Views on the 3D race-track memory
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Magnetic domain walls in cylindrical
nanowires — Fundamental
challenges for a 3D storage media
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_| MOTIVATION [VFEL ~ Dspintec

Proposal for a 3D racgack memory

- What hasbeendone?

w 2
S. S. FParkin Science 320, 190 (2008 Dreams?Challenges

ScientificAmericanJune 76 (2009
+ patents (IBM)
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__| BACKGROUND: areal storage

Steady progress of HDD, howev:
incremental, keeping the design

Staggering areal density

| o msomoncn - Increasing fundamental and
S i technologicalbottlenecks
I e e _ - Any 2D-based technology is
O o boundto faceanend
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__| BACKGROUND: areal storage MEA @spintec

»

CTF
dielectrics

- 1Gb/mm2 M600Gb/in2...

, - Magneticmassstoragemay only
| M%tal gate remainfor nicheapplications

. - 4
Competing technologies go 3D
90
J
80 ‘
701 U
601 3D V-NAND
24-layer 3D NAND Flash ? e
- ™ e Planar o SN .
“' : ':.‘ ¢ ' ;_ p 40 9} v @ @ '__ ........... ﬁ ----[ii
':va. ot Al o i #al = O 326b 2142:”5& 1Tb
":':.:‘ :::;" ] Uuuu
: "&..’ §¢ & ", Q* i‘ 20 0 U
& e O g s Ay 64Gb “Z1286Gb
4 ;' > :: Py :" L:« 13 101 ixnm Lyam
- T > . R . L] T T T L] T T T L
L s :h‘ . p :‘: Ay s 05 o7 ‘09 11 13 M5 17 Year
A W o Q: Ry
“ A e . %
il Y Pol
B TaN g MG g Y
¢ Mt N8 . gD channel
# : o X A
a " ¥
e D
o

e 00 B A

e 2 0

> W

oy
#,
-,
™
L

5

v
BEXTE
L T 8N
A R T N
- o .

PSRN ER P EERE D FEE D ER

& o B

K. T. Park et al., IEEE J. Sol. State Circuits 50 (1), 204 (2015)
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__| ACHIEVEMENTS ARQUND DW! DEVICEREEL — Dspintec

Logic (fielddriven) Memory (currentdriven)
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_ L. Thomas et al., IEEE Internatidikctron

- 2D demonstrators Competitive?

.. 3D appealing Probablya dream
with very severebottlenecks

@ )\)| Olivier FRUCHART 15t Sep. 2016 6
% G.’,‘i{,‘;’b'e 7! Challenges for a 3D ragack memory SPIE 2016pintronicsc San Diego 7



__| DISCUSSED SO FAR Fer —~ Dspintec

.. Motivation
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.| TO BE DISCUSSED

/foé spintec

Synthesis strategy
. Anodlzatlonofalumlnum >temp|ate

a’ .‘1'-

‘H Masuda Smence 268, 1466468 (1995)

. Electroplating> Magneticwires

Simple metaland
alloys: Cq Ni,
Fe,oNigg, CQoNIigg

Our focus: identify bottlenecks

- Synthesisdeepand structu red pores.

J

S. DaCol et al., PRB (R) 89, 180405, (2014

- Movedomainwalls

S. DaCol et al. APL109, 062402016)

- Tackledipolarinteractions

S. Da Col et alPL98, 112501 (2011) o P S
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__| DOMAINWALL SEXPECTED/IN CYLINDERWEL ngintec

N IN ELECTRONICS

Blochpoint wall © m xw

\
. / -

Transverse wall O M xw
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H. Forster et al., Appl. Phys. 91, 6914 (2002)

A.Thiaville YNakatanV B. Hillebrands A.Thiaville(ed.),
Spindynamicsan confinedmagneticstructures Ill, 101, 16206 (2006]

- Sometimes improperly
called vortex wall

What is a Bloch point?

