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Fe/Rh(111): unconventional ground state

X [nm]

A. Kronlein, MH et al., Phys. Rev. Let. 120, 207202 (2018)
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Higher order exchange interactions
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Higher order exchange interactions
Dzyaloshinskii-Moriya interaction
O
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Higher order exchange interactions
Dzyaloshinskii-Moriya interaction
CICJ Skyrmionic magnetic textures
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Higher order exchange interactions
Dzyaloshinskii-Moriya interaction
CICJ Skyrmionic magnetic textures
5
O Spin-dynamics simulations
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Higher order exchange interactions
Dzyaloshinskii-Moriya interaction
CICD Skyrmionic magnetic textures
5
O Spin-dynamics simulations
Recent example of research interest
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Higher order exchange interactions
Dzyaloshinskii-Moriya interaction
CICD Skyrmionic magnetic textures
=
O Spin-dynamics simulations
Recent example of research interest
Summary & Conclusion
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Multiscale modelling

. . 2
Density functional theory [_hvz N V(r)] W(r) = EV(r)

’¢i> » material specific, predictive | 2m
f  treats every electron
1nm « fully quantum-mechanical
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Multiscale modelling

. . 2
Density functional theory [_hvz N V(r)] W(r) = EV(r)

’¢i> » material specific, predictive | 2m
f  treats every electron
1nm « fully quantum-mechanical

Atomistic spin-lattice E=) Ji(Si-S)) +.-
S; model ij
100 nm
 crystal structure

* finite temperature (MC)
& dynamics (LLG)
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Multiscale modelling

. . 2
Density functional theory [_hvz N V(r)] W(r) = EV(r)

’¢i> » material specific, predictive | 2m
f  treats every electron
1 nm « fully quantum-mechanical

Atomistic spin-lattice E=) Ji(Si-S)) +.-
S; model ij
100 nm

 crystal structure
« finite temperature (MC)
& dynamics (LLG)

Micromagnetic model E = / A(Vm)® + ...
m(r) * continuous magnetization v
« analytical expressions
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Multiscale modelling

i)

1 nm

Si

m(r)
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Density functional theory

» material specific, predictive
 treats every electron
 fully quantum-mechanical

Atomistic spin-lattice

model

 crystal structure

« finite temperature (MC)
& dynamics (LLG)

Micromagnetic model
« continuous magnetization
« analytical expressions
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Higher-order exchange interactions
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Extended Heisenberg Hamiltonian

Typically, DFT results are mapped to an effective (classical) spin Hamiltonian:

N2
H==3"J;(8-8)~ Y Dy -(SixS)~ > K (Si-K) - Y BS
If Ij I i

/
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Extended Heisenberg Hamiltonian

Typically, DFT results are mapped to an effective (classical) spin Hamiltonian:

ij ] I

exchange interaction
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Extended Heisenberg Hamiltonian

Typically, DFT results are mapped to an effective (classical) spin Hamiltonian:

Dzyaloshinskii-Moriya

exchange interaction ) .
Interaction
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Extended Heisenberg Hamiltonian

Typically, DFT results are mapped to an effective (classical) spin Hamiltonian:

H =

-> B:S;

Dzyaloshinskii-Moriya magnetocrystalline
interaction anisotropy

exchange interaction
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Extended Heisenberg Hamiltonian

Typically, DFT results are mapped to an effective (classical) spin Hamiltonian:

H = -2.B"S;
i
: : Dzyaloshinskii-Moriya magnetocrystalline Zeeman
exchange interaction . . . :
interaction anisotropy (magn. field)

DRIVING s
THE EXASCALE Siide 4 ' 4 ’ JULICH
TRANSITION Forschungszentrum



Extended Heisenberg Hamiltonian

Typically, DFT results are mapped to an effective (classical) spin Hamiltonian:

H = -2.B"S;
I
: : Dzyaloshinskii-Moriya magnetocrystalline Zeeman
exchange interaction . . . :
interaction anisotropy (magn. field)
| ' ] \ ' |
two-site interactions single-site interactions
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Extended Heisenberg Hamiltonian

Typically, DFT results are mapped to an effective (classical) spin Hamiltonian:

H = -2.B"S;
I
: : Dzyaloshinskii-Moriya magnetocrystalline Zeeman
exchange interaction . . . :
interaction anisotropy (magn. field)
| ' ] \ ' n
two-site interactions single-site interactions

Natural questions:
« are there more possible single- and two-site interactions?

« how about interactions involving more than two sites, do they exist?
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Spin-spirals: energy minimizers of the Heisenberg model

So far: exchange interaction stabilizes spin spiral
ground state

188808
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Spin-spirals: energy minimizers of the Heisenberg model

So far: exchange interaction stabilizes spin spiral
ground state

TYNERN

But: multiple energetically degenerated spirals
might exist
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Spin-spirals: energy minimizers of the Heisenberg model

So far: exchange interaction stabilizes spin spiral
ground state Option 1: Domains

TYNERN

But: multiple energetically degenerated spirals
might exist
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Spin-spirals: energy minimizers of the Heisenberg model

So far: exchange interaction stabilizes spin spiral
ground state Option 2: Superposition

TEREEE S

R, &
But: multiple energetically degenerated spirals % &
N &

might exist
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Multi-Q states

Example: 3Q-state on hexagonal lattice

M

energetically lowest spin-spiral: M
N NN

row-wise }
antiferromagnet |,
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Multi-Q states

Example: 3Q-state on hexagonal lattice

M

energetically lowest spin-spiral: M
N NN

row-wise }
antiferromagnet |,
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Multi-Q states

Example: 3Q-state on hexagonal lattice

M

S\,

Picture: JP Hanke

energetically lowest spin-spiral: M
N NN

row-wise }
antiferromagnet
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Multi-Q states

Example: up-up-down-down states
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Multi-Q states

Example: up-up-down-down states

N7 N/

-4

7 N ¥ N
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Multi-Q states

Example: up-up-down-down states

-
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Multi-Q states

Example: up-up-down-down states

-
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Higher-order exchange interactions
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Higher-order exchange interactions

Extended Heisenberg Hamiltonian

H=- ) Jj(Si-S)
if

~ ) D; -(Six§))

4 )

- > "By (Si-8)°

i biquadratic
— Z Yik (Si-Sj) (Si - Sk)
b 4-spin-3-site

— > Kiw (Si-S;) (Sk - S1)
ijkl 4-spin—4-Site/
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Higher-order exchange interactions

