Micromagnetics
and
atomic spin dynamics

European School of Magnetism 2026

Anders Bergman, Dept. of Physics and Astronomy



Micromagnetism
and
atomistic spin dynamics

European School of Magnetism 2026

Anders Bergman, Dept. of Physics and Astronomy



Outline

Introducing relevant simulation techniques

Introduction

Spin models

Micromagnetics

Atomistic Spin
Dynamics



Motivation

Topics from this school



Motivation

Topics from this school

Exchange interactions &
magnetic ordering

Spin waves & magnonics

Domains & domain walls

Magnetization reversal
processes




Motivation

Topics from this school

Exchange interactions &
magnetic ordering

Spin waves & magnonics

. 4

Domains & domain walls

N A A ’\‘ a \ PN
Ly f“é:ﬁﬁ (}J A 1‘.”@‘\&.’\ e y
: o~ 7 ; o ' - i
. e

r

\
Magnetization reversal piction of a spin wave.lredit: Den e Kepaptsoglou
Processes




Motivation

Topics from this school

Exchange interactions &
magnetic ordering

Spin waves & magnonics

Domains & domain walls

Magnetization reversal
processes




Motivation

Topics from this school

Exchange interactions &
magnetic ordering

Spin waves & magnonics

Domains & domain walls

Magnetization reversal
processes




Scales of magnetism

Time-scales across orders of magnitude

Electronic processes: sub-ps

Localized moments: ps / THz

Domains / Dipole magnons: ns / GHz

Magnetic storage: years

Geomagnetic reversal: millenia

Lifetime of magnetic data storage media
http://lwww.clir.org/pubs/reports/pub54/4life_expectancy.html

http://www.apple.com

A leap forward for backup.

Geomagnetic reversal
http://en.wikipedia.org/wiki/Earth’s_magnetic_field

AC Transformer

Magnetization precession

dm 14 dm
—=[mXxXH]+—-|m X —
dat m L dt

T ~2n—<~36ps B=1T

eB

http://fen.wikipedia.org/wiki/Transformer

Coherent interaction between

Demagnetization by fs Laser
E Beaurepaire et. al, PRL, 76, 4250 (1996)
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light and magnetization
Bigot et. al, Nat Phy vol 5(7), 515 (2009)
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Spin models

Energy cost from a reference state

Y

[T

N

Exchange energy:
The cost of changing the angle between magnetic moments.

Heisenberg exchange interaction (Ea = Ec)

Anisotropy energy:
The cost in energy related to rotating the magnetization

Magnetocrystalline anisotropy: Microscopic origin (spin-orbit coupling)
Shape anisotropy: Magnetostatic origin (dipole-dipole interactions)

Antisymmetric exchange:
Direction of angle matters (Ea <> Ec¢)

Dzyaloshinskii-Moriya interaction (SOC + lack of inversion symmetry)



Spin models

More on exchange interactions

Direct exchange Super-exchange and double-exchange

Overlapping wave-functions. Typically insulating systems
Strong but short-ranged Mediated through non-magnetic ions
Antiferromagnetic

‘ Super: Kanamori-Goodenough

RKKY exchange
Localized electrons interact through
conduction electrons

Long ranged
Oscillatory
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The cost of changing the angle between magnetic moments.

Heisenberg exchange interaction (Ea = Ec)

Anisotropy energy:
The cost in energy related to rotating the magnetization

Magnetocrystalline anisotropy: Microscopic origin (spin-orbit coupling)
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Spin models

Terms of the Hamiltonian
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Spin models

The zoo of interactions




Spin models

The effective Hamiltonian

The Heisenberg Hamiltonian

With added terms depending on system

Model limitations:

- Magnetic moments with fixed length
- Constant interaction strengths

Real materials:

- Magnetic moments can vary
- Configurational dependent interactions
\_ J A. Szilva et al. Rev. Mod. Phys. 95 035004 (2023)
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Micromagnetism

The magnetisation density

A pyms cube of Fe contains ~ 1011 atoms:
Too costly for an atomistic method

R R dc s anag N LR AR AR ALL,
Domain wall width of Fe: Hffff/M\\\“HHHH Smooth, continuous

~ 60 nm Hffff/M\\\“HHHH magnetisation density
444 1A 00N V4

Consider the energetics and dynamics of
the magnetisation density instead
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Micromagnetism

