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l— .
v Skyrmions UM
stereographic projection topologically stable object with
from sphere to plane: guantized winding number
1 ) . .
W= EderM (0.8 x 0,N1)
hedgehog
one flux quantum per skyrmion

S. Mihlbauer et al., Science 323, 915 (2009)
P. Milde et al., Science 340, 1076 (2013)



Skyrmions: Spin Transfer Torque

TUTI

Current driven domain wall motion
figure by S. Maekawa

current ( Ie)
Domain Wall
t(S)

Current Density: ~1012A/m?

Current driven motion of Skyrmions

figure by A. Rosch

Current Density: ~10%A/m?
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‘- Experimental Evidence for Skyrmions  TLIT}

Small Angle Neutron Scattering (SANS)
on bulk samples

— reciprocal space image
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S. Muhlbauer et al., Science 323, 915 (2009)
T. Adams et al., Phys. Rev. Lett. 107, 217206 (2011) W. Minzer et al., Phys. Rev. B 81, 041203 (2010)



Experimental Evidence for Skyrmions  JLT}

i

Fe,sCo,ysSi FeGe Cu,0SeO,

LF-TEM
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P. Milde et al., Science 340, 1076 (2013) X. Z. Yu et al., Nature Materials 10, 106 (2011) X. Z. Yu et al., Nature 465, 901 (2010)
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* Neutron scattering
« Small angle neutron scattering
* Neutron Spin Echo

(2) Skyrmions in cubic chiral magnets
 Introduction
» Topological unwinding into helical/conical phase
» Field induced tricritical point in MnSi
» Skyrmionic textures in the paramagnetic phase

(3) Conclusion
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(1) Introduction to Neutron Scattering
Neutron scattering
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Neutron Scattering

allows to determine where atoms are...

When the neutrons

collide with atoms inthe .
sample material, they
change direction (are
scattered) - elastic o )
scattering. }-5 o ) )-)

J
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Detectors record the directions
of the neutrons and a diffraction
pattern is obtained.

The pattern shows the
positions of the atoms relative
to one another.

B. N. Brockhouse

Research reactor

Crystal that sorts and
forwards neutrons of
a certain wavelength
(energy) - mono-
chromatized neutrons

C. G. Shull
Nobel Prize 1994

&) " /
- . and what they do!
we
5 N 3-axis spectrometer with 'Q
o rot atable crystals and o
rot atable sample y ~ O
O . ‘/’ B~ | Changes inthe
) > 4 E ‘(_‘)’,\ A ( energy of the
Crystal that sorts and Q P S O' ) neutrons are first
forwards neutrons of - Atomsina - < Q analysed in an
a certain wavelength 7 R crystalline “"‘P" O~ X analyser crystal...
(energy) - mono- Q- 0 o 3
chromatized neutrons e, "% o’ U ’o Y \T‘
ey, P RV "
o %"b ” ,.-?_... J O O e

N A
When the neutrons >
penetrate the sample
they start or cancel
oscillations in the
atoms. If the neutrons
create phonons or

magnons they

themselves lose the «.and the neutrons
energy these absorb then countedin a
~ inelastic scattering detector.
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Elastic Vs. Inelastic Scattering UM

Elastic scattering Inelastic scattering

3 Q Q .
> _—elastic peak
| inelastic quasi-elastic
i pe'c|1k /broadening
0

energy loss energy gain

gO'!'

Roger Pynn, ,Neutron scattering: a primer” Los Alamos Science (1990)
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Fission Spallation

ILL, France ESS, S\;veden

Neutron Sources TUM
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Properties of neutrons TUM

no charge
no measurable dipole moment

spin-1/2 particle -> magnetic moment

wavelength ~ interatomic distances

energy ~ energy of excitations in solids

0.5A < A < 30A €<—> 300meV <A <0.1meV

Roger Pynn, ,Neutron scattering: a primer“ Los Alamos Science (1990)



. Interaction with matter TUM

Electrons

» electrostatic interaction with e-
e strong interaction

« small penetration depth

X-rays
» electromagnetic interaction with e- e
e strong interaction pogcsss
« small penetration depth

