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= topology & skyrmion phase
In chiral magnets

= Berry phases & emergent
electric and magnetic fields

= changing topology:
emergent magnetic monopoles
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Chiral magnets: e.g. MnSi
cubic but no inversion symmetry

i M.C.Escher
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Chiral magnets: e.g. MnSi
cubic but no inversion symmetry

.J\ Dzyaloshinsky-Moriya interactions:
P2 | magnetic structures like to twist
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generic phase diagram of cubic magnets without inversion
symmetry, here: MnSi
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generic phase diagram of cubic magnets Wlthout inversion
symmetry, here: MnSi
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(skyrmion lattice, 2009)
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* length scale in MnSi: 200 A

Monte Carlo simulation:
Burhandt, Fritz (2013)
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Skyrme (1962):

guantized topological defects in
non-linear c-model (d=3) for pions
are baryons, i.e. spin-1/2 fermions




skyrmions in chiral magnets:
M e skyrmion in d=2:
E S spin winds once around unit sphere

dxdy | . X
/ T (Oxn X Oyn) = —1

topological quantization




skyrmions in chiral magnets:

Ry

e skyrmion in d=2;
spin winds once around unit sphere

dxdy

1 (0aft x Oyn) = 1

* Bogdanov, Yablonskii (1989): skyrmions metastable
In cubic magnets without inversion symmetry,

* skyrmions in qguantum Hall systems close to v=1
(Sondhi et al. 1993), lattices (Brey, Fertig, Cote, McDonald

1995, Timm Girvin, Fertig 1998, Green 2000)
Destrat et al 2002, Gervais et al. 2005, Galais et al. 2008

* magnetic bubble domains: textures from dipolar
Interactions

» 2009: experimental discovery in MnSi
Muhlbauer, A.R. et al. , Science (2009)

* nanoskyrmions at surfaces & writing by spin trasfer
torque, Wiesendanger group Hamburg




Imaging skyrmions in chiral magnets

neutron scattering (here MnSi)
Pfleiderer, Boni, et al., 2009-2012
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Lorentz transmission electron
microscopy, X. Z. Zu et al. 2010
(here: Fe, :Co, sSI film)
Tokura group, 2010

magnetic force microscopy
(here: surface of Fe, ;Co, 5Si) ¢ paCRSe e
Milde, Kéhler, Seidel, Eng 2013 e L
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theory of skyrmion formation

theory:  generic phase for all B20 ferromagnets
(stabilized by thermal fluctuations in 3D,
stable down to T=0 in films)

experiment: always observed

many different systems:

MnSi, Fe,Mn,_Si, FeGe,Fe, Co,_,Si, Cu,0SeO; ....
= metals, semiconductors, insulators

= thin films & bulk systems

= |ow T up to room-temperature

= from 10 to 1000 nm
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= manipulation of skyrmions by tiny currents?

> emergent electrodynamics

= destroying skyrmions & changing topologogy

: > magnetic monopoles Pl
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coupling of electrons to skyrmions by Berry phases

: gEIectron

geometric phase of spin

‘ sSpin size * area on unit-
\ sphere enclosed by spin

-
-.—.----I
UOILLIAYS

electron spin follows magnetic texture
E> Berry phase proportional to winding number

emergent

Berry phase as Aharonov Bohm phase E> electrodynamics
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microscopic derivation
electron spins follows adiabatically direction
of background magnetization n

uoILIAYS

:> choose local spin guantization action
parallel to 7 by unitary transformation U/ (ﬁ)

d' = UT(n)cTU(n)

rewrite action in new spinless fermion:;

note: U not unique, U(1) Gauge degree of freedom

to do: gradient expansion of /Cj;'k(aT -+ Gk)Cak

comoving quasiparticles

:> SB — je AH dST dt couple to new emergent
w= e .
electrodynamics

A,UJ _ UTa'LLU Volovik 87
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emergent electrodynamics & topological quantization

» effective electric charge:

. 1
A/r = 13

spin parallel/antiparallel to local magnetization 2

* emergent magnetic & electric fields:

Berry phase for loops
In space

Berry phase for loops
In space-time

 topological quantization:

dr,

d?

‘

dr,

D

dr,

winding number -1 <> one flux quantum per skyrmion

* more generally: Berry phases in 6-dimensional phase space
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measure skyrmion-winding number by topological Hall effect

() 100
one flux quantum of E 50
emergent magnetic flux 2 o=
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various temperatures
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emergent Faraday‘s law of induction

moving magnetic field j> electric field

E° = —Vqg X B°

E> detect skyrmion motion
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measuring skyrmion motion & emergent Faraday law

moving skyrmions > emergent electric field F° =

Skyrmions & monopoles, ISSP, 6/13

extra ,real” electric field
compensates emergent field

AEL%—PE;

conversion factor:

effective spin polarization P

—Vg X B°




transverse electric field AE] = jpxy(V/m)

current density (105 Am2)
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skyrmions start to move above
ultrasmall critical current density
~ 10 Am-2

critical current 5-6 orders of
magnitude smaller than in
typical spin-torque experiments

velocity: comparable to drift velocity
of electrons
J mm J
rift ~ — ~ 0.16
vdrift ™ s 10°Am?/s

Jonietz, Pfleiderer, A.R., et al. (2010)
Schulz, Pfleiderer, A.R., et al. (2012)



Why ultrasmall critical
current densities?

