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What are we talking about? QS pintec

Emergent

The term emergent is used to evoke collective behaviour ofa  The general notion of emergence is meant to conjoin these
large number of microscopic constituents that is qualitatively  twin characteristics of dependence and autonomy. It mediates
different than the behaviours of the individual constituents between extreme forms of dualism, which reject the micro-
dependence of some entities, and reductionism, which rejects

The modifier ‘emergent’ sometimes appears simply as a macro-autonomy

colloguial indication that a particular property is of great
fundamental importance, and thus newsworthy and highly Timothy O’Connor, Emergent properties, Stanford
fundable encyclopedia of philosophy (2020)

S. Kivelson, Defining emergence in physics, N. J. Phys. Quant.
Mater. 1, 16024 (2016)

The concept of emergence is closely connected with the
notions of antireductionism, unpredictability, and novelty. In
many cases these latter concepts are explicated in
mereological terms: very crudely, something is emergent
when it (the whole) is greater than the sum of its parts

R. W. Batterman, Emergence in physics, Routledge
Encyclopedia of Philosophy
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What are we talking about? QS pintec

3D nanomagnets

Philosophical question: is a domain a 3D object? Is a domain wall an object?

A. Masseboeuf, Phys. Rev. Lett. 104, 127204 (2010)

L. Landau,
Phys. Z. Sowjetunion 8, 153 (1935)

|:> We will consider both 3D nanomagnets and 3D spin textures
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Sharp rise of contributions on 3D nanomagnetism QS pintec

R. Streubel, J.Phys.D: Appl.Phys. 49, 363001 (2016)

A. Fernandez-Pacheco, Nat. Comm., 8, (2017) A. Fernandez-Pacheco, Nat. Comm., 8, (2017)
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Emergent Physics or Emergent Nanomagnets?

Let us remain humble about emergent physics

Ospintec

Bloch points
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Magnetostatically-coupled bilayered bubble-media films

Y.S. Lin, Appl. Phys. Lett. 23, 485 (1973)

R. Feldtkeller,
Z. Angew. Phys.
19, 350 (1965)

S

R. Hertel,

Skyrmions in synthetic antiferromagnets Matter. 23,
483002 (2016)

R. Juge, Nat. Comm. 13, 4807 (2022)

J. Phys. Condens.
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Some non-emergent references QS pintec

My purpose here

Personal and light overview

Keep in mind main ideas not
detailed concepts and maths

Not a research talk

ivi - i ice i MMM 2022 - Minneapolis — 2022-11
Olivier FRUCHART - Emerging Physics in 3D Nanomagnets Tutorial: towards 3D Nanomaenetism 7



Table of contents

What are we
talking about?

General considerations

A Z

Y

Olivier FRUCHART - Emerging Physics in 3D Nanomagnets

Q spintec

MMM 2022 — Minneapolis — 2022-11 8
Tutorial: towards 3D Nanomagnetism



General considerations — What is 3D?

QS pintec

Space

Physical quantities (incl. magnetization) defined at any
location in space

M = M(x,y,2)

C. Donnnelly, Phys. Rev. Lett. 114, 115501 (2015)

Features: shape, dimensions, dimensionality

Single-domain

Size > magn. length scale

Magnetization components

Vector field for magnetization has three components

M = MR+ M, + M,2

South

g

Domain Wall Width

e

Simple’spiral or wall: 2D A. Fert, Skyrmion: 3D
Nat. Nanotech. 8, 152 (2013)

Mapping magnetization on the unit sphere

Vortex

Skrymion

In: H.B. Braun, Solitons in real space: domain walls, vortices,

hedgehogs and skyrmions, Springer (2018)
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General considerations — Chirality Qs pintec

IN IN ELECTRONICS

(Counter-)examples

Definition
An object that cannot be superimposed Not all curling structures are chiral
onto itself, following a mirror symmetry e . Chiral

Two vectors do not allow chirality (the \j ] ) \/
image can be flipped 180°) ,C 1A Not chiral

-
- -
—

Competition or promotion with chiral physical

effects, i.e., those involving a vector product
LLG equation

Three vectors are required for chirality dm — —|y0|m X H+ am X d—m

= A Az E dt

Spin-orbit
torques
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Magnetostatics — Ways to handle it Q spintec

