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The hairy ball theorem

« "you can't comb a hairy ball flat
without creating a cowlick”

« Topology concern non-local properties !
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Topological charge
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Magnetic order - Against all odds

 Bohr —van Leeuwen theorem: (cf Kenzelmann yesterday)
— No FM from classical electrons

« <M>=0 In equilibrium (cf Canals yesterday)

 Mermin — Wagner theorem:
— No order at T>0 from continuous symmetry in D<2

* No orderevenat T=01n 1D
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Derrick’s Scaling Argument: No stable local texture
Flm] = [ ((7m)? + f(m)] d*r = 1y + 1,

Assume existence of stable Local Texture mg(r)  Scale size of texture mg(Ar)

E[my(Ar)] isminimizedat A=1 = Ar

2
E[my(Ar)] = f E (Vm) + %3 f(m)] d*v =1L /A+1,/23

Ways out:

dE

ﬁ| =0 Dzyaloshinskii-Moriya
A=1 » I, = [(m)2 <0 Interaction

2E Finie S

— inite Size

dA? 1a=1
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Thermodynamically stable magnetic vortex states
in magnetic crystals

A. Bogdanov *, A. Hubert

Instirut fiir Werkstoffwissenschaften VI der Universitit Erlangen-Niirnberg, Martensstr. 7, D 91058 Erlangen, Germany
Received 14 February 1994

m,
0

Fig. 1. Schematic view of a sample with a vortex lattice. In the
cross-section a Néel-like rotation is indicated (see Section 2.5).

“spin vortices” as local solitonic solution to continuum model

Hipr=J(VS)*+DS-(VxS)—h-S

Skyrmion lattice of individual skyrmions <= 3-Q magnetic structure
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Broken Inversion Symmetry

Inversion
)

Physical Consequence:
H=2-35-5; + D, (5xS)

<ij>

Dzyaloshinskii-Moriya

I I | I ? Interaction (DMI)
¥
I v 6~ D/2]

Q
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Model
« Microscopic H=>) -JS,-S,+D; -(S;xS))

<ij>
Sum over all
bonds

» Coarse grained H=) -JS;-S,+D;-(S;xS,)

" <ij>
simple cube SUm over

neighboring unit cells

 Continuum version
TE = (77(,0]1);3 -+ L77(,0A

Hpr=J(VS)* +DS-(VxS)—h-S 74 =A(S;+S,+S)+US*

)
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Dzyaloshinskii-Moriya helices
H=-%J;SS, + D;:(SxS)

J favors parallel spins

J>0 Ferromagnet LSS o
177,

J<0 Antiferromagnet Fhpmes -

D favor perpendicular spins

J & D: twist spins by angle tan© = D/J
Helix with period Q 2na J/ID
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(3)

3Q structure

i=1

3
M(r) = My + ) Mb (r + Ar;)

« Superpose 3 helices:

A[n;; cos(Q,r) + np sin(Q;)r|

Looks like “spin vortices”

where Mg, (r)

Science 323 (5916), 915-919. [do1: 10.1126/science.1166767]

S. Miihlbauer, B. Binz, F. Jonietz, C. Pfleiderer, A. Rosch, A.
Neubauer, R. Georgii and P. Boni (February 13, 2009)

Skyrmion Lattice in a Chiral Magnet
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Helical, conical and “A-phase”

Magnetic Ordering in Nearly Ferromagnetic Antiferromagnetic Helices

Bente LEBECH 1993

Department of Solid State Physics, Rise¢ National Laboratory,
DK-4000 Roskilde, Denmark

Abstract

: Lt o)
T hpmme I *

M

f

A

NN

The cubic polymorph of FeGe and MnSi belong to a class of magnetic intermetal- i B
lic compounds with the B20 crystal structure (P2;3). Materials with this crystal 1 -
structure lack inversion symmetry; they have chirality and are capable of supporting LT
_ A .
5. Conclusion 0.6} field-polarized B, *B_,1
= - B B

The present paper has considered various aspects of the magnetic phase diagram 0.5¢ e BC;/ 100"“1-
of cubic FeGe and MnSi and correlated the results of neutron small-angle scattering .."\ S
data to the existing theoretical treatments of Dzyaloshinskii-Moriya helices. The —~°%*[

. . i = conical LN
neutron scattering data agree reasonably well with the predictions of the present day & o .
theories.| However, in the neutron diffraction data for both FeGe and MnSi there are
indications that the magnetically ordered structure could be a single domain multi-q 0.2 < A-phase
structure[rather than a multi-q single domain structure. If the ordered structure is a
h ¥ . . . 5 & & 0.1 > D0 ORI
multi-q structure, it may be necessary to revise the theoretical description outlined : Y ,
I — helical ) “ paramagnetic
. 0 M
20 25 35
T(K)
1 LB ¢ Ronnow — ESM Cargese 2017 Slide 14




“for the theoretical prediction, the
experimental discovery and the theoretical

Top Live Accounts Photos Videos More options v analy3|s of a magnetlc Skyrmlon phase In
S MnSi, a new state of matter.”