Extended Heisenberg Hamiltonian

H = — Z Jj (Si-S)) - Higher-order interactions can be derived from a
p multi-band Hubbard model
_ Z D; -(S; xS))  Hubbard model describes electrons on a lattice
— A via hopping between different lattice sites as
I well as on-site interactions like Coulomb

a 2 I repulsion
- > _Bi(Si-S))

ikl biquadratic  effective spin Hamiltonian can be obtained by
downfolding fermionic degrees of freedom into
— Z Yiik (Si ' Sj) (Si - Sk) low-energy spin sector
ijk _ S 2 i
4-spin-3-site » see for example arXiv:1803.01315 for a more
— Z Kiji (Si-'Sj) (Sk - S)) detailed explanation
\ i 4-spin-4-site /
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Higher-order exchange interactions
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Higher-order exchange interactions

ta

AE(3/4TK) = 4 (2K — B) AE(1/2TM) = 4 (2K — B)

DRIVING A. Krénlein, MH et al., Phys. Rev. Let. 120, 207202 (2018) .
THE EXASCALE Siide 9 ' 4 ' JULICH
TRANSITION Forschungszentrum




Higher-order exchange interactions

AE(3/4TK) = 4 (2K — B) AE(1/2TM) = 4 (2K — B)
+ 4 Y33pin —4 Y33pin

DRIVING A. Kronlein, MH et al., Phys. Rev. Let. 120, 207202 (2018)
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Higher-order exchange interactions

AE(3/4TK) = 4 (2K — B) AE(1/2TM) = 4 (2K — B)
+ 4 Y33pin —4 Y33pin

—> 4-spin-3-site interaction favors
one uudd state over the other

DRIVING A. Krénlein, MH et al., Phys. Rev. Let. 120, 207202 (2018) .
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Higher-order exchange interactions

Fe/Rh(111)
uudd state stabilized by
4-spin-3-site interaction

AE(3/4TK) = 4 (2K — B) AE(1/2TM) = 4 (2K — B)
+ 4 Y35pin —4 Y33pin

—> 4-spin-3-site interaction favors
one uudd state over the other

..............

DRIVING A. Kronlein, MH et al., Phys. Rev. Let. 120, 20r2vuz (2v18)
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TRANSITION

JULICH

Forschungszentrum




Higher-order exchange interactions

Fe/Rh(111)
uudd state stabilized by
4-spin-3-site interaction

AE(3/4TK) = 4 (2K — B) AE(1/2TM) = 4 (2K — B)
+ 4 Y33pin —4 Y33pin

higher-order exchange interactions can be calculated by

performing DFT calculations for single-Q (spin-spirals) and

multi-Q (uudd, 3Q, ...) states from their energy differences

..............

DRIVING A. Kronlein, MH et al., Phys. Rev. Let. 120, 20720z (2u13)
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4-spin-3-site interaction: phase diagrams

J,>0 J;<0

ED_ 0 E’_ 0
3 3
multi-q
-1 _1
3D-spiral
5 spin-spiral spin-spiral
-2 -1 0 1 2 -2 -1 0 1 2
Y/J4l Y/J4l
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4-spin-3-site interaction: phase diagrams

J,;>0 J; <0 ot

i

multi-q

3D-spiral
spin-spiral

-2 -1
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4-spin-3-site interaction: phase diagrams
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4-spin-3-site interaction: phase diagrams
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4-spin-3-site interaction: phase diagrams

T o |1

multi-q

3D-spiral
spin-spiral

—> « huge variety of possible collinear as
well as non-collinear structures

DRIVING * many of them not yet found in nature! ' o
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Dzyaloshinskii-Moriya
Interaction

¢) JiLicH



DMI in the atomistic model

Energy contribution due to DMI:

PR N )
0% i
® e & 6 ¢ ¢
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DMI in the atomistic model

Si ; Energy contribution due to DMI:
(

S.
\SXSJ)/ EDMI = Z Dlj . (S, X Sj)
ij
-
“

e caused by combination of
* spin-orbit coupling
* broken inversion symmetry

« prefers canting with unique rotational sense

» prefers rotation around unique rotation axis
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DMI in the atomistic model

Si ; Energy contribution due to DMI:
(

S.
\SXSJ)/ EDMI = Z Dlj . (S, X Sj)
ij
-
“

e caused by combination of
* spin-orbit coupling
* broken inversion symmetry

scalar parameter

« prefers canting withjunique rotational sense] would be sufficient

» prefers rotation around unique rotation axis
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DMI in the atomistic model

Si ; Energy contribution due to DMI:
(

vector quantity

S
\st,)/ Epmr = Z@ (Si x ;)
/)
-
(-

e caused by combination of
* spin-orbit coupling
* broken inversion symmetry

scalar parameter

« prefers canting withjunique rotational sense] would be sufficient

» prefers rotation around unique rotation axis

DRIVING os
THE EXASCALE Siide 1 ' 4 ' JULICH
TRANSITION Forschungszentrum




DMI in the atomistic model

Si ; Energy contribution due to DMI:
(

vector quantity

S
\st,)/ Epmr = Z@ (Si x ;)
/)
-
(-

e caused by combination of
* spin-orbit coupling
* broken inversion symmetry

scalar parameter

« prefers canting withjunique rotational sense] would be sufficient

» prefers rotation around unique rotation axis
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DMI in the atomistic model

Si ; Energy contribution due to DMI:
(

vector quantity

S
\st,)/ Epmr = Z@ (Si x ;)
/)
-
(-

e caused by combination of
* spin-orbit coupling
* broken inversion symmetry

scalar parameter

« prefers canting withjunique rotational sense] would be sufficient

« prefers rotation around unique rotation axis
What defines direction of DM vectors?
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Moriya rules: determining DMI vector orientation
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Moriya rules: determining DMI vector orientation

/center = inversion centem

[llustrations taken from:
Brinker et al 2019
New J. Phys. 21 083015
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Moriya rules: determining DMI vector orientation

/center = inversion centem ﬂnirror plane perp. to bonh

|
| n

© o O Q|—>O

v v
\ D;=0 / \D,-j | mirror plane /

[llustrations taken from:
Brinker et al 2019
New J. Phys. 21 083015
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Moriya rules: determining DMI vector orientation

/ center = inversion centem

ﬂnirror plane perp. to boncﬁ
|
| i

.r’.

v

\Dij | mirror plane /

Slide 12

@old rot. axis perp. to borm
1 n
Y 2-fold
@ ' O

v

\ D; L rot. axis /

lllustrations taken from:

Brinker et al 2019

New J. Phys. 21 083015
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Moriya rules: determining DMI vector orientation

/ center = inversion centem ﬂnirror plane perp. to boncﬁ @old rot. axis perp. to borm
! y
| n Iy 0.
© o O 0 I_, ) g:) 2-fold
| @ ' @

v v v

\ D; = / \D,-j | mirror plane / K D; L rot. axis /
/ bond in mirror plane \

T n

¢ [llustrations taken from:
Brinker et al 2019
New J. Phys. 21 083015

kD,-,- L mirror plane/Slide12 9 JULICH
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Moriya rules: determining DMI vector orientation

/ center = inversion centem ﬂnirror plane perp. to boncﬁ @old rot. axis perp. to borm
! y
| n Iy 0.
© o O 0 |_> O g:) 2-fold
| @ ' @

v v v

\ D; = / \D,-j | mirror plane / \ D; L rot. axis /
/ bond in mirror plane \ / bond = rotation axis \

1 ol nfold
--@--}-@-—
¢ lllustrations taken from:
Brinker et al 2019
New J. Phys. 21 083015

\D,-,- L mirror plane /S“dw\ D; | rot. axis /‘J JULgICH




DM vectors in different symmetry classes
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DM vectors in different symmetry classes
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DM vectors in different symmetry classes
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DM vectors in different symmetry classes
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DM vectors in different symmetry classes
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DM vectors in different symmetry classes
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DM vectors in different symmetry classes

DRIVING .
THE EXASCALE Side 13 'J JULICH
TRANSITION Forschungszentrum



DM vectors in different symmetry classes

/ C,, symmetry [e.g. fcc(100)] \ /

O @ 3 fi

C,, symmetry [e.g. bcc(110)]

1N
Y,
J

&

D; L mirror plane

—> inplane
I

Al

| N
o I—"

Dj | mirror plane

atomistic Dg7 : direction fixed atomistic:

A V €

< "{2}
D,'j L rot. axis couple Dij’S

111

y 2-fold

—> inplane

any direction Dy; =
(electronic structure>DFT)Y

(2

Di

)

\

additional
mirror planes:

4
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DM vectors in different symmetry classes

/ C,, symmetry [e.g. fcc(100)] \ / C,, symmetry [e.g. bcc(110)] \

1 2 3 1ﬁ
D; | mirror plane p 0
inplane Q> 2fold  additional
i _ 5 © 10 mirror planes:
o |—> @) DU 1 rot. axis couple Dij’S
Dj || mirror plane > inplane

atomistic Do : direction fixed atomistic: any direction Do; = ( gx )
(electronic structure>DFT)N
4 N
Micromagnetic equivalent: Direct access to preferred rotation

axis €rot for propagation along €,:

e, 1
spiralization” D = Ao Z Do; @ Ry,

)i érot H D ép

\\ N J /
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DM vectors in different symmetry classes

C,, symmetry [e.g. fcc(100)]

(2 (3

-
LN

D; L mirror plane
Inplane
I
| A

i~ ©

Dj | mirror plane

atomistic Dg7 : direction fixed

micromag.
gD:D(o 1

DRIVING
MAX THE EXASCALE
TRANSITION

C,, symmetry [e.g. bcc(110)]

\

1

\

1/
.L,

\

Tn
Y 2-fold
© | O

additional

> mirror planes:
< '\;2/”

D,'j L rot. axis couple Dij’S

—> inplane

atomistic:

€

any direction Dy; =

(5)

(electronic structure>DFT)Y

4
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DM vectors in different symmetry classes

/ C,, symmetry [e.qg.

k¢ 2 3

atomistic Dg7 : direction fixed

A

micromag. 0 1
p{o) % o)

fcc(100)] \

i
D; L mirror plane

Inplane
|
| i

.r’.

Dj | mirror plane

one scalar degree
of freedom:
- rotational sense

- rotational speﬂ

DRIVING
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C,, symmetry [e.g. bcc(110)]

1

\

1/
.L,

\

T n
. I

r/ 3
Ly '\;2//”

€

atomistic: any direction Dg; = ( D
(electronic structure>DFT)N

y 2-fold

D

D,'j 1L rot. axis couple Dij’S
—> inplane

)

\

additional
mirror planes:

4
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DM vectors in different symmetry classes

/ C,, symmetry [e.g. fcc(100)] \ / C,, symmetry [e.g. bcc(110)] \

T © (3 1ﬁ

D; | mirror plane 40
inplane Ry > 2fod  additional
i -~ | © 1 © mirror planes:
n </
o I—’ @) DU L rot. axis couple Dij’S
Dj || mirror plane > inplane

oy : : D,
atomistic Dg : direction fixed atomistic: any direction Do = ( )
@ (electronic structure>DFT)N
: one scalar degree micromag. <O> 4D.R
mlcromag.D:E] 0 1) of freedom: D = ( X"y )
—1 0 / - rotational sense 4Dy Ry 0

\\ - rotational spey \\ /
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DM vectors in different symmetry classes

/ C,, symmetry [e.g. fcc(100)] \ / C,, symmetry [e.g. bcc(110)] \

T © (3 1ﬁ

D; | mirror plane 40
inplane Ry > 2fod  additional
i -~ | © 1 © mirror planes:
n </
o I—’ @) DU L rot. axis couple Dij’S
Dj || mirror plane > inplane

oy : : D,
atomistic Dg : direction fixed atomistic: any direction Do = ( )
@ (electronic structure>DFT)N
micromag 0 1 one scalar degree micromag. <O>
“pdp of freedom: D = ( _
:] —1 0 / - rotational sense ‘ x

- rotational speed
2 degrees of freedom
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Calculation of DM interaction from DFT v flapw.de
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Calculation of DM interaction from DFT v flapw.de
________________________________________________________ leur

®H®®OOOG@ juDFT

construct a super cell
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Calculation of DM interaction from DFT v flapw.de
________________________________________________________ leur

QHQQOOOG@ juDFT

construct a super cell

Calculate total energies (including SOC) for non-collinear structures with opposite rotational senses

counter clockwise clockwise

MH et al., PRB 92 , 020401(R) (2015)
H. Yang et al., PRL 115, 267210 (2015)
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Calculation of DM interaction from DFT v flapw.de
________________________________________________________ leur

QMQQOOOG@ juDFT

construct a super cell

Calculate total energies (including SOC) for non-collinear structures with opposite rotational senses

counter clockwise clockwise
Eccw Ecw
D E 1 E E MH et al., PRB 92 , 020401(R) (2015)
X LEsoc = E ( ccw CW) H. Yang et al., PRL 115, 267210 (2015)
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Calculation of DM interaction from DFT v flapw.de
________________________________________________________ leur