Analogy with electrostatics Useful expressions

Maxwell equation> V- -Hy = -V -M 1
gdz_EMOJf MHddV
IV-m(@)] (r—r’ v
o=, IO 1
P 41t |r — r'| c o= HZ 4V
d—zﬂo d
1%
To lift the singularity that may arise at boundaries,

a volume integration around the boundaries yields: 1
r')(r—r’ o) (r—r' = —
Hd(r)=jjjp( ) ( )dv,+# e a=1) | lea =5k ffjv p AV + g o

4t |lr —1'|3 4t lr —1'|3

. Always positive
Magnetic charges P

p(r)=— M, V- m(r) — volume density of magnetic charges Zero means minimum

ag(r)=M; m(r) - n(r) — surface density of magnetic charges
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Magnetostatics — Size considerations Q spintec

Size considerations

o) (r—r’)
H4(r) = Volume + # ds’
a(r) At |r — 1r'|3
Unchanged if all lengths are scaled: homothetic.
NB: the following is a solid angle:
r—r’)ds’
P ( )

Ir—r'|3

H, does not depend on the size of the body (long-range interaction)

Forces and torques scale with 1/size |_ Applications I
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Magnetostatics — Range considerations Q spintec

Range Non-homogeneity
Example: upper bound of dipolar field in thin Example: flat strip with aspect ratio 0.0125
films 0.25

IHg (0l < M tj— dr
/ \.

r'/ *72 R

L\ ///

=) IHs(R)Il < Cste + O(1/R) True profile

Average (demag coefficient)

0.10

0.00
0 100 200

Lateral position (a.u.
Dipolar fields are short-ranged and inhomogeneous in low dimensions

Consequences: non-uniform magnetization switching, edge modes etc.

E;|I> A 1D/2D system in space behaves very differently from a nano-bulk magnets
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Magnetostatics — Curling QS pintec

Historical background Example in 3D nanomagnets

Introduced in the context of the Brown End curling in elongated 3D objects (wires etc.)

paradox for magnetization reversal

Curling spreads surface charges into volume charges

ag(r)=M; m(r) - n(r)

p(r)=—M,V-m(r) = —-M it

> 0z

Notes

_ Surface + volume charges is conserved
E. H. Frei, Phys. Rev. 106, 446 (1957)

Curling may develop whenever a dimensi
than 7 dipol h length
an 7 dipolar exchange lengths A, = ZA/.UOMSZ
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Magnetostatics — Interactions and information coding

Q spintec

3D matrix needs to be globally with zero
moment to avoid long-range cross-talks

Basic building block with zero moment
® ——>0<—900

0<—0 >0 1

- , Here: one bit per two physical sites
S. S. P. Parkin, Science 320,

190 (2008) + patents (IBM) Example, two bits:

® >0<— 0 >0<—0 00
® >0<—0<—0—>0 01
O<—0 >0 >0<—0 10

O=<— 0 >0=<—0—>0 11

= 2% states

|:> 4 sites per two bits

Can be extended to fault-tolerant
coding

®O—0—> 0 <«<—0<—00

@@ <—0—>0—>0 1

The transition and its polarity are not
lost if a DW is not shifted, or shifter
twice
@O—0@0<«—0@0 <——0<—00
o > Q—> @ > Q@ <«<—@0 0

Hardware solution not
necessary to decrease global
interaction
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Spin textures — Zoology in a 3D body (1/2) QS pintec

Bloch point (OD) Vortex ring (1D)
Local vanishing of magnetization Loop of vorticity (not a loop of a vortex)
Polarization (core Vorticity
magnetization)
1/
Imposed by boundary conditions <=
Does not exist in 2D magnets
The only singularity in a
ferromagnetic body
R. Feldkeller, T 200
Z. Angew. Physik 19, 530 (1965) Experiments: C. Donnelly, Nat. Phys. 17, 316 (2020)
W. Déring, Prediction:  N. R. Cooper, Phys. Rev. Lett. 82, 1554 (1999)
J. Appl. Phys. 39, 1006 (1968) Vorticity: N. Papanicolaou, NATO, ASI series C404, 151 (1993)
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Spin textures — Zoology in a 3D body (2/2) QS pintec