#skyrmion

EPS @ EuroFPhysSoc - May 31
5~ The 2016 EPS CMD Europhysics Prize goes to P. Boni, A_N. Bogdanov, C.
Pfleiderer, A. Rosch & A. Vishwanath tinyurl. com/zwida2x #skyrmion

IRENCTU 2IRMCTU - May 7
irnctu edu tw/handie/11536/1 . Mn vacancy defects, grain boundaries, and

A-phase stability of helimagnet MnSi #skyrmion #A-phase

Kindergarten Stories (0 aStornyFlease - May 4
B Want to know what a #skyrmion is? Here's your big chance!
#science #education #Feducationweek

OximityEducationNews @0ximityEducatn
Quantum sensor creates images of skyrmions oximity.com
/arficle/Quantu. .. by @ucsantabarbara #science

—

wy,,  Kichao Zhang (xichaoz - Apr 27
)} Spintronics: #3kyrmionics gets hot rdcu.be/hFbB #skyrmions #skyrmion

Faad
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Many networks developing:

..~ RIKEN
cems Center for Emergent Matter Science

New UK consortium to explore use of magnetic skyrmions
in data storage

2 Aug 2016
Durham - The
use of
nanoscale
magnetic § -~
whirlpools,
known as
maghnetic
skyrmions, to
create novel
and efficient
ways to store =~
data will be

explored in a -
million
research

programme led by Durham University.

—
\-‘

Interdisciplinary network with 12 project partners from
EPFL, University of Basel and Paul Scherrer Institut (PSI)

Funded by SNSF via grant CRSII5_171003

(I\RG*C
~
f\‘} S l<y
Funded by the Horizon2020
Framework Programme of
the European Union

SPP2137 Skyrmionics

u';?:i/f*e::;}:g Topological Spin Phenomena in Real-Space for Applications
P

Home Projects Members Publications About

DFG Establishes Skyrmionics Priority Programme

The Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) is
establishing 17 new Priority Programmes for 2018. One of them is the SPP2137 -
Skyrmionics: Topological Spin Phenomena in Real-Space for Applications

DEFENSE ADVANCED

RESEARCH PROJECTS AGENCY ABOUTUS / OURRESEARCH

Defense Advanced Research Projects Agency » Program Information

Topological Excitations in Electronics (TEE)
Dr. Rosa Alejandra Lukaszew

A e/
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Skyrmi()n measurements SASXRS Small angle Soft X-ray

Resona Scattering
« SANS Small Angle
Neutron Scattering

Soft x-ray

L\irect Beam

Catcher

crystallographic
orientation

—

in




Skyrmion measurements

« Magnetic contrast transmission electron microscopy (LTEM)
« Sensitive to in-plane magnetization components

« TIE Transfer of intensity: recover phase
« Electron holography: towards 3D imaging of magnetic textures

Lorentz TEM '

P \@\\I?ll\\@
i\

In-plane component of local
magnetization can be observed

Image
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Skyrmion measurements

« Scanning Tunneling X-ray Microscopy
« Magnetic Force Microscopy
« Spin Polarized STM
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Skyrmion measurements Transport effects
Hall effect «« B

Conduction Electrons and Skyrmions Anomalous Hall .« M
N. Nagaosa and Y. Tokura, b TOpO|OgIC8.| Hall oc Q

Nature Nanotech. (2013). -

Electron flow

v ,,E .** Topological 8 MnSi, p=2.6 kbar, pc5
g et il SN Hall effect '
TR S ST 3 = T=20.2K
4 « ~ ].'/ ik ',, X (K/min)
%, b ‘....‘..i:..75_.?:".:.'!71,....... B g =0.5 (*)
{ ‘4 ) w . ‘-‘5 il' '.o‘ & 40 -10, 1st (**) i
L o H---p ” fl b o+ = =1.0, 2nd (*)
! .___'g_ o Spin-transfer 1 y ',«‘ Skyrmion CF =1.0, 3rd (*)
torque o AN LSS W L «*¢  Hall effect 2.0 ()
J e - 4 —3.0 (*)
J‘T 2 BT ['/:" | | rﬁ. 0 1
'l v * 9 Y L_)‘ 5 b I ¢ ] 0 05 1
A - . 7o V¥ B(T)
‘@ 7¢ 17
Emergent —  v=-bo----77 Mochizuki, Seki et al.,
electromagnetic induction
(from Berry phase) Nature Mater. (2014).
1 e h A A A
Emergent magnetic field B = Eeijk” - (9;71 X O 1)
Emergent electric field Efl? — hn - (&ﬂ X atﬁ) A. Neubauer etgl., Phys. Re\{. Lett.(2009).
i 97 9 F. Jonietz et al., Science (2010).
g ’ C_ ~ on n T. Schulz et al., Nature Physics (2012).
— — ¢ — >< —_—
Skyrmion density ? A . o Oy X.Z.Yu et al., Nature Comm. (2012).
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Skyrmion spectroscopy
« Seki et al.