QMQQOOOG@ juDFT

construct a super cell Pros
* only few fast calculations
* easy to interpret

Calculate total energies (including SOC) for non-collinear structures with opposite rotational senses

counter clockwise clockwise
Eccw Ecw
D E 1 E E MH et al., PRB 92 , 020401(R) (2015)
X LEsoc = E ( ccw CW) H. Yang et al., PRL 115, 267210 (2015)
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Calculation of DM interaction from DFT v flapw.de
________________________________________________________ leur

9966600006 juDFT

construct a super cell Pros Cons
« only few fast calculations < g-dependence!
* easy to interpret * large super cell might be needed

Calculate total energies (including SOC) for non-collinear structures with opposite rotational senses

counter clockwise clockwise
Eccw Ecw
D E _ 1 E E MH et al., PRB 92 , 020401(R) (2015)
X Esoc = ) (Ecew — Ecw) H. Yang et al., PRL 115, 267210 (2015)
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Calculation of DM interaction from DFT v flapw.de
leur

P B8 388080 juDFT

/Step 1: Absence of SOC: Generalized Bloch theorem A

ei(k—a/2)-r ”11/(") periodic in. ghemical lattice
Vi, = ai(kta/2)r (r) > very efficient
kv > arbitrary q

N L. M. Sandratskii, J. Phys.: Condens. Matter 3, 8565 (1991) v
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Calculation of DM interaction from DFT v flapw.de

b BIA 0 0 b8 juprr

/Step 1: Absence of SOC: Generalized Bloch theorem A

I=======71

ei(k—a/2)-r ”11/(") periodic in. ghemical lattice
Vi, = ai(kta/2)r (r) > very efficient
kv > arbitrary q

N L. M. Sandratskii, J. Phys.: Condens. Matter 3, 8565 (1991) v
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Calculation of DM interaction from DFT

AERNINNER

I=======71

www.flapw.de

leur

juDFT

p

<

Step 1: Absence of SOC: Generalized Bloch theorem

0 ( Af =l A uzy(r) ) periodic in chemical lattice
kv —
e

> very efficient
» arbitrary q

L. M. Sandratskii, J. Phys.: Condens. Matter 3, 8565 (1991)

4

p

<

0 o (1)
Step 2: Add SOC in 18t order perturbation theory

Seww = {ul,, (r)[Hsoc|ul, (1)) + (ug, (1) Hsoc|ug, ()

M. Heide, G. Bihimayer and S. Blugel, Physica B 404, 2678 (2009) o

N
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Calculation of DM interaction from DFT
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Calculation of DM interaction from DFT
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Calculation of DM interaction from DFT

g S . )
6 @ : : @ @ G
| |
| |
| |
| |
| |
q.__N~___ :
_ =S
DFT calculations  Eq; ' (4, &ot) = Enssoc(a)
AN 4
a D
ia-Ro: mapping
Spin-lattice model — Joj €7 > Joj
A8 )
s _ Y
Micromagnetic model = dq- A|  -dq TP, 4
N )
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Calculation of DM interaction from DFT

g — . )
6 @ : : @ @ 6
| |
| |
| |
| |
| |
qi__M___ I
—
DFT calculations  Eo; ' (4, &ot) = Enosoc(a) + AESE (A, &rot)
AN 4
' D
_ iq-Ro; mapping
Spin-lattice model = )| Joje" ™ > Joj
A8 )
s . Y
Micromagnetic model = dq- A|  -dq Y
C J
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Calculation of DM interaction from DFT

P R )
e @ @ : : @ @ e
| |
| |
| |
| |
| |
qi__ M _] I
—
DFT calculations  E; ' (4, &ot) = Epsoc(a) + AEspe (A, &)
A\l 4
s Y
ia-Ro: ~ ia-Ro: mappin
Spin-lattice model = ) J0j €9 + ) " &or - Do et PPTY o, Dy
J
AU )
a . N
Micromagnetic model = dq- Al - 0q + &ot- D], 69 29 . 4 D
\ /
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Calculation of DM interaction from DFT

« S — : N
| |
| |
| |
| |
| |
q.__~Y___ I
—
DFT calculations  Eo; ' (4, &ot) = Enosoc(a) + AESE (A, &rot)
AN )
a D
: : . ~ig-Ry; PR ~_ig-Ry; mapping _ _ only component
Spin-lattice model — Joj e + Eerotj Do, e > Joj» Do parallel to
i - rotation axis
8 /
e . N
. . ~ mappin
Micromagnetic model =dq- A|, -0q+ & - D|, - dq P, ALD
A )
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Calculation of DM interaction from DFT

AV

a — , )
| |
| |
| |
| |
| |
q.__M___ I
—
DFT calculations  Eo; ' (4, &ot) = Enosoc(a) + AESE (A, &rot)
A\ 4
a oY
: : . ~ig-Ry; ~ ) ~_ig-Ry; mapping only component
Spin-lattice model — Joj e + Zerotj' Do, e > Joj» Doj parallel to
i - rotation axis
. J
" N

only one row

: : [ A mapping
5 S . Y :
Micromagnetic model =~ dq - Aly, - 0q 41 &t Dy, - dq > A,D i one rou
)
' 1 I DRIVING ' oo
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Calculation of DM interaction from DFT

5 . : A A
: : Crot
o —
| |
q.__M___ I
—
DFT calculations  Eo; ' (4, &ot) = Enosoc(a) + AESE (A, &rot)
A\ 4
a oY
: : . ~ig-Ry; ~ ) ~_ig-Ry; mapping only component
Spin-lattice model — Joj e + Zerotj' Do, e > Joj» Doj parallel to
i - rotation axis
. J
a - | )
. . X . ) I, . mapping only one row
Micromagnetic model 0q - Alg, - 0d H&ou- Dlg, - 09 > A,D et gl

A /
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Calculation of DM interaction from DFT

s ro AT A h
: : Crot
@ —
| |
q.__M___ I
—
> RS @O |,
DFT calculations  Eg ' (4, &ot) = Epasoc(a) + AESE (a, &ot)
A\ 4
a Y
. ia-Ro: ~ ) ia-Rn: mapping only component
Spin-lattice model = )| Joje" ™" + Eemt,:' Do; ™™ > Joj, Do parallel to
j T rotation axis
S /
a — . N
. . X . ) I, . mapping only one row
Micromagnetic model 0q - Alg, - 0d H&ou- Dlg, - 09 > A, D et gl