Skyrmion tubes and bobbers Hopfions
3D Skyrmionic loops
extrusion of
a skyrmion
Only in
3D
FeGe B20

Does not exist in 2D magnets

Prediction: o
F. N. Rybakov, Phys. Rev. Lett. 115, 117201 (2015) Similarity with vortex loops
Experiments: Higher orders exist

F. Zheng, Nat. Nanotech. 13, 451 (2018) P. Sutcliffe, Phys. Rev. Lett. 118, 247203 (2017)

Note: there are mathematically-defined topological numbers to characterize all these structures
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Spin textures — Domain walls in cylindrical structures (1/2) QS pintec

Topology of domain walls in 3D conduits
Transverse Vortex
Bloch Neel
Transverse-Vortex (TVW) Bloch-point (BPW)
H. Forster, JAP91, 6914 (2002); A. Thiaville, Spin dynamics in
confined magnetic structures Ill, 101, (2006).

Bloch point
R. Feldkeller,
Z. Angew. Physik 19, 530 (1965)

W. Doring,
J. Appl. Phys. 39, 1006 (1968)

Transverse and vortex walls for films
have same topology

Bloch-point walls have a different
topology

BPW and TVW have the same charge

Review : S. Jamet, in Magnetic Nano- and Microwires, M. Vazquez Ed., Woodhead (2015) (arXiv:1412.0679)
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Spin textures — Domain walls in cylindrical structures (2/2) QS pintec

Bloch-point walls
Experiment

WIRE

SHADOW

Simulation

Orthoradial curling

Symmetry with respect to
plane perpendicular to axis

., Phys. Rev. B (R
Olivier FRUCHART - Emerging Physics in 3D Nanomagnets

Transverse walls
Experiment

Simulation

Also imaged with electron holography:
N. Biziere et al., Nanolett. 13, 2053 (2013)
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Spin textures — Curvature, mapping of coordinates (1/2) QS pintec

Example:
the cylindrical geometry

Real physical object
Space: (p, @, z)
Magnetization: (6, ®)

Surface (locally) unwrapped

Exchange energy Curvature term once mapped to

curvillinear coordinates

M. Stano, Magnetic nanowires and nanotubes,
Handbook of Magnetic Materials 27, Elsevier (2018)
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Spin textures — Curvature, mapping of coordinates (2/2) QS pintec

Effective anisotropy and Dzyaloshinskii-Moriya energy  Specific case: cylindrical geometry
Curvature-induced anisotropy Curvature-induced chirality

Wall < 180° Wall > 180°

M. Stano, Magnetic nanowires and nanotubes, Handbook of Magnetic Materials 27, Elsevier (2018)

ivi - i icei MMM 2022 — Minneapolis — 2022-11
Olivier FRUCHART - Emerging Physics in 3D Nanomagnets Tutorial: towards 3D Nanomasneticm 23



Spin textures — Curvature, examples (1/2) QS pintec

General situations Example: elements with curved surface

D. D. Sheka, Comm. Phys. 3, 128 (2020)

C. Dietrich, Phys. Rev. B 77, 174427 (2008)
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Spin textures — Curvature, examples (1/2) QS pintec

Example: half-sphere nanodot Example: magnetic chirality by geometry
— Usual Vortex state replaced with | FEBID Co I
radial edges (see magnetostatics at

sharp edges)

P=1, radial=1 — Higher energy

Axially-magnetized As-grown

— Chiral longitudinal — Chiral transverse
helixes helixes
P=1, radial=-1 — Lower energy

E. Berganza, Nanoscale 12, 18646 (2020)

D. Sanz-Hernandez, ACS Nano 14, 8084 (2020)
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Spin textures — Microstructure and magnetostatics may compete Qs pintec

N [N ELECTRONICS

Growth-induced curvature-related magnetic anisotropy — Azimuthal magnetization

. PEEM I

Electroless CoNiB,
D=500nm

M. Stano et al.,
SciPost Phys. 5,
038 (2018)

Olivier FRUCHART - Emerging Physics in 3D Nanomagnets

PVD-capped (permalloy)VLS GaAs hexagonal wires

. STXM I

CVD: M. Zimmermann, NanolLett 18, 2828 (2018)
ALD: M.C. Giordano, ACS Appl. Mater. Interf. 12, 40443 (2020)
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Magnetization dynamics — Motion of domain walls in wires/tubes (1/4Qspi ntec