i CCW rotation
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Skyrmion hosts

 |Interface or "ABCABC”
multilayer of FM and high-Z
compounds

Chiral and Polar bulk materials

o Pfleiderer
« Albert Fert | « Tokura, Seki
e Stuart S Parkin e Keszmarki

« Manny others... « Many others...
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Skyrmions In fabricated interfaces/multilayers
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common bubbles

Skyrmions and magnetic bubbles @,

Ey=4nA
\?{—Skyrmit}n

 In plate-geometry bubbles are stabilized
oy dipole fields

« Hot topic in 1980’s

 Reached commercial products,
out not competitive

5 7110-4
S<TOHO7 8303
S “BRBRBYREF JFFFFER
2 =RIF7RFFOFIFFFF 3 |
- QFFBFFFCEF OSEODET
= *FF7FFF l’-"F‘I“”

© CFL‘I(FDC g "FC"C

‘Intel 1Mbit bubble memory
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Current Driven Skyrmions
(movies Eric Fullerton)

50 um

MAGNETIC FIELD: EUE: on AVE: on,8x EitE:6.0
Comment :

e 1. I'+'I.-' el ol - TGy
lo/11l71le 1lole:ll
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Moving Skyrmions

Logic Gates

Racetrack
Memory

MAGHNETIC FIELL:
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Skyrmions on the track

Albert Fert, Vincent Cros and Joao Sampaio

Magnetic skyrmions are nanoscale spin configurations that hold promise as information carriers in

ultradense memory and logic devices owing to the extremely low spin-polarized currents needed to
move them.

« Skyrmions move in small currents
* Race-track memory...

Skyrmion
s L

Current

electrode

120 A W @ Pt/Co/Ta

| 0.0 Pt/CoFeB/MgO

Velocity (m s™")
©
o
T
X}

N
o
T

Current density (10" A m=2)
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Skyrmion materials: Bulk materials

Ordering

Material

Temp

Helimag.
Period

SkL
Dimensi

Transport
property

Skyrmion
motion

References

MnSi

FeGe

Fe,.Co,Si

Mn,_Fe,Si

Mn, Fe,Ge

Co,ZnMn,

GaV,Sg

Cu,0Se0,

MnGe

P2,3

P2,3

P2,3

P2,3

P2,3

P4,32

P2,3

P2,3

30K

280 K

11-36K

7-16.5K

150-220
K

140-480K

13K

98 K

170K

18 nm

70 nm

40-230 nm

10-12 nm

5-220 nm

110-190nm

22nm

50 nm

3 nm

Metallic jo~10A.m2 2D
o W@

Metallic jc<10°A.m2 2D
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semi-

conductor

Metallic 2D
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conductor anisotrop

Insulating AT 2D
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electric E<10° V/Im

Metallic 3D?

S. Mihlbauer et al., Science 323, 915 (2009)
F. Jonietz et al., Science 330, 1648 (2010)
M. Mochizuki et al., Nat. Mater. 13, 241
(2014)

X.Z. Yu et al., Nat. Mater. 10, 106 (2010)
X.Z. Yu et al., Nat. Comm. 3, 988 (2012)

W. Minzer et al., PRB 81, 041203(R) (2010)
X.Z. Yu et al., Nature 465, 901 (2010)

S.V. Grigoriev et al., PRB 79, 144417 (2009)

K. Shibata et al., Nature Nano. 8, 723 (2013)

Y. Tokunaga et al., Nat. Com. 6, 7638 (2015)

S. Seki et al., Science 336, 198 (2012)
T. Adams et al., PRL 108, 237204 (2012)
M. Mochizuki et al., Nat Mat 13, 241 (2014)

N. Kanazawa et al., PRL 106, 156603 (2011)
N. Kanazawa et al., PRB 86, 134425 (2012)

L@

Ronnow — ESM Cargese 2017

Slide 32




langulation

lved (Cu,0Se0,)