Nesutron
Neutrons

X Ray

* Interaction with nuclei
« short range

* magnetic dipole-dipole interaction
between neutron and unpaired e-

* not short range
» large penetration depth

Roger Pynn, ,Neutron scattering: a primer” Los Alamos Science (1990)



| Interaction with matter

Electrons

« electrostatic interaction with e-
« strong interaction

« small penetration depth

X-rays

« electromagnetic interaction with e-
« strong interaction

« small penetration depth

Neutrons
e Interaction with nuclei
« short range

« magnetic dipole-dipole interaction
between neutron and unpaired e-

« not short range
« large penetration depth
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Roger Pynn, ,Neutron scattering: a primer“ Los Alamos Science (1990)



| Neutrons: Pros / Cons TUM

Advantages: Disadvantages:

» penetrating: bulk properties kinematic restrictions (can’t access

o penetrating: extreme Samp|e all energy & momentum tranSferS)

environments weak scattering

* |Isotope sensitive only weak sources

* magnetic interaction

unique magnetic interaction

: . signal limited technique
very powerful in magnetism




| Nuclear Interaction TUM

Fermi pseudopotential

short range (~fm)

2nh®
Vj(r)=

b, 5(r)
Isotope dependent (random in Z) m

depends on spin state of nucleus . scattering length: b,
i

e o0 = 4mbh?

X-ray cross section

—>
. .0....
D C 0 Al Si Fe

..o_: ° ©®

Neutron cross section

NIST Annual report 2003, https://www.ncnr.nist.gov Roger Pynn, ,Neutron scattering: a primer” Los Alamos Science (1990)



i Nuclear Scattering TLUT

Coherent scattering
kl

d’c -
=b*> — NS(O,m
dQdE | "k (C0)

oh

« elastic coherent scattering: positions of atoms

* inelastic coherent scattering: collective excitations, i.e. phonons, magnons

Incoherent scattering

d°c , k' -
=b. —NS.(Q,®
dQ.dE ) "k (L,0)

nc

» elastic incoherent scattering: background

» Inelastic incoherent scattering: self-correlation, i.e. diffusion processes

Roger Pynn, ,Neutron scattering: a primer“ Los Alamos Science (1990)



a Magnetic Interaction TLUT

« with unpaired electrons Dipole interaction

- dipole-dipole interaction V(1) = —yun@ M(r)

e weak * yuy: strenght of neutron’s magnetic moment

. Formfactor a: direction of neutron’s spin

« M(r): magnetic moment of the sample

QI M QLM

* spin dependent




Magnetic Scattering UM

k’ B QaQ «
2 k@e 2W(Q) az;; '(5a6 _ o 5) S ﬁ(Q,w)
’ I

form factor selection rule

FT of van Hove's spin
pair correlation function

ki @ ky

Magnetic diffraction measures the
Fourier transform of magnetization
density
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Neutron Scattering

TUTI

neutron Neutron
Initial state final state
source detector

| interaction



. Neutron Scattering TLUT

neutron Neutron
Initial state final state
source _ _ detector
$ Interaction

Initial state: -

* speed
« direction
e spin state

P

{
{
s
o
-:%
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Neutron Scattering UM

neutron Neutron
Initial state final state

source

: , detector
$ interaction

Initial state: -

* speed
« direction Sample state:
e spin state e cryostat

| * magnetic field
Sam el N * orientation

"V



. Neutron Scattering TLUT

neutron Neutron
Initial state final state
source detector

| interaction

Initial state: - final state:

* Speed

< o cta * speed:
« directi ample state: .
direction P o « direction
. - * Cryosta :
spin state yostat « Spin state
* magnetic field :
« detection

e Qrientation
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Elastic Scattering on Skyrmions TUM

How to investigate the structue of Skyrmions?

magnetic lattice

d ~ 200A

Stabalized in magnetic field

S(q,w)

L koi ?kl K, Ky Ko K]
Q Q Q

__-elastic peak

inelastic

| pe?k

quasi-elastic
/broadening

o7

energy gain

energy loss

hw

Elastic scattering

Roger Pynn, ,Neutron scattering: a primer” Los Alamos Science (1990)
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Outline

(1) Introduction to Neutron Scattering

Small angle neutron scattering



. Small angle neutron scattering TUTI

Large scales in real space - Low Q, small scattering angles
10-40000A 0.54 A1-6-104A1

collimation detector tube

neutron source sample
guide aperture aperture

| Ly | L,

|
\

C Ir1 N rzl 20 I
velocity

selector sample detector

Typical Applications:
« Soft matter: structure of proteins, polymers, viruses
« Magnetism: superconducting vortices, Skyrmions

« Material science: Mg hydrides for hydrogen storage, ...



YT

L

neutron guide hall @ MLZ, Garching Germany
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| SANS-1 @ MLZ

Sample position
« Minimize flight path in air

 allow multiple sample environments

Velocity selector

« 30.000 rpm max.

