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I Elementary constituent

200-300 pm

magnetic atom
a magnet



I Interactions in ferromagnets: symmetric exchange

| Heisenberg exchange

FM material, for ex : Co




I Interactions in ferromagnets: antisymmetric exchange

| Dzyaloshinskii-Moriya
interaction (DMI)

FM material, for ex : Co

HM material, for ex : Pt
Spin-orbit coupling




I Interactions in ferromagnets: perpendicular magnetic anisotropy

| Anisotropy

FM material, for ex : Co

HM material, for ex : Pt
Spin-orbit coupling




What is a ferromagnet ?

Heisenberg exchange

Dzyaloshinskii-Moriya interaction

Perp. anisotropy

Zeeman

Energy density
(I m?)

E o= A ami 2
A~ Oxj

Ep =D(m,divim — (m - V)m,)

Ex = —K, (mz)z

E, = _HOH\'I\//[\S

ECA L) <E(4e)

E g O <EAAD

ECh) < E(

)

ECh<ECY)



Stabilisation of skyrmions - balance of energies

Uniform background (magnetic domain)

Energy gain with DMI
Energy cost due to exchange

v -
( /i * Energy cost due to anisotropy

Yy v



I Two types of skyrmion systems

] Interfacial DMI | Bulk DMI
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Néel skyrmions Bloch skyrmions
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Previous milestones

1989-1994

2006 2009 2010
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First concept

A. N. Bogdanov and D. A. Yalonskii,

JETP Lett. 68, 101 (1989)
A. Bogdanov and A. Hubert,

Phys. Stat. Sol. B 186, 527 (1994)
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U. K. RoRler et al,
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Prediction in thin films
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First detection
of skyrmions
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First imaging of
bulk skyrmions
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Previous milestones

2010 2012 2015
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First imaging of Motion at ultralow currents RT stabilisation in
bulk skyrmions Co-Zn-Mn alloys
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First imaging of Isolated RT stabilisation in multilayers and
interfacial skyrmions skyrmions current-induced motion
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Heinze et al, Nat. Phys. 7, N. Romming et al, C. Moreau-Luchaire et al, Nat. Nanotech. 11, 444 (2016)

713 (2011) Phys. Rev. Lett. 114,
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I Isolated skyrmion observation

| SP-STM at low temperatures
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N. Romming et al, Phys. Rev. Lett. 114, 177203 (2015)
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Temperature shaking

Simulations: m, component of the magnetisation, 1 frame = 200 ps

T =100K T =200K

1 magnetic layer of 0.6 nm



Strategy to obtain room-temperature stability

| Magnetic multilayers

L: number
of FM layers

115

C. Moreau-Luchaire et al, Nat. Nanotech. 11, 444 (2016)




Multilayered skyrmion
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Multilayered skyrmion
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Multilayered skyrmion
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Importance of dipolar interactions

a AAAAAAL

- +dipolar interactions

Heisenberg exchange

Dzyaloshinskii-Moriya interaction

Perp. anisotropy

AAAAAAL

Zeeman

Energy density
(I m?)

.=/ ami 2
A~ Oxj

Ep =D(m,divim — (m - V)m,)

Ex = —K, (mz)z

——

E, = —Hoﬁ * M
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Hybrid chiral skyrmions
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W. Legrand et al, Sci. Adv. 4, eaat0415 (2018);
Y. Dovzhenko et al, Nat. Comm. 9, 2712 (2018);
I. Lemesh et al, Phys. Rev. B 98, 104402 (2018)

Y.-O. Tu, J. Appl. Phys. 42,5704 (1971) — W. Legrand et al, Phys. Rev. Appl. 10, 064042 (2018)
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Multilayer & device measurements




Skyrmion manipulation by current
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W. Legrand et al, Nano Lett. 17, 2703 (2017); D. Maccariello, WL et al, Nat. Nanotech. 13, 233 (2018)
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I Example structures studied
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Capping

Co (0.8 nm)
Ir (1.0 nm)
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\-
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Ta (0.8 nm)
Co (0.6-1.0 nm)

Ta (20 nm)
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Capping
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Capping
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Ta (10 nm)
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see Ph.D. thesis



Motion at larger efficiencies Multilayer: Pt 8/(Pt1/Co 1.4/Ru 1.4) /Pt 3
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Stabilizing antiferromagnetic skyrmions
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W. Legrand et al, Nat. Mater. 19, 34-42 (2020)

25



I NV observation of SAF skyrmions
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Reduced size
Observed radius 50-100 nm
Actual radius ~ 25-35 nm
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Foreseen applications

T =300K

Write o o ° o

v

j=5 MA/cm? t=-0.00 ns

A. Fert et al, Nat. Nanotech. 8, 152 (2013) ; A. Fert et al, Nat. Rev. Mat. 2, 17031 (2017)

|27 G. Bourianoff et al, AIP Adv. 8, 055602 (2018)

D. Pinna et al, Phys. Rev. Appl. 9, 064018 (2018)
J. Zazvorka et al, arXiv:1805.05924 (2018)



Outlook

more layers/other FM
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| Antiferromagnet

» Have potential to be reduced in size below 10 nm
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| Rare

» Reduction of magnetisation

» Efficient dynamics

500 nm

» Bulk perpendicular magnetisation
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