I0ONS reso

o
i A, 1]
5 ! F e
o, =
. SRR s
0 o gy
TS ; T ey a
et ) TN
T oy ¢ i Ay O
AN ! e e R T )
e it : ’ S e N o
o A 0T 7 it
! va..-v.__"_ ﬂﬁa i A _n_-lhvd_..qhq_- R w
T, ! R RO
T e g O P
N "
RTINS o R
o »H«.v.y- IR ) AT ~
AL : RS 0
l
4
1]
Lt
aTuts? =
L W'y
rTaeTE [=]
T 1
@ ™
Tty
A ) 8 ™
R TATATTATY T o
LR T D)
it 2
o 5 =
anuaRTn o =
LAty m S
AR
R A, ﬂ._u_..rqrqh
[
@
S
Y
=]
@
=]
e
R o
e E
Rt =
_WH».-«H.#
R T w
T i T o
RN o
Sty
eyt st Fara n :
T e —_ £
) x 4 ﬁ«v«»«ﬁ%ﬁaﬁw o O
HIIE o e rm
i it T g
AN —_
Ardbqﬁ«-ﬁ«wﬁw- 4«...»- 2m S
T
T I e, o
AT AT T
R SR R - 8
R AR SO TN AT i
T ey AT AR Ay = N~
St Tyt AT (AL 7 o R R
: e X S |
i AR '
s T LR ¥ 5 ©% | Q
X
i !
=
b-ﬁ.mq..ﬂi_.‘ r~ =
'
R, 3 | 0
) O
% . (&)
R w&ﬁwﬁ‘.wﬂ«h [2)] w.. o
AT 217 . = b 4
O o iL A& 3
&
&

Bulk systems have more stable skyrmions

« Large sample = 100000 skyrm

such as delauney tr

lyses

tative ana

Allows quant

SESIREAY

N

Y




Defects and angles

« Defects classifiable — eg a 5-7 or a 5-8-5 defect

— “loss” of row along 2 directions

ecr
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— Defects creates far-stretching rotations

— Model system for understanding lattice defects
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Magnetic field

Skyrmions as arena for real-space imaging of phase transitions
Magnetic field induced melting of skyrmion lattice in helimagnet Cu20Se03 2

skyrmion phase

helical phase

Temperature

—— crystal phase
hexatic phase
liquid phase
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The 3" dimension — how protected?
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A new class of chiral materials hosting magnetic
skyrmions beyond room temperature
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Robust metastable skyrmions and their triangular

. iy . . 0.20 T T T T T T
—square lattice structural transition in a high- o (b) ~_Ferromagnetic Co,Zn,Mn,
i e Equilibrium
temperature chiral magnet : 0.15 \..TSZL'QJZZTSkx
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K. Karube, J. S. White, N. Reynolds, J. L. Gavilano, H. Oike, A. Kikkawa, F. Kagawa, Y. i 0.10 Conieal
Tokunaga, H. M. Rennow, Y. Tokura & Y. Taguchi = \ oo,
Affiliations | Contributions | Corresponding author \ — iw: Conical -
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Square lattice ?
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Topological protection + D/J(T) => long skyrmions

(a) Triangular SkX (b) Square SkX + Helical (c) Nematic-like square texture
of elongated skyrmions
i Wi soolil L
Number of skyrmions: 10 Number of skyrmions: 10 Number of skyrmions: 10
Consequence:

— Relationship helical domains / elongated skyrmions
— Edges of helical domains carry half-skyrmions = merons
— Crossing phase transition can pump skyrmions
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Skyrmion hosting insulator Cu,0SeO,

Crystal structure, P2,3, no inversion symmetry ‘Generic’ magnetic phase diagram + SkL phase
A Cu,0Se0; Hll[111] C
2000 ———T T 1 n SR
I ll Ferri ; O 80 phase ™ /* ]
Helical h"'*-&_ ; S 400 Eswr\ng-%n«)’f .
mm'_(single g-domain) ¢ i E - ?s_-; 4;\ .
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A = %5 s w

" Helical !\:’W Para|
D'(multipleI g-domains) ""gl ]
" f t T t

Temperature (K)

Magnetic Field (Oe) Magnetic Field (Oe)

Ferri &
Cubic unit cell contain 16 Cu2+ S=1/2 Y % o ——
4 tetrahedral forming “3-up-1-down” S=1 1000 : | v P
_ _ _ AU - - :
Combined to single S=4 in skyrmion SN T 5 i
simulations [ Heleal L1 2
4] 2.0 40 slu H || [110] H | [111]
Temperature (K) < Xy 0 Oe