Energy from moments to density

A

Is the
micromagnetic
exchange stiffness

1

J

Unit: energy/length

Fe: ~20 pJ/m
Co: ~30 pJ/m
Py: ~10 pJ/m



Micromagnetism

Other contributions

N /{A(Vm)2 + Eani +€pmt — poM;m - Heye =5 M;m-Hy } dV
V

Magnetocrystalline DzyaloshinsKii- Magnetostatic (dipole) interactions

anisotropy Moriya interactions o
VxH;=0= H;=—-VU, VU=V -M
. Uniaxial: Bulk-like: Bulk and surface contributions to U
el = — K, (m- 1)’ epiit = Dm - (V X m)
| Pm / /
Ur) =~ Arr dV ]grrdS
Cubic: Interfacial: '
;E;b — K (m2m2 +m mg T 1 5511{)11 _D[mz(v m) i (m v)mz]
mng)—l—KQm mjm?

Weak but long-ranged!



Micromagnetism

From energy to dynamics, via fields

o ( ) 1 5E Conservative dynamics:
') = —
%
4 oM om(r) dm
7 = — YoM X Heff
24_\/2m — 2D (V x m) | . .
Lo M Lo M g With added dissipation: Landau-Lifshitz equation
o 0;;1 — — _’:oa2 [m X Heff + am X (m X Heff)]
u (m : ﬁ) u — 20 [(V-m)z — Vm,]
l’LOMS ,U'OMS




Micromagnetism

Case study I: Skyrmions and current driven dynamics

Current driven dynamics

: Field polarized B, "B,
B B Bd Ba1

| T B // <100> .
Conical ‘\\

j=1“MA/cm2t=O.O2 ns

S <A-phase

j= 5 MA/cm? t=0.02 ns

||4

=1 MA/cm?2t =0.02 ns

j=5 MA/cm? t= 0.02 ns

. G o o - 0 Orrres . ~ z
: i :
Helical = Paramagnetic ‘
.~ | K S ° .8 ¢ S \U IR
\ . . > — SN \ N A \ r R
| e & 4 % « o \ ‘ L | . . » o ’ :

S. MiUhlbauer et al. Science 323 915 (2009) X.Z. Yu et al. Nature 465 901 (2010)) A. Fert et al. Nature Nano. 8 152 (2013)




Micromagnetism

Case study ll: Spin Torgue-Generated Solitons

Spin torque oscillator Magnetic solitons

Spin torque

Ferromagnet

Normal

Ferromagnet :
-

Current
~ >

10-500 nm

T 0.06ns  0.089 ns

I olclofolo Iﬂ§

0
i

VOSC (mV)
Lo -
o O O O O

Oscillator voltage,

Y. Zhou et al. Nature 547 428 (2017) S. M. Mohseni et al. Science 338 6125 (2015) Y. Zhou et al. Nat. Comm. 6 8193 (2015)




Micromagnetism
Case study lll: Magnetic hopfions

Hopfions Simulations of hopfions in FeGe

C

, 50 mT 150 mT

_ N

Damaged layer Magnetization flip Edge modulations

3 RO

Bulk

F. N. Rybakov et al. APL Mater. 10 111113 (2022) | F. Zheng et al. Nature 623 718 (2023)
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Heisenberg Hamiltonian

ic Spin Dynamics

Effective magnetic field:
Landau-Lifshitz-Gilbert

Back to the

Atomist

EOM:




Monte Carlo methods

Ground states and thermodynamics

Initial configuration T f\

—> Pick random spin in lattice and flip it T \

l AE

Calculate the AE and probability P — o*BT

l

Accept if AE<O or r<P for r=#rand T \

l

Calculate observables
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Monte Carlo methods

Real-life minimisation example

Ising Hamiltonian <I,J]> = your nearest neighbours

Initial configuration

l

p—> Pick random spin in lattice and flip it

l

Calculate the AE and probability P

l

Accept if AE<O or r<P for r=#rand

l

Calculate observables




Atomistic Spin Dynamics

Back to the Heisenberg Hamiltonian again..