A /
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Calculation of DM interaction from DFT

i ra : A h
: | Crot
: I — at least three sets of
1
! E calculations needed
“ Sreereee ! to extract full DMI
=T 1@ pla "Bl - & Sl Bl = T A niormation from BET
Crot
DFT calculations Epp ' (4, &ot) = Emsoc(a@) + AESSL (A, &rot)
AN )
a N
: : . ~ig-Ry; PR ~_ig-Ry; mapping _ _ only component
Spin-lattice model — Joj e + Eerotj Do, e > Joj» Do parallel to
i rotation axis
\ 4
a - N
. . A mapping onl
~ Sa . , s 1 , y one row
Micromagnetic model 0q - Alg, - 0d H&ou- Dlg, - 09 > A,D et gl
A\ )
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Calculation of DM interaction from DFT

5 N : A A
] : Crot
: I — at least three sets of
|
! E calculations needed
9 Sreereee ' to extract full DMI
== Y@ pla "Bl I TIW dla Bl = T nformation from BT
Crot
DFT calculations  Eo; ' (4, &ot) = Enosoc(a) + AESE (A, &rot)
[ - — 4
s rd ™ N
: : . ~ig-Ry; PR ~_ig-Ry; |  mapping ! _ only component
Spin-lattice model — Joj e + Eerot’: Do, &7 i >E Joj + Do parallel to
i T : : rotation axis
\ : ; J
1
a o ! o D
. . A ! mapping 1 only one row
~ . . I I, . I y
Micromagnetic model 09 - Alg, 09 H &0y Dlg, - 09 § >1 A, D et gl
U \ / )

How does such a mapping look like? oo
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Calculation of DM interaction from DFT

/

extraction of atomistic
parameters via fit

A (nm)
-125 =25 too 25 1.25
Pd(fcc)/Fe/lr(111)
20
€
% 15}
) oF
‘- g O
g 10 3 -g
g it
~— - g
3 5} oT
2 e
L 8 o
0 o
. N Z
: _ =3
NOSOC . r-K =~ C
_5 1 1 1 1 1 1 1 1 1 ~— C_B

calculate spin-spirals along par-
ticular (high-sym.) directions

fit energies to analytical formula
(ie. first N neighbors)

N

)
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Calculation of DM interaction from DFT

( N
extraction of atomistic extraction of micromagnetic
parameters via fit parameters
A (nm) .
-125 25 too 2.5 1.25
Pd(fcc)/Fe/lr(111)
20
§
s oY
. S U T
@ 3 9y
s 23 @
£ =
3 o F 23
2 A D ==
5 o~ o0 3
: S& N
NOSOC | r-K N So
R e CE
« calculate spin-spirals along par- linear fit close to collinear state
ticular (high-sym.) directions - small g-vectors
 fit energies to analytical formula layer resolved information about
\ (ie. first N neighbors) ) contribution to DMI available

N

)

DRIVING
MAX THE EXASCALE
TRANSITION

Slide 17

‘9

JULICH

Forschungszentrum



Calculation of DM interaction from DFT

4 N
extraction of atomistic extraction of micromagnetic
parameters via fit parameters
A (nm) .
-125 25 too 2.5 1.25
Pd(fcc)/Fe/lr(111)
20
3
: o
8 3 & D
S 53 ® N
£ > 33
E o f 23
g 52 E
82 e
] S8 B
gL, MO0E, AN = 2
« calculate spin-spirals along par- linear fit close to collinear state
ticular (high-sym.) directions - small g-vectors
 fit energies to analytical formula layer resolved information about
\ (ie. first N neighbors) ) contribution to DMI available

o

/

)

DRIVING
THE EXASCALE
TRANSITION

Slide 17

» calculate spin-spirals on discrete

* obtain D; from D(q) via Fourier

\
extraction of atomistic param-

eters via Fourier transform

spin-spiral
calculation
provides in-
formation in
reciprocal
space: o
(@)
E(a)~D(a) =
C
D. 52
] p Q\)
IR
© L
NS
~ - S ®
-

mesh in full Brillouin zone

transform y.

JULICH

Forschungszentrum

‘9



Skyrmionic magnetic textures

¢) JiLicH



Topological charges

/

1D winding number

/

DRIVING
THE EXASCALE
TRANSITION

Slide 18

‘9

JULICH

Forschungszentrum



Topological charges

e

1D winding number

IIIIJII

11111

21T

AN

DRIVING
THE EXASCALE
TRANSITION

2D “winding number”: topological charge

1
Q= E/m-(ﬁxm x 0ym) dxdy

> w
o3 »
| AL AR

O o/
[ ¥ <
‘}g,{,
>
-

QAP

0 0000

“Skyrmion”

stereographicl /m :

projection

N\ . ysdde

388C

» NN
X YSICN VT

(GG ARNN =
e S
§edddan
LAAR D
{

each orientation is

the structure

obtained at least once in

/
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Skyrmionic structures
Néel-type (“Hedgehog”) Skyrmion
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Skyrmionic structures
Néel-type (“Hedgehog”) Skyrmion
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Skyrmionic structures
Néel-type (“Hedgehog”) Skyrmion

Q

_L/m
_47T R2

om  om
—X—

ox oy

) axdy

DRIVING
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TRANSITION

for skyrmionic structure:

Q=p-v
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Skyrmionic structures
Néel-type (“Hedgehog”) Skyrmion

1 om om

for skyrmionic structure:

Q=p-v
polarization
\ p = mg(r =0)
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Skyrmionic structures
Néel-type (“Hedgehog”) Skyrmion

1 om om

for skyrmionic structure:

Q=p- v‘l\
71 “vorticity”

polarization L 1 m, x Vvm,
‘p=mz(=0) 2 Jr 1 -—m2

elg
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Skyrmionic structures

Néel-type (“Hedgehog”) Skyrmion
1 om om
Q=E/RZ'“' (a—x : (‘9—y> axcy

for skyrmionic structure:

Q=p- v‘l\
71 “vorticity”

polarization L 1 m, x Vvm,
p=m(r=0) "~ 27 J. 1-—m?2

elg
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Skyrmionic structures

Néel-type (“Hedgehog”) Skyrmion
1 om om
Q=E/RZ'“' (a—x : (‘9—y> axcy

for skyrmionic structure:

Q=p- v‘l\
71 “vorticity”

polarization L 1 m, x Vvm,
p=m(r=0) "~ 27 J. 1-—m?2

elg
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Skyrmionic structures

Néel-type (“Hedgehog”) Skyrmion Bloch-type Skyrmion

MY
EAN D \N WY

1 om om

for skyrmionic structure:

Q=p- v‘l\
71 “vorticity”

polarization L 1 my x Vm,
p=m(r=0) "~ 27 J. 1-—m?2

DRIVING .
THE EXASCALE Slide 19 g ' JULICH

TRANSITION Forschungszentrum




Skyrmionic structures

Néel-type (“Hedgehog”) Skyrmion Bloch-type Skyrmion

MY
EAN D \N WY

1 om om

for skyrmionic structure:

Q=p- v‘l\
71 “vorticity”

polarization L 1 my x Vm,
‘p=mz(=0) 2 fr 1—m2
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Skyrmionic structures

Néel-type (“Hedgehog”) Skyrmion Bloch-type Skyrmion

D\ N

1 om om

for skyrmionic structure:

Q=p- v‘l\
71 “vorticity”

polarization L 1 my x Vm,
‘p=mz(=0) 2 fr 1—m2
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Skyrmionic structures

Néel-type (“Hedgehog”) Skyrmion Bloch-type Skyrmion

MY
EAN D \N WY

1 om om

for skyrmionic structure:

Q=p- v‘l\
71 “vorticity”

polarization L 1 m, x Vvm,
P=my(r=0) " " 27 fr 1 -m2

elg
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Skyrmionic structures

Néel-type (“Hedgehog”) Skyrmion Bloch-type Skyrmion

MY
EAN D \N WY

1 om om

for skyrmionic structure:

Q=p- v‘l\
71 “vorticity”

polarization L 1 m, x Vvm,
P=my(r=0) " " 27 fr 1 -m2

elg
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Skyrmionic structures

Néel-type (“Hedgehog”) Skyrmion Bloch-type Skyrmion

)\
i A\

1 om om

for skyrmionic structure:

Q=p- v‘l\
71 “vorticity”

polarization L 1 m, x Vvm,
P=my(r=0) " " 27 fr 1 -m2

elg

rot axis q
Néel-type rotation:. & ——

MY I 2 AA RS S = AN

/
1

t .

|Q — _1| Bloch-type rotation: —> ——> |Q = —1|

DRIVING NEYYXEZAAAA 2 X XYY .
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Skyrmionic structures

Neel-type (*Hedgehog”) Skyrmion Antiskyrmion / “multichiral” skyrmion

1 om om

for skyrmionic structure:

Q=p- v‘l\
71 “vorticity”

polarization L 1 m, x Vvm,
P=my(r=0) " " 27 fr 1 -m2

elg

1Q = +1]
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Skyrmionic structures

Neel-type (*Hedgehog”) Skyrmion Antiskyrmion / “multichiral” skyrmion

1 om om

for skyrmionic structure:

Q=p- v‘l\
71 “vorticity”

polarization L 1 m, x Vvm,
P=my(r=0) " " 27 fr 1 -m2

elg

1Q = +1]
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Skyrmionic structures

Neel-type (*Hedgehog”) Skyrmion Antiskyrmion / “multichiral” skyrmion

1 om om

for skyrmionic structure:

Q=p- v‘l\
71 “vorticity”

polarization L 1 my x Vm,
‘p=mz(=0) 2 Jr 1 -—m2

1Q = +1]
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Skyrmionic structures

Neel-type (*Hedgehog”) Skyrmion Antiskyrmion / “multichiral” skyrmion

1 om om

for skyrmionic structure:

Q=p- v‘l\
71 “vorticity”

polarization L 1 m, x Vvm,
P=my(r=0) " " 27 fr 1 -m2

NS VI AA RS S~

1Q = +1]
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Skyrmionic structures

Neel-type (*Hedgehog”) Skyrmion Antiskyrmion / “multichiral” skyrmion

1 om om

for skyrmionic structure:

Q=p- v‘l\
71 “vorticity”

polarization L 1 my x Vm,
P=my(r=0) " " 27 fr 1 -m2

NS VI AA RS S~

22 S SE R A S S |Q _ _|_-||
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Skyrmionic structures

Neel-type (*Hedgehog”) Skyrmion Antiskyrmion / “multichiral” skyrmion

1 om om

for skyrmionic structure:

Q=p- v‘l\
71 “vorticity”

polarization L 1 my x Vm,
‘p=mz(=0) 2 fr 1—m2

NS VI AA RS S~

L lbeeceoVVYYYVVOPO00, ..

22 S SE R A S S |Q _ _|_-||
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Skyrmionic structures

Neel-type (*Hedgehog”) Skyrmion Antiskyrmion / “multichiral” skyrmion

1 om om

for skyrmionic structure:

Q=p- v‘l\
71 “vorticity”

polarization L 1 my x Vm,
‘p=mz(=0) 2 fr 1—m2

NS VI AA RS S~

L lbeeceoVVYYYVVOPO00, ..

22 S SE R A S S |Q _ _|_-||
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Magnetic structures in C,, symmetry class
ép< RX

0 0.5 1 1.5 2

o/
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Magnetic structures in C,, symmetry class

ép < RX
i

! (Néel-type chirality
Cv=(D¢&,),

0 0.5 1 1.5 2

o/
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Magnetic structures in C,, symmetry class

8 R |
P —% Skyrmion
Ry
—————— >
y
T_J
! Néel-type chirality
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Magnetic structures in C,, symmetry class

Skyrmion

o/
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Magnetic structures in C,, symmetry class
o

Skyrmion

Antiskyrmion

o/
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Magnetic structures in C,, symmetry class
o

Skyrmion

Antiskyrmion
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Magnetic structures in C,, symmetry class
o

Skyrmion

Antiskyrmion
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Magnetic structures in C,, symmetry class
o

Skyrmion

" E.=E MH et al., Nature Commun. 8,
sk ask 308 (2017)

< r\, \< ’
’S..detD=0
~

Antiskyrmion

o/
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Skyrmions in Pd/Fe/lr(111)

v ferromagnetic phase

C ‘ ‘ '. gnetic | |GE .
X\ l W% "o:.: QU S e
BVERRARR SR MO0

1]
ey
N. Romming et al., Science 341, 636 (2013)
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Skyrmions in Pd/Fe/lr(111)