Detector tube:

« Vacuum vessel to reduce background
S Sample detector distance 1-40m

. He-3 position sensitive detector 1m?

* interior covered with Cadmium




Fluctuations of the Skyrmion lattice

TUTI

How to investigate fluctuations of the Skyrmion lattice?

S(q,w)

High energy resolution!

L Ko/ '-\‘kl Ko K, Ko Ky
Q Q Q

__—elastic peak

inelastic
I pe?k

quasi-elastic
/broadening

energy gain

energy loss 0

hw

Inelastic scattering

Roger Pynn, ,Neutron scattering: a primer” Los Alamos Science (1990)



| Fluctuations of the Skyrmion lattice LTI

How to investigate fluctuations of the Skyrmion lattice?

* High energy resolution!

(a) Q@A™ Inelastic scattering
10 1 0.1 0.01 0.001 0.0001
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Roger Pynn, ,Neutron scattering: a primer” Los Alamos Science (1990)



Fluctuations of the Skyrmion lattice LTI

How to investigate fluctuations of the Skyrmion lattice?

High energy resolution!

QA"
10 1 0.1 0.01 0.001 0.0001
' [ Inel T
X-ray |VUV- Raman |
FEL | 74 scatt- ||
Brillouir |
|5 LNRSE scatt.
2o _
= og, Photon| -
L5 correl. | |
=
= X-ray correl. spec.
10" 10° 10" 10° 10° 10*
Length (A)

o
(sd)swiy

Inelastic scattering

Roger Pynn, ,Neutron scattering: a primer” Los Alamos Science (1990)
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(1) Introduction to Neutron Scattering

Neutron Spin Echo



| Larmor precession TUM

Magnetic moment of neutron precesses with

the Larmor frequency

wr, =L -




- Neutron Spin Echo Tun

L { I L |
1 sample 1 detector
polarizer NSE solenoid NSE solenoid analyzer
E A E
kin :
W | ‘
\IJJ( x
Atﬂ E
|7R|SE
! >
X

* invented by F. Mezei in 1972

* highest energy resolution among all neutron spectroscopic techniques



- Neutron Spin Echo Tun

|_ i , L {
1 sample 1 detector

polarizer 77/2 NSE solenoid v NSE solenoid 71/2 analyzer

—— o

Ekin
)

\ J

I

At

* invented by F. Mezei in 1972

* highest energy resolution among all neutron spectroscopic techniques



v Neutron Resonance Spin Echo LM

L i I L |
1 sample 1 detector
polarizer 71/2 LNRSE solenoid LNRSE T LNRSE solenoid LNRSE 7T/2 analyzer

'|'NRSE

Y

* invented by R. Golub & R. Gahler in 1992
« Exchange contant field by constant + rf-field

« allows adjust the resolution according to Dispersion in inelastic measurements
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MIEZE

polarizer 77/2 LNRSE

L1

Lo

> >

Ekin ‘IJT

solenoid

LNRSE

TT/2

Lsp

analyzer sample detector

> >

A

A
At

* invented by R. Gahler

« independent from Neutron beam polarization at sample position

« allows measurements under depolarizing conditions at the sample



‘- MIEZE in strong magnetic fields Tm

5T Magnet (SANS-1) 17T Magnet (B‘ham, UK)

) prinary Spectrometer ar] | NIy T unshieided magnet]

- : V‘L;' s‘; ‘(, 3 | “ 4: ] . — "‘
5T SANS ma T K %) G R
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R , | ‘ . | 54

CASCADE
detpcto

1_0 [r T == T - 1_0 [r

8 6“ LJ [ ] ° [

\9: ° é °

2 05} 1 2 05} ‘

5 e 0T +3T « 0T +3T 5

) 21T 4T - 1T < 4T n —
00k 2T »5T longitudinal{|s 2T »5T perpendicular 00k’ 17T longitudinal

| 2 3 456 ' 2 3 2 3 456 ' 2 3 ' 5 3 4567 2
0.1 1 0.1 1 1 10
Tmieze(NS) Tmieze (NS) Tmieze (NS)

J. Kindervater et al. EPJ Web of Conf. 83, 03008 (2015)



RESEDA UM

REsonance Spin Echo for

Diverse Applications
NSE/NRSE

MIEZE

Dynamic range
T1=0.0001-20ns

E =2meV — 0.02peV
Quax = 2.5 A1 (atA=3A)
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(2) Skyrmions in cubic chiral magnets
 Introduction



