMULATION OF CONTRAST
J\ electrons \L
§ - Example:
Shadow < : 5 X Bloch -point wall
area J
S
Q :
I+ O :
= :
o+ > 5
/ \ 0.4 b—
o- 0 100 200 300 400
photo-electrons In-plane distance (nm) 250nm

: S.Jamet et al., PRB92, 144428 (2015)
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__| TWO WALL TOPOLOGIES OBSERVED — spintec /|

Bloch-point walls
Experiment

S. Da-Col et al,,

& SHADOW

- Orthoradial curling

Simulation

WIRE

- Symmetry with respect to
lane perpendicular to axis

Phys. Rev. B (R) 89, 180405, (2014)

Transverse walls
| Experlment

Simulation
-

- Breaking of symmetry

Also imaged with electron
holography:
N. Biziere et al., Nanolett. 13, 2053 (2013)
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_| DISCUSSED SO FAR ~ Dspintec /VEr

PIN IN ELECTRONICS

- Motivation < ldentify walls

-/ Domain walls in wires J  Move walls under field
Expectations

- Synthesis

= UNIVERSITE \I)‘ O|iVIer FRUCHART 23 May 2019 17
Cea % Grenoble "'Am“)“}? 2 p— . = . o1 F - e
% Alpes 7 Domain wall motion in cylindrical nanowires Curvilinear magnetism — KuiB, YKpaiHa )



__| MOVE DOMAIN WALLS - QUASISTATICS @spintec [V‘E’ﬂ

FeNi

Quasistatic motion

SEM

MFM

+4.5mT

& +10.0 mT

M +11.5mT

S. Da-Col, Appl. Phys. Lett. 109, 062406 (2016)
< TEM — o clear correlation with structure

“‘.** 400 nm

ul\/l Stanio et al., J. Phys. Conf. Series (2017)

Material improvement — Annealing
fcc[111]

fcc[200]

< Larger grain size

WMWM

LB s e o
40 42 44 46 48 50 52 76 78 80 82

2 Theta (degrees)

J  Less strain distribution

|

Pioneering with MFM: Y. Henry et al., EPJB 20, 35 (2001)

Pinning field and density decreased

I Not annealed

5,5
[J20' @ 500°C

Olivier FRUCHART
Domain wall motion in cylindrical nanowires
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1,5
1,0 1
0,5
- Q‘k T T I.I T T 1
— 2 3 4 5 6 7 8 9 10
. Field (mT) .
B. Trapp, in preparation
23 May 2019
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__| DYNAMICS - SELECTION OF CIRCULATION ngm;ggc Frt

NICS

Modulated diameter to keep domain walls in wire CoNi
Focus on wire Focus on shadow

-

Selection of circulation (to be confirmed)
Initial Final

—_
-
Energy

A

—

DW position

J  Not a 100% correlation

Field pulse
—>

Field pulse

 C—
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__| DYNAMICS - DOMAIN WALL TRANSFORMATION Q spintec ZZZ

PIN IN ELECTRONICS

Initialized . Switch circulation

BPW‘C‘ No topological
protection

A. Wartelle, PRB99, 024433 (2019)
0 !.,N.VERS.TE- Olivier FRUCHART 23 May 2019 20
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__| DW TRANSFORMATION - SIMULATIONS Qspmt Fer

‘ How does topology change?

AN
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Or— L
106 T Tz (mm)
_100- . 2,
~200} | \
| ~
Topologlcal number
- BPW
TVW "
AL X . . . .
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Time (ns)

< Driven by dynamics

< TVW ->BPW: induction tube twists
and unwinds

< BPW ->TVW: still unclear

< Opens computational and material
science challenges

.\_:>

A. Wartelle, PRB99, 024433 (2019)
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_| DISCUSSED SO FAR ~ Dspintec Ve

PIN IN ELECTRONICS Hstitist

.. Motivation < ldentify walls
2
-/ Domain walls in wires .. Move walls under field
Expectations

/ / /\ b TR .