N. Romming et al., Science 341, 636 (2013)

DRIVING .
THE EXASCALE Side 29 'J JULICH
TRANSITION Forschungszentrum




Skyrmions in Pd/Fe/lr(111)

spin-spirals

|

skyrmions in
spiral-
background

|

skyrmion-
lattice

|

isolated
skyrmions in
ferromagnetic
background

g

2

‘ \‘;‘ '.. ferromagnetic phase - G WA
| ’ . . Gy~
AN b 45

A ..
OO K
v .‘...’.””0 BY

N. Romming et al., Science 341, 636 (2013) B. Dupé, MH et al., Nature Commun. 5, 4030 (2014)
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Skyrmionic structures for technological applications

Nowadays data storage relies a lot
on magnetic hard disk drive

https://en.wikipedia.org/wiki/Hard_disk drive

« Data is stored in magnetic domains and
is read by moving read-write-head

« Storage density as well as energy con-
sumption are not optimal!
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Skyrmionic structures for technological applications

Nowadays data storage relies a lot ldea: Domain Wall Racetrack

on magnetic hard disk drive )MHIV
S. S. P. Parkin, Science 320 5873 (2008)

 Domains are moved to a stationary read-write-head

» faster, denser, less energy
« still not optimal: pinning (imperfections in material) can

destroy information

https://en.wikipedia.org/wiki/Hard_disk drive

« Data is stored in magnetic domains and
is read by moving read-write-head

« Storage density as well as energy con-
sumption are not optimal!
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Skyrmionic structures for technological applications

Nowadays data storage relies a lot ldea: Domain Wall Racetrack

on magnetic hard disk drive :
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S. S. P. Parkin, Science 320 5873 (2008)

 Domains are moved to a stationary read-write-head

» faster, denser, less energy

« still not optimal: pinning (imperfections in material) can
destroy information

https://en.wikipedia.org/wiki/Hard_disk drive

Data is stored in magnetic domains and
is read by moving read-write-head
Storage density as well as energy con-
sumption are not optimal!

Skyrmion racetrack memory

» data is stored in presence/
absence of skyrmion
* less pinning
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Spin-dynamics simulations @ Spi?it

Atomistic Hamiltonian spirit-code.github.io

H=—ZJ,](§/-§/)—25// -(_),'>< _)j)— ZK, (élkl) —Zé'éi
if

If i i
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Spin-dynamics simulations @ Spi?it

Atomistic Hamiltonian spirit-code.github.io
- = - - N -
H==>"0i(5-8) -3 0y -(Sx8) - > K (S-k) > B-S
ij ij / i
Landau-Lifshitz-Gilbert dynamics {é@ff _ _%}
0§ - — — — - ! 8§
A TRy - — e — N TN ) '

ot (1 +a®)u (1 +a®)p;
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Spin-dynamics simulations @ Spi?it

Atomistic Hamiltonian spirit-code.github.io
— — — — — — A 2 — —
H==>"0i(5-8) -3 0y -(Sx8) - > K (S-k) > B-S
] ] i i
Landau-Lifshitz-Gilbert dynamics
- ] = —
0S; - o ~ S 0S;
o T Gx B %G x (S x B '

ot (1 +042),u,-
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Precession
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Spin-dynamics simulations @ Spi?it

Atomistic Hamiltonian spirit-code.github.io
- = - - N -
H==>"0i(5-8) -3 0y -(Sx8) - > K (S-k) > B-S
if if / i
Landau-Lifshitz-Gilbert dynamics {éeff 8H}
S = ——
0S; S = 2 S o 0S;
A TRy - — e — N TN ) '
ot (1 +a®)u (1 +a®)p;
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Spin-dynamics simulations

Atomistic Hamiltonian

H=—2Jij(§/-§j)—25ij ( j X
if

/]

Landau-Lifshitz-Gilbert dynamics

0S; Y

- S x Beff — 3 s (S « Beff
ot (1 + @) p; Si x B, (1 +()52),LL,'S < (S < BT
} \ }
| |
Precession Damping
a—p0 =2 7 > 1+ ba 2 =7 2

\ J

|
Spin Torque (electric current)
Precession-like
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Spin-dynamics simulations @ Spi?it

Atomistic Hamiltonian spirit-code.github.io
— — — — — — A 2 — —
= Ui (S8 - DDy (Sx8) - YK (S-K) ->B-§
if if / /
Landau-Lifshitz-Gilbert dynamics 200 |
E T - T P
= — S; X B-eff — S x X eff
ot = Awad > BT Ay o B
Y J \ Y J
Precession Damping

- I A TRl

(1 + a?) (1 + a?)
\ )\ }
Y Y 3
Spin Torque (electric current) Non-adiabatic excitation . .
Precession-like Damping-like .
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Spin-dynamics simulations @ Spi?it
spirit-code.github.io

Atomistic Hamiltonian
H=-> Jj(5-5) -
if

Landau-Lifshitz-Gilbert dynamics

Y Dy (SixS) - Y K (éi'ki)z_zé’si
- juspin.de

Iy

@ juspin.de

0GB - 00§ (§ < B
ot (1+ )i (1 + )i
\ Y J \ Y J
Precession Damping
— Six (Jo-V)S; + Si x (Sj x (Je - V)S;
(1 + C¥2) / (]e ) / (1 + a2) / ( / (]e ) /)
\ ]| } |
| | |
Spin Torque (electric current) Non-adiabatic excitation | ~ |
Precession-like Damping-like o
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Recent example of research interest

Antiskyrmions in 2Fe/W(110)

MH et al., Nature Commun. 8, 308 (2017)
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2Fe/W(110): density functional theory calculations leur
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2Fe/W(110): density functional theory calculations leur
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real-space: Dy,

DRIVING - / o
THE EXASCALE Slide 26 4 ' JULICH

TRANSITION Forschungszentrum



www.flapw.de

2Fe/W(110): density functional theory calculations leur
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real-space: Dy,
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distance in a,p
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2Fe/W(110): density functional theory calculations leur
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real-space: Dy, surface layer
. . ——— * main contribution from
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2Fe/W(110): density functional theory calculations leur
: real-space: Dy, ) surface layer
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2Fe/W(110): density functional theory calculations
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2Fe/W(110): density functional theory calculations
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2Fe/W(110): density functional theory calculations

LR ~
~
4&
- M
- Ve
- P
»
74 ~
7t R o« — Q
4
-
L5 <
+on N -
L o
b
+
+

DRIVING

THE EXASCALE
TRANSITION

N

-

real-space: Dy,

. R - J " clockwise -
N[, x "
Fe1 . @ 4
* »
» - >
Fe - ; counlter-clogkwisel- i
2 ¢ &
4 & 1 2 3 4 5
. . distance in a,p
o
* L
» = .
y ’

sum (Fe, + Fe,)