* very efficient Berry-phase
coupling
(gyromagnetic coupling by adiabatic
spin transfer torques)

* very weak pinning due
to very smooth
magnetic structure

e ,collective pinning*:
pinning forces cancel
partially due to rigidity of
skyrmion lattice
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= manipulation of skyrmions by tiny currents?

j> emergent electrodynamics

= destroying skyrmions & changing topologogy

: > magnetic monopoles
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destruction of the skyrmion phase

experiment: track by magnetic force microscopy skyrmions
on surface of Fe, ;Co, sSI
Milde, Kohler, Seidel, Eng, TU Dresden
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step 1: cool system down to 10 K at B=20 mT
measure z-component of magnetization
by magnetic force microscopy




destruction of the skyrmion phase

experiment: track by magnetic force microscopy skyrmions
on surface of Fe, ;Co, sSI
Milde, Kohler, Seidel, Eng, TU Dresden
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step 1: cool system down to 10 K at B=20 mT
measure z-component of magnetization
by magnetic force microscopy

result: metastable skyrmion lattice, slightly disordered
good contrast due to low temperature
few fluctuations (high topolog. stability)




destruction of the skyrmion phase 60k

step 2: destroy skyrmion lattice by reducing B-field _ a0}
|_

m J.-

observation:
neighboring skyrmions merge, forming elongated objects
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further reducing B:

T (K)

longer and longer linear structures
form by combining skyrmions

realizing helical state with large
number of defects

. & €— local helix
e




What happens in the bulk?

How does topology change ?




numerical simulations

= Monte Carlo simulations
of 30x42x42 classical spins
with local updates to track
metastable state

= Micromagnetic simulations of
stochastic Landau-Lifshitz Gilbert
equations including thermal
fluctuations

= follow experimental protocol
= no disorder

surface reflects bulk behavior




emergent electrodynamics:

winding number of skyrmions

one flux quantum of emergent magnetic field

needed to change winding number:

sources and sinks of emergent magnetic field

guantized magnetic charges

emergent magnetic monopoles and antimonopoles
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Historical remarks on magnetic monopoles

Paul Dirac (1931):

why is charge quantized?
magnetic charge = magnetic monopole
would enforces charge quantization

N \ t / / ,Dirac string” invisible only if both electric

N~ N / “ and magnetic charge are quantized

N N 2mh 27h

S R dm = N—— <:> e =n—-

FALE e dm
CED
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http://de.wikipedia.org/w/index.php?title=Datei:Dirac_4.jpg&filetimestamp=20100906190647

merging of two skyrmions

= winding number changes
from -2 to -1 (top to bottom)

— > singularity with vanishing
magnetization, M=0

= for closed surface encircling singularity:
calculate total flux

]{ BedS:/ VBe
o9 Q

= incoming: two flux quanta
outgoing: one flux guantum

singularity
—> =
W‘ magnetic follows Dirac's quantization rule
antimonopoles but generically NOT deconfined
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merging of two skyrmions

either antimonopole
flying out of the surface
or monopole flying

into the surface
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merging of two skyrmions

hedgehog defect
= emegent magnetic (anti)
monopole

Zipps two
skyrmions
together
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Energetics & dynamics of monopoles

Landau Lifshitz Gilbert equation including thermal fluctuations:

dM A

— = /M X [Begs + ba(t)] =y M x (M x [Begs +bp(t)])

with < byi(t) >=0 < bfg,i(t)bfl,j(t,) >=2DJ; ;j6(t — t")
A kpT
14+ A2 M

[1] Garcia-Palacios, Lazaro, PRB 58, 14940 (1998)
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Energetics & dynamics of monopoles: B-field quench

\'\
8 * nucleation rate ~ 1 / avg. waiting time
L I' = 1/ < tw >
I  monopole velocity ~ 1 / avg. flying time
i WM = 1/ <ty > J
6 —
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Energetics & dynamics of monopoles: B-field quench

Nucleation rate I

over temperature T
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phase conversion with monopoles and antimonopoles

stochastic Landau-Lifshitz-Gilbert

dynamics (including thermal noise)

= spheres: single monopoles
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A.R., 2013
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= skyrmions universal in
chiral magnets

= easy to move around
with ultrasmall currents

= Berry phase coupling:
emergent electromagnetism

= phase conversion:
emergent magnetic monopoles
zipping skyrmions together

= MFM: ideal tool to track skyrmions

outlook: exotic non-Fermi liquid phase at high pressure
In MnSi: deconfined monopoles & antimonopoles ?

Muhlbauer Binz, Jonietz, Pfleiderer, A. R., Neubauer, Georgii, Boni, Science (2009)

Jonietz, Muhlbauer, Pfleiderer, Neubauer, Munzer Bauer, Adams, Georgii, B6ni, Duine, Everschor,
Garst, A.R., Science (2010).

Schulz, Ritz, Bauer, Halder, Wagner, Franz, Pfeiderer, Everschor, Garst, A.R., Nature Physics, (2012
Milde, Kohler, Seidel,Eng, Bauer, Chacon, Pfleiderer, Buhrandt, A. R., Science (2013)
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