SPIN IN ELECTRONICS

Precessional dynamics of transverse walls under magnetic field Wall speed

v = alyy|AH

— / - i3 = |]/0|AH/a

Walker field Hy = aMg/2
~ few mT

Precessional dynamics under magnetic field

dm dm

—_— == mx-xH+amX—
de Ivol dt Walker speed ¥V = |yo|M;A/2

up to = 100 m/s,to km/s

A. Thiaville, Y. Nakatani, Domain-wall dynamics in nanowires and nanostrips,
in Spin dynamics in confined magnetic structures {lll}, Springer (2006)
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Magnetization dynamics — Motion of domain walls in wires/tubes (2/4Q5|;i ntec

N [N ELECTRONICS

‘Once-only’ Walker event in Bloch-point walls

The Bloch point

- - =~
- = ~
& ~
& \
s
/ \\

d v
i \
1
\

(0H \/
( Unstable
ructures Ill, (2006)

)(-/Locked

A. Thiaville, Spin dynamics in confined magnetic

Magnonic limit  Tubes (similar to wires)

M. Yan et al., Appl. Phys. Lett. 99, 122505 (2011)

LLG equation

dm dm

— = — mxH+ am X —
dt 1Yol dt

Circulation related to direction of motion
Curvature-&-LLG-induced dynamics chirality

Olivier FRUCHART — Emerging Physics in 3D Nanomagnets
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SPIN IN ELECTRONICS

Magnetization dynamics — Motion of domain walls in wires/tubes (3/4@5 pintec

2 |
2 é_l

A. Wartelle, PRB99, 024433 (2019)

Motion under quasistatic magnetic field ' XMCD-PEEM I

> |

Fe,oNig,, 140nm |

How does topology change?

Simulations
41341

No topological protection !

Not predicted previously

Olivier FRUCHART - Emerging Physics in 3D Nanomagnets
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Magnetization dynamics — Motion of domain walls in wires/tubes (4/4@5@ ntec

IN IN ELECTRONICS

Bloch-point wall motion under current

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

M. Schébitz et al, PRL123, 217201 (2019)

Largest STT speed in ferromagnetic material
Compatible only with below-Walker regime

The magnonic regime is at hand

£f=100nm D =130 nm

j=2.6x10'2A/m2(1ns) | XMCOM |

Note similar recent experimental report C. Bran et al, arXiv 2210.01480 (2022)
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Magnetization dynamics — Non-reciprocal spin-wave dispersion (1/2) Qs pintec

IN IN ELECTRONICS

Spin waves : non-reciprocity Underlying physics Daemon Eshbach geometry: M and k orthogonal

Magnetization: azimuthal Towards right - Top-surface confinement favored

Charge
compensation

LLG
precession

C Towards left - Bottom-surface confinement favored

Charge 0x
J. A. Otalora, Phys. Rev. Lett. 117, 227203 (2016) § |compensation

LLG equation

dm dm

— = — mxH+ am X —
dt 1Yol dt

Outer and inner surfaces of tube are inequivalent

Physics = combination of LLG chirality and curvature of tube
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IN IN ELECTRONICS

Magnetization dynamics — Non-reciprocal spin-wave dispersion (2/2) QSQI ntec

Material and setup
Nanotube with azimuthal magnetization excited locally
with a narrow antenna

L. Kérber, Phys. Rev. B 104, 184429 (2021)

Magnetization dynamics

Edge modes Facet modes

\ Time-resolved STXM I

Olivier FRUCHART - Emerging Physics in 3D Nanomagnets
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Spintronics in 3D — Field is largely ahead of us Qsplntec

Material and patterning challenges Spin accumulation
Implement other effects than STT, such as ,
magnetoresistance and spin-orbit torques. Requires Curvature and spin
core-shell multilayers accumulation
Electrical contacting Interaction with spin textures

with large gradients, such as
Materials with low electrical resistance Bloch points

Example: transverse spin
accumulation across a

transverse wall in a strip
M. Sturma, Phys. Rev. 94, 104405 (2016)

—

Heat management Diffusive versus ballistic regimes
Cool free-standing 3D nanomagnets Quantum coherence of edge currents (Tl etc.)