« ¥ & .
1 <+ ¥

B

. ¥y 2 -

Slide 26

\

Djj in meV

www.flapw.de

leur

surface layer

 main contribution from
1stnearest neighbor

n.n in both layers

* opposite rotational
sense

interface layer
 contribution from

more neighbors
different directions

JULICH

Forschungszentrum

‘9



2Fe/W(110): density functional theory calculations
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2Fe/W(110): density functional theory calculations

leur
Fe1'Fe')
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p> real-space: D, surface layer
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2Fe/W(110): density functional theory calculations leur
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2Fe/W(110): density functional theory calculations leur
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reciprocal-space: D(q)
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2Fe/W(110): density functional theory calculations leur
N
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For small g-vectors,
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2Fe/W(110): density functional theory calculations leur
N

-~
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2Fe/W(110): density functional theory calculations leur

4 reciprocal-space: D(q) A

érot H 2 ép

For small g-vectors,
l.e. long periods:

opposite chirality (see
” color code) along
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For larger g-vectors,
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same chirality along
different directions
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2Fe/W(110): density functional theory calculations leur
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different directions
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2Fe/W(110): spin-dynamics simulations %

 start from artificially created structure

I Skyrmion I I Antiskyrmion I
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2Fe/W(110): spin-dynamics simulations N

« gstart from random structure
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 Higher-order exchange
interactions can couple
spin-spirals and result in
many complex magnetic
textures

—> plenty of opportunities
for new discoveries!
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 Higher-order exchange
interactions can couple
spin-spirals and result in
many complex magnetic
textures
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for new discoveries!
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« Shape of DM interaction is
defined by the underlying
lattice symmetry

« C2v symmetry particularly
interesting due to variety of
possible preferred states
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Summary & Conclusion
/- Higher-order exchange : A / Shape of DM interaction is
interactions can couple defined by the underlying
spin-spirals and result in lattice symmetry
many complex magnetic « C2v symmetry particularly
textures interesting due to variety of
—> plenty of opportunities  , spin-spiral possible preferred states
for new discoveries! = 0 f
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e

» Spin-spirals (+Fourier trans-
form) provide powerful tool to
obtain effective interaction
parameters from DFT.
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interactions can couple : defined by the underlying p 2
spin-spirals and resultin 3 _ lattice symmetry | v
many complex magnetic = « C2v symmetry particularly @ .
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—> plenty of opportunities ~ , sein-spira possible preferred states L
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spirit-code.github.io

» Spin-spirals (+Fourier trans- their anti-particle,  Spin-dynamics simulations
form) provide powerful tool to the antiskyrmion il allow to determine (meta-)
obtain effective interaction * ongoing search i stable magnetic structures
parameters from DFT. for such systems . « Spirit is useful tool for this.
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Thank you for
your attention!
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Higher-order exchange interactions: Hubbard model

Multi-band Hubbard model

electron-Hamiltonian

Coulomb hopping

Hund’s rule
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Higher-order exchange interactions: Hubbard model

Multi-band Hubbard model Effective spin Hamiltonian

electron-Hamiltonian
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Higher-order exchange interactions: Hubbard model
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Higher-order exchange interactions: Hubbard model
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Higher-order exchange interactions: Hubbard model
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Higher-order exchange interactions: Hubbard model
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Higher-order exchange interactions: Hubbard model

Multi-band Hubbard model Effective spin Hamiltonian
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DMI in the micromagnetic model

magnetization is described by a continuous magnetization density m(r)

A. Bogdanov & A. Hubert, JIMMM 138, 255 (1994)
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DMI in the micromagnetic model

magnetization is described by a continuous magnetization density m(r)
« N

DMI: > _DasLas  (general form) a = spin coordinate

7 \ B = spatial coordinate

spiralization tensor Lifschitz tensor

E 50&0{’0{” (ma/ 85 ma// — ma”aﬁma’)

a/a//
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DMI in the micromagnetic model

magnetization is described by a continuous magnetization density m(r)
« N

DMI: > _DasLas  (general form) a = spin coordinate

7 \ B = spatial coordinate

spiralization tensor Lifschitz tensor

E Eaa/a// (ma/ 85 ma// — ma”aﬁma’)

a/a//
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Bulk systems D 0 0 /Interfaces 0O D 0 \
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DMI in the micromagnetic model

magnetization is described by a continuous magnetization density m(r)
« N

DMI: > _DasLas  (general form) a = spin coordinate

7 \ B = spatial coordinate

spiralization tensor Lifschitz tensor
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What defines exact shape of DM interaction? A. Bogdanov & A. Hubert, JMMM 138, 255 (1994)
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DMI in the micromagnetic model

magnetization is described by a continuous magnetization density m(r)
« N

DMI: Y _DasLas  (general form) e L Direct access to preferred

ap p = spatial coordinate | i\ ovis €t for
propagation along é,:

Lifschitz tensor
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DMI in the micromagnetic model
magnetization is described by a continuous magnetization density m(r)
c N
DMI: Z Dag Lag  (general form) g _ ngizfggpdﬁt o | Directaccess to preferred
af P rotation axis €o for
propagation along é,:
Lifschitz tensor A A
€rot || D &,

spiralization tensor
Z Eaarar (MarOgMar — Mo Ogmey) Only valid for slowly rotat-

a'all ing magnetic structures!
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DMI in the micromagnetic model

magnetization is described by a continuous magnetization density m(r)

N

Direct access to preferred
rotation axis €, for
propagation along é,:

€rot H 2 ép

Only valid for slowly rotat-
ing magnetic structures!
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Calculation of skyrmion lifetimes
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Calculation of skyrmion lifetimes (@ spirit
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Lifetime
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Calculation of skyrmion lifetimes
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Calculation of skyrmion lifetimes (T spirit
Geodesic nudged elastic band method (GNEB)

GNEB provides minimum energy path:

» saddle point structure

e energy barrier
(& _ )
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Calculation of skyrmion lifetimes

Geodesic nudged elastic band method (GNEB)

@ spirit

Harmonic transition state theory (HTST)

GNEB provides minimum energy path:

» saddle point structure

e energy barrier
(&
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HTST provides attempt rate via
harmonic approximation
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Calculation of skyrmion lifetimes

Geodesic nudged elastic band method (GNEB)

@ spirit

Harmonic transition state theory (HTST)
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GNEB provides minimum energy path: _ _
_ HTST provides attempt rate via
0 el pomft SIUEE harmonic approximation
e energy barrier
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