Skyrmions in cubic chira

magnets
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Skyrmions in cubic chira

magnets

TUTI

B | 1
' (; single skyrmion
I% conical o g A \“\\\\\\\3\3\\\3\\\‘ \
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Hierarchy of energy scales:

ferromagnetic exchange
Dzyaloshinskii-Moriya

cubic anisotropies

skyrmion lattice




Skyrmions in cubic chira

magnets

TUTI
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Skyrmions in cubic chiral magnets TUM
e YO
. 9 single skyrmion
E% conical B % \ ‘\:‘\\\\\i\ﬁ%:\\g\\%h
=0 syrmions 1 i ;;’7;?;};7//7"’
attice i

Hierarchy of energy scales:
« ferromagnetic exchange
« Dzyaloshinskii-Moriya

« cubic anisotropies




Skyrmions in cubic chiral magnets TUM
e YO
. 9 single skyrmion
E% conical B % \ ‘\:‘\\\\\i\ﬁ%:\\g\\%h
=0 syrmions 1 i ;;’7;?;};7//7"’
attice i

Hierarchy of energy scales:
« ferromagnetic exchange
« Dzyaloshinskii-Moriya

« cubic anisotropies




Skyrmions in cubic chiral magnets TUM
e YO
. 9 single skyrmion
E% conical B % \ ‘\:‘\\\\\i\ﬁ%:\\g\\%h
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attice i

Hierarchy of energy scales:
« ferromagnetic exchange
« Dzyaloshinskii-Moriya

« cubic anisotropies




Skyrmions in cubic chiral magnets TUM
e YO
. 9 single skyrmion
E% conical B % \ ‘\:‘\\\\\i\ﬁ%:\\g\\%h
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attice i

Hierarchy of energy scales:
« ferromagnetic exchange
« Dzyaloshinskii-Moriya

« cubic anisotropies




Skyrmions in cubic chiral magnets TUM
e YO
. 9 single skyrmion
E% conical B % \ ‘\:‘\\\\\i\ﬁ%:\\g\\%h
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attice i

Hierarchy of energy scales:
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« ferromagnetic exchange
« Dzyaloshinskii-Moriya

« cubic anisotropies



Skyrmions in cubic chira

magnets
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(2) Skyrmions in cubic chiral magnets

» Topological unwinding into helical/conical phase
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Magnetic phase diagram of Fe, ,Co,Si TUT
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P. Milde et al., Science 340, 1076 (2013)



i Topological unwinding in Fe, ,Co,Si Tum

p|al} Buisealdaq

Skyrmion lattice state
* non-trivial topology 1 flux 1 flux

. - uantum
emergent magnetic flux G guantum

sources/sinks of
emergent B-field

guantized magnetic

charge
magnetic (anti-) 1 flux
monopole guantum
hedgehog
defect
Helical state 1 flux
- trivial topology quantum

* Nno emergent magnetic flux

P. Milde et al., Science 340, 1076 (2013)



Topological unwinding in Fe, ,Co,Si Tum
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P. Milde et al., Science 340, 1076 (2013)



i

Outline

(2) Skyrmions in cubic chiral magnets

» Field induced tricritical point in MnSi
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M. Janoschek et al. Phys. Rev. B 87, 134407 (2013)
A. Bauer et al., Phys. Rev. Lett. 110, 177207 (2013)



Brazovskil scenario in MnSi
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M. Janoschek et al. Phys. Rev. B 87, 134407 (2013)
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Field-induced tricritical point

TUTI

conical

Fp MnSi
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Field-induced tricritical point

TUTI

FP MnSi

conical

helical = paramagnetic (@ B = 0):
1st -order Brazovskii transition



- Field-induced tricritical point UM

helical = paramagnetic (@ B = 0):
1st -order Brazovskii transition

conical = field polarized (@ T = 0):
2"d —order transition




- Field-induced tricritical point UM

helical = paramagnetic (@ B = 0):
1st -order Brazovskii transition

conical = field polarized (@ T = 0):
2"d —order transition

character of the phase transition has to change
field-induced tricritical point




: Field-induced tricritical point TUM
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« small fields: symmetric 0-spike (15t order)
« intermediate fields: two peaks (15t order, skyrmion lattice)
* higher fields: asymmetric A-anomaly (2"9 order)

A. Bauer et al., Phys. Rev. Lett. 110, 177207 (2013)
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Thank you for your attention.