~-LEOXBHR 5

a0l om, 11121

[110]
oot | Ay

D “gogoe | € 800 Oe
e
X\
S. Seki et al., Science 336, 198 (2012)

S. Seki et al., Phys. Rev. B 86, 060403(R) (2012)
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Can create skyrmions with electric field

- R P
4t = stability = I
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A. Kruchkov, arxiv 1702.08863 & 1703.06081, to be submitted soon...
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Identification of skyrmions in image data — easy if complete skyrmion phase

raw data 1 0G f

i -“rip

&
5 . n ¥

iltered __identification __triangulation

-_.f ¥
L 5y &

43

Ronnow — ESM Cargese 2017 Slide 43




T 2" £
Vv vvv - ¢ m
» >
> rsl
> > >
” > > » -
> vvvvv vvvv >
» »> > L]
> 2 vvv >
v.v 5 o o .
OVVV. > » >
P > e o> °® L
1 > ° vc tvvvv >
° Wt >
> > -ov- sl s A G
> > L' 5 ~ e e S
YL > M gl
> > = % ov o> > e » » »
vav Rl ocovvvvvovvv vvvv
> > > r 3 s
> > > > L]
& A > > ° >
[ vvvvv 5 >
vvvv > > vvv > > > »
5 > A e ® > L
VV Vvv . > > >
'4 > > 5 g > »
> o ® > o
> e »
.\.U N\
"~
- =5 7))
— — © C
> ~N
< < - @)
= = qv] O N I~ O =
= n < O M M ~ &
g ge) PR [ fe) — (- WJ
NI N i N @ 5 +=
+Zv +Zv SO m ~ O ©O .m (D]
S Il S I~ OO O O N
~ ™~ — a S p " u ﬁ
R A E © S c o)
2 e RN [ o y— 7)) @
+zu + S ] — Q O (- c - (&)
= TR i + O = = = 0O -
o I = O ®» Eoc=E 0 g ¢
~ I o 5 5 ¢ 0 9 = 3
> ) S Q3 & © O = %X o¥
S & 3 S nIT<<=wWLWum=
Ny n5 I
T i e g
L e —— g e
N IR RL R st e e S
c B R s ) o S T ——
e s
gt . | T e ety R
&) ) w ST Rt RS 2
" — +— — e sece® L LT el S I
C o 8 SE o MHNNTEmm T
o © ‘= o MEMRIt Il sn T
= U m o o)) T:,Z_Z:Y/ llllllllllllllllllllll
= g0 S ! FE BB LN R R sttty e L
c —_— = —i TREBNEED NG L i
' o O AR AR L Qe e T
L = cC O Y RN R B D s R i e L
N O = o C O B VIR N e T
®) —_— = c EETERL & TAL L L e msansnes— e
g (@) = Y= > Lo R A R T T
O —= C > AL SR AT PR emmaa T
- © 2 2un £ BRI e e
= O 0n O c & o L T R R o et
+— )¢ ()] dp) R R R T LR eemmeseemanes o S
C > Q.= 0 = R L | | L cemmmmma
= 0¥ 5 9= B R Lk | N e s T
- — r - —
= S O o B
> = rollle) R A S e t——
O e - e n - N e e e e
n | - 0 S g a B O T T et SO
— B T e
C " — Dl C U m a R o e e e =T

<
b
)
=
wn

Ronnow — ESM Cargese 2017

A ears~



Reproducible writing and erasing

a A 3 k
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Il l § ‘.i]h]"

Sample configuration | JL . AV
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Nano-structured bulk materials: Ultra-narrow MnSi Nanowires

d N
- i D =40 nm

R (kQ)

» High quality MnSi nanowires

» Wire width (40 nm) comparable to
skyrmion diameter (18 nm)
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l‘ Helical Two Skyrmions | One | Ferromagnetic
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Helical

Skyrmion
Cluster
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Cascading Transitions of Skyrmion Cluster
H. Du, JZ, M. Tian, S. Jin et. al, Nature Commun. (2015)

B (kOe)

F: Ferromagnet  S: Skyrmion
C: Conical H: Helical
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Skyrmions in Magnetism

. o 31284,
« Skyrmions ‘4 L “i‘(:-‘o
— Topological solitons ‘ 1“\“f§l*" g .0
— 3-Q magnetic structure ' Y ey 3
— Models AR

« Skyrmion measurements
— SANS, LTEM, STXM, MFM, SPSTM

« Skyrmion materials

— Bulk materials: Chiral, Polar, Frustrated
— Interface systems

« Skyrmion fundamentals
— Skyrmion types, Lattice effects, dynamics, ...

« Skyrmion control
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