Quantum effects

Temperature gradients at modulations of section
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Spintronics in 3D - Critical role of CErsted fields (1/3)

Q ISPIN IN ELECTRON]CS

CErsted fields
3D -> Larger than for flat films

Note: similar issue in point-contact STNO
1
HoHe(r) = Spojr 7= 50nm
j = 102 A/m?

=) oHg =30 mT

Olivier FRUCHART - Emerging Physics in 3D Nanomagnets

Direct evidence
Bipolar urrent pulse €)

Co4,Ni,, Wire, diameter 100nm
STXM + XMCD + pump-probe

Pulse - (3 ns) Averaged still frames Interpulse (100 ns)

Interpulse (100 ns)
M. Schobitz et al., APL 118, 172411 (2021)

Pulse + (3 ns)
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Tutorial: towards 3D Nanomagnetlsm



Spintronics in 3D — Critical role of CErsted fields (2/3) ~ Dspintec

N [N ELECTRONICS

Experiments: only Bloch-point wall with a given circulation

_ah

(=0

' Cogy,Ni,, wires, diameter 90nm l ( E ( ) |
M. Schobitz et al, PRL123, 217201 (2019) ——J

Simulations of the switching current

€
€y

— [ <

S

\Y

A. De Riz et al., PRB 103, 054430 (2021)

Stabilizes Bloch-point domain walls (contrasts with field-driven case)
Contrary to predictions: chirality negative with direction of motion

Olivier FRUCHART - Emerging Physics in 3D Nanomagnets
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Spintronics in 3D — Critical role of CErsted fields (3/3) ~ Dspintec

Material - Domain wall motion driven by (Ersted field

CoNiB shell: (34 + 4) nm
Cu core: (117 £ 13) nm

External diameter: (578 £ 5) nm

j~2x10""A/m? WoHog = 19 mT
Simple : rotational symmetry, periodic boundary conditions

Short and intense pulses of magnetic field
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A few references O spintec

Reviews \

Magnetism in curved geometries, R. Streubel et al., J. APpl. Phys. 129, 210902 (2021)

Nonlocal chiral symmetry breaking in curvilinear magnetic shells, D. D. Sheka, Comm. Phys. 3, 128 (2020)

Advances in artificial spin ice, Skjaervo et al (2020)

Neuromorphic spintronics, Grollier et al (2020)

Imaging three-dimensional magnetic systems with X-rays, C. Donnelly et al., J. Phys. Condens. Matter 32 (2020).

Launching a new dimension with 3D magnetic nanostructures, P. Fischer et al., Appl. Phys. Lett. Mater. (2020)

Three-dimensional magnetism, A. Fernandez-Pacheco et al., Nat. Comm. 8 [14p] (2017)

Magnetism in curved geometries, R. Streubel et al., J. Phys. D: Appl. Phys. 49 [45p] (2016)

Deformable curved magnetic surfaces, A. Saxena et al., Physica A 261, 13 (1998)

 Curvature-induced geometrical frustration in magnetic systems, Phys. Rev. B 55, 11051 (1997)
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A few references O spintec

Chapters and books ]

* Curvilinear Micromagnetism: From Fundamentals to Applications, D. Makarov, D. D. Sheka, Springer (2022)
* Magnetic nano- and microwires, M. Vazquez Ed., Elsevier 2020
* Three-dimensional Magnonics, Gianluca Gubbiotti, 2019

* Magnetic nanowires and nanotubes, M. Stano, O. Fruchart, Handbook of magnetism and magnetic materials 27
(2018).

* Solitons in Real Space: Domain Walls, Vortices, Hedgehogs, and Skyrmions, H.-B. Braun, Springer Series in Solid-
State Sciences, (2018).

* Nanofabrication of three-dimensional magnetic structures, D. Sanz-Hernandez, in Nanofabrication (Ed. de Teresa)

* Magnetic nano- and microwires, M. Vazquez Ed., Elsevier 2015
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ivi - i icei MMM 2022 — Minneapolis — 2022-11
Olivier FRUCHART — Emerging Physics in 3D Nanomagnets Tutorial towards 3D Nanomazneticrn 41