& ~ i

. &

& /

— [ - \
- Synthesis W Move walls under current

200 nm
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Cea % Grenoble *""""" ) L . - . . = .1e . = =
£ Alpes 7 Domain wall motion in cylindrical nanowires Curvilinear magnetism — KuiB, YkpaiHa



__| ELECTRICAL CONTACTING

~ Dspintec Ve

Process

Optical mask

Tranfer to
resist +
Etching

Ti\Au +
lift-off

Output

Two- or
four contacts

Resistance (Q)

AR/R, = 1.6
U, =~ 650 mT

Magnetic Field (T)

@ !UN.VERS.Té . ”)\']‘ Olivier FRUCHART
< ) Grenoble “"“"""'Y - AE— . . .
£ Alpes 7 Domain wall motion in cylindrical nanowires
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__| MOTION OF WALL UNDER CURRENT @ spintec [V‘EEL

-

Evidence Initial state »| Ni, 200nm diameter

AFM

j = 1.5- 1012A/m2
during 30 ns

j = 1.5- 1012A/m2
during 30 ns

-200

Phazel, 10-3°

< Lower bound for domain-wall speed v Z 350 m/s

< Hint of high mobility for Bloch-point domain wall?

@ ! .oy Olivier FRUCHART 23 May 2019 24
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NICS

__| MOTION OF WALL UNDER CURRENT Qs pintec /VEe

~ _7
Co,,Nig, Wires, diameter PcoNi = 3.5:1077 Q-m
. ~ 10-7
100nm. FoV 9um Phuk = 1077 Q- m

Wall type — Switching of Bloch-point wall circulation
j=—1.7-10%A/m?

%wu el n .- e ——

> @7 p—
. DR v 1 g LA 3 I
e (=0
—

j=+1.7-10%A/m?

.

o . S . C- - |
A | Xray Beam |

« Striking difference with field-driven case: only Bloch-point walls
< Circulation of magnetization determined by sign of current

< Contrary to predictions: does not depend on direction of motion

0 !.,N.vm”g )\)‘ Olivier FRUCHART 23 May 2019 25
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__| MOTION OF WALL UNDER CURRENT QSBN ntec /VEEL

Experiments: Simulations NN, Ny//‘/‘/‘/‘/‘
probability for switching circulation J>Jc
100% {EEEm Em mmE = = Wil‘e1 EEEMNE EEE EEN

+ Wire 2

A 10=t<20 ns ‘

. 20=t<30ns

| . 30=t<40 ns "
50% . B -

0% . T-.A . AITI . :----:I T. 5 l /

=2 1 0
j (1012 Am2)

200 402 axis (an)OU 800

 Threshold current for switching
< Driving force: (Ersted field, disregarded so far
< Quantitative agreement between experiments and simulation
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__| MOTION OF WALL UNDER CURRENT Qspi ntec /VE£L

PIN IN ELECTRONICS A
institut

‘ CoNi wires, diameter 100nm.
| FoV 17um

Motion under current

—1.3- 1012A/m2
< 30 ns

AAE3N 012 A 2

R e 307

| PcoNi = 3.5 10_7 Q-m
*/W\./_ | X-ray Beam
; ~ 10_7 Q ‘m

Pbulk
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__| MOTION OF WALL UNDER CURRENT Qspi ntec Z‘ﬂ

PIN IN ELECTRONICS

Statistics on Bloch-point wall speed

700
600 - ——
5=<t<10 ns
500 A 10 =t<15 ns
15 =t<25 ns U Pinning:
< 400] 25=t<35ns Pinning: shorter pulse
Z 35 <t ns provides larger speed
§300- . Compatible only with
below-Walker regime
200 -
< Fivefold-largest STT speed
100 - in ferromagnetic material
0. < The magnonic regime is at

3.0 hand

O MFM (high bandwidth)
@ PEEM (low bandwidth)

" CoyNig, wires, diameter 100nm l H M. Schébitz et al, arXiv: 1903.08377

: UNIVERSITE \.)\ Olivier FRUCHART 23 May 2019 28
Cea s Grenoble GWMW)‘T 2 p— . = . o1 F - e
£ Alpes 7 Domain wall motion in cylindrical nanowires Curvilinear magnetism — KuiB, YKpaiHa




_| TAKE-AWAY MESSAGES ~ Dspintec Ve

.. Motivation = ldentify walls

ﬂ!i

-/ Domain walls in wires
Expectations

— =/
@@4_/

- Synthesis .. Move walls under current

B g o o oo

M. Schobitz et al, arXiv: 1903.08377

< Wall topology may change
under field.
Intrinsic + defects?

. (Ersted field stabilizes
BPW. High speed, no
Walker breakdown

) Record for STT-driven wall
in ferromagnet

1
(e

) The magnonic regime may
be at hand
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_| Review - — Dspintec/ Ve

M. Stano, O. Fruchart,

Magnetic Nanowires and nanotubes
(2018)

arXiv: 1808.04656
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