% ! )\]‘ Olivier FRUCHART
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X Z Angew Physik 19, 530 (1965)

A magnetizationtexture with local
cancellation of the magnetization vector

R. Feldkeller

W. Déring
J Appl. Phys. 39, 1006 (1968)
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| EXPECTED PRECESSIONAL DYNAMWE[ ~ Dspintec

LLG equation
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A.Thiavilleet al., in Spidynagaican confinedmagneticstructures lll, p.16206 (2006)
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- Righthand rule vs direction of motion
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.. Same physics predicted (later) for tubes




_j TOROLOGYFOF TRANSVBRORTEX\WALELS

Fry

institut

—__7spIntec

Wires with square crossection
Side 30nm <)
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Transverse
walls have
both
transverse
and vortex
features

Olivier FRUCHART

UNIVERSITE \l |
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_| TOROLOGYOFDOMAINWALLS /VEEL ~ Dspintec

Two topologies for domain walls J Transverse and vortex
_M - — ey — walls share the same
— — topolo
Transverse Vortex PO
- Also identical to Bloch
Y z z and Néel walls for perp
X 2] Y K =3 v . -
Bloch Néel magnetization
1' ) .. Walker field = changes
/ | ( / | / | / / | of texture within the
- N I . same family
A /H_ '\/ e / - Blochpoint walls have a
Transversev/ortex (TVW)|  Blochpoint (BPW) different topology
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| EXTENDED-RPHASE DIAGRAM OF WALLS WEL Qsp

Analytics and simulation

L. 1st order transitions
At
: ___ . ______2nd order transitions
N I ‘1
\\\:\ l\
'/ DL .. Covers from flat strip to
.' . SRR, square/disk wires
1 | “‘%@ .
T : PN \ - Blochpoint walls should
Y- " . .
g W A A — exist for a wide range of
ro\ g . .
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8 Review chapter S. Jamet et al., in Magnetic Nammd Microwires: Design, synthesis,

properties and appllcatlons M. Vazquez Iﬂdqodhead(ZOlS) (arXiv:1412.0679
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_| DISCUSSED SO FAR /VEEL « Dispintec

.. Motivation

- Expectationsfor
domainwalls

e
—
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_| NUGEEATECDOMAINMWALLS  /VEE — Dspintec

BOTTLENECK: how to nucleation domain walls in cylindrical wires?

Route 1: bends FeNi Route 2: diameter modulations
Energy

e A AP
Y SR o
U— — 500 nm —i

—>
DW position

e O B R K i e B

MEFM

NB: similar to procedure with strips
T. Taniyama, Phys. Rev. Lett. 82, 2780 (1999

Increase of diameter induces an
energy barrier for domain walls

N’

“S. DaCol et al. Appl. Phys. Lett. 109, 0624(#8016)

=
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. DISCUSSED SO FAR

.. Motivation

- Expectationsfor
domainwalls

e
—

-~ Nucleatewalls

spintec
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_| XMCRPEEMITECHNIQUE

ME[ ~ Dispintec

X-Ray magnetic circular dichroism
Element selectivity

. Fe Ni
)
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- Magnetic sensitivity
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Photo-Emission Electron Microscopy

’ ~
~
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- Synchrotronbased

.. Secondary electrons> surface
sensitive

25nm resolution in best case

-
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_| IMAGEBOTHWIRESAND SHADQﬂVEEL spintec

titut

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

- Nontrivial patterns

- Need for modeling
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_| MODELING ISHADOMUXMBEEM  /VEEL ~ Dspintec

institut

SHADOW XMCGBEEM SIMULATION OF CONTRAST
J\ electrons \L
g E - : . Example:
Shadow J < | X Blochpomt wall
area
s |
|+ Q !
= :
o+ > 5
/ \ 0.4 b—
o- 0 100 200 300 400
photo-electrons In-plane distance (nm) 250nm

B S. Jamet et alPRB92, 144428 (2015)
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_| TWO WAL TOPOLOGIESOBSERNEAR. — Dspintec

institut

Transverse walls

Bloch-point walls
xperlment

Experiment Simulation

WIRE

Simulation
-

- Breakingof symmetry

u Orthoradialcurling

< Symmetry with respect to
planeperpendicularto axis

Also imaged with electron
holography

= S DaCol et al., PhyS Rev. B (R) 89, 180405, (2014) N.Biziereset al.,Nanolett 13, 2053 (2013
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__| DISCUSSED SO FAR FEL  Dspintec

institut

- Motivation - ldentifywalls

A 4 g g

- Expectationsfor
domainwalls

L
==

-~ Nucleatewalls
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_| MOVEIDOMAIN'WALLS

ME[ @spintec

Quasistatic motion

FeNi

SEM

wS. DaCol et al,
uAppI. Phys. Lett. 109, 0624(016)

Olivier FRUCHART
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Pinning fields
-~ Measureddistribution

|

0

= N W b

Counts

Ml onn

15
Propagation field (mT)

- Electron holographyg No clear
correlation with structure

k 400 nm

[Jad)

Optimization of

{ ét blz2JBIMM, submitted
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__| DYINAMICE SEEECTION OF CIRCULATION /V_L‘EL  Dspintec

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

-

n
Energy
A

—

DW position

Selection of circulatior{to be confirmed) |
Initial Final

Field pulse §
—>

Field pulse ¥
& |
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__| DYNAMIGE DOMAINWALL TRANSFORMATlOWEL Qs pintec

Switch circulation

No topological
protection

Work on material

A. Wartelle, in preparation
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__| DISCUSSED SO FAR FeL  Dspintec

institut

- Motivation - ldentifywalls

- Expectationsfor - Movewalls
domainwalls

L
==

-~ Nucleatewalls
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_| EVIDENCE DIPOLAR INTERACTIONS  /VEEL ~ Dspintec

Magnetization process

- Dominated by shape anisotropy
for soft magnetic materials

1]

- Nucleation- Propagation
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| 1 1
0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
magnetic induction (T)

normalized magnetization

Minor loops |

Applies to remagnetization with wall motion

1.0

0.8

0.6
m

O
=

T T
g e L e B B

ﬂ{m it

Ni,diameter39nm -
Remagnetizatiomoops

0.06 0.12 0.18
Magnetic induction (T)

.. Shear largely dominated by

Inter-wire dipolar interactions
-> Crosstalk

Olivier FRUCHART

./ Solutions are needed to avoid
crosstalk

Challenges for a 3D ragack memory
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u HARDWARE ORTICGNREDUCEPOROSITY ffl QSPIHtGC

institut

Shear related to demagnetization factor

; :
0 25 (T faro
o M S C

Matrix “ 0
orosity:n ——| —
LL, RS- C\/C_J(C))

A.EncinasOropesa et al., PRE, 1044152001)

Reduce porosity

J Apply atomic layer deposition to reduce
mner dlameter at constant pitch

S. DeCol et al., AP88, 112501 (2011)

Application to domain walls

10_ -""H_'I||H|HFHF|:|I=I=l|—|-|-|-
- .l _E ./. ]
0.8r NI
Uag porosity p
0.4 . 10%
/ — 11%
i — 13%
o2 — 18%
e —— 23% |
o 0.3

1000

FOR
measurement

I Coerciyity  Coll. Univ.
° ™ e ™ Hamburg & Erlange

- @ ! o)y} Olivier FRUCHART
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_ | SOFTWAREFOPTN@QEOD

NG

Mfé Ospintec

3D matrix needs to be globally withero
moment to avoid longrange crosgalks

e

Basic building block with zero moment
® —>0<—090

0<—0 >0 1

Here: one bit per two physical sites

Example, two bits:

e >0<—©0
oO<—@©0

»>Q@9=<—@ 00
01
10

11

® >0<
o<—©0
@<«<—©0

> @

>»@ >0 =<—@0

»@Q <@ —>@

T C  states

= 4 sites per two bits

Olivier FRUCHART
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Can be extended to fautolerant
coding

® — 00— @O =

O<—00

Q@ <@ <—0—0—0 1

- The transition and its polarity are not
lost if a DW is not shifted, or shifter
twice

®@<—00

.. Hardware solution not
necessary for global interaction.
dzu X
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_| LOCALNNTERACTIONS

Err ~ Dspintec

institut

Intra-wire and interwire interactions remain between neighboring domain walls

Analytical modeling

Micromagnetic simulations

Interaction energy

Scaling law for interaction field

- (l)u
¢

S/ .
n
440 (//Q[/O/)
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