Effective magnetic field:

Landau-Lifshitz-Gilbert
EOM:

dm; Y
= —ym; X B; —a—m,; X (m; X B;) Dissipation rate:
dt ; Gilbert damping a
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Atomistic Spin Dynamics
Some examples of dynamic measurables

Sigmoid Fit to Magnetization Data

® Data
- Sigmoid fit

L/ (1 + exp(-k*(x - x0))) + b
1.837
0 = 0.468
0.641
-0.913

m; (ug/atom)

0
Magnetic field (T)

Frequency ® (THz)

1.4
Wave vector q (A')
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Atomistic Spin Dynamics (or Monte Carlo)

Phase diagrams

_ Magnetic state stability
Thermodynamic measurables Pd/Fe/Ir(111)

bcc Fe:

— Susceptibility
+—+ Magnetization
o--o0 Specific Heat
-- Binder cumulant

O
)

—
T~

Magnetic field (T)

o

spiral

Normalized value

<
b

1

1 [ AN 50 | 300 350
400 600 800 1000 1200 1400
Temperature (K) Temperature (K)

O
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M. Bottcher et al. New J. Phys. 20 103014 (2018)




Atomistic Spin Dynamics

Magnons

Animation: Sean Kelley/NIST

Spatial and temporal correlations

C¥(r — ', t) = (my (t)my (0)) — (my (1)) (my (0))

r T/ r T/

Fourier transform -> Dynamic structure factor

O

1 . : .
Sk(q,w) __ \/%N Zezq-(r—r ) / ezwtck(r _ I'/,t)dt

r,r’
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o 1.4
Wave vector q (A')

Compare with scattering experiments

Alternative: Linear spin-wave theory



Atomistic Spin Dynamics
Showcase I: Magnon softening in Fe/W(110)

Spin-polarized electron energy loss spectroscopy Density functional theory
(SPEELYS) 4

Atomistic spin dynamics
1 Fe ML on W(110)

First ever spin wave monolayer measurement

g8 %10 11 12
—[ [

— - T T I T

. ) 5 "-, ) : = Theory
80 . Y [ “ * i ‘ — Bulk Fe -
e Exp.

L= 74 meV A?
o, =180 meV A2
T o N I .

G s = 160 meV A2
T4 11 Dy =280mev A

y (meV)
2

g
L -

(o)
Zi4
o=

n
-

oanon ener

Magnon energy [meV]

Magnon energy [meV]

Ma

Normalized difference [a.u.]

-k
v T T v T 1 1 1 | 1 1
- . , 05 1.0 . i 2 1 1 . 0.5
o B :.21 I Wave vector AKI[A"]
Energy loss [meV] Wave vector AKI[ A]

]
Distance (a, ) Wave vector q (A )

Significant softening compared to bulk Fe Softening captured.
Why? Unclear Why: Antiferromagnetic next-nearest neighbours
J. Prokop et al. PRL 102 177206 (2009) A. Bergman et al PRB 81 144416 (2010)




Atomistic Spin Dynamics

Showcase lll: Spin-orbit assisted switching

Current driven dynamics: Example: FesGeTe2 nano-flakes
Spin transfer torques (STT) e e o
Spin orbit torques (SOT) BT o ed AT e et dos

00 00 ©0 00 ©0 00 ©0 00 O
© 00 00 00 ©00 00 ©0 00 00
00 00 00 00 ©00 ©0 00 ©00 O
© 00 00 00 ©00 00 ©00 00 00

SOT ©0 00 ©00 00 ©0 00 ©0 060 O«

SOT(O'_OZGmXO-)+BRT (mXG+OKGO-) “ AN A, VY§ =K ) mbs 4 v

BSOT — BPT

hj.0
B27" = Bsor 22 Mifi = BsorBar”

Can also act on magnetization gradients

D.C. Ralph and M. Stiles

JMMM 320 1190 (2008) A. Mea et. al JPCM 35 025801 (2023) R. Cardias et al. Nano Lett. 25 11979 (2025)




Summary and conclusion

Versatile tools for many different applications

Micromagnetic simulations Atomistic Spin Dynamics
Magnetization density Localised moments
Micrometer scale First-principles exchange interactions
Minimisation Thermodynamics
Domain walls Phase diagrams
Dipole-driven dynamics Correlations

GHz regime Exchange magnons and spin waves

Foundations and Applications

Selected reference Selected reference
"Magnetism and Magnetic Materials" "Atomistic Spin Dymamics -
by J.M.D. Coey Foundations and Applications”
by O. Eriksson et al.

Selection of codes Selection of codes

https://tinyurl.com/uppasd-book

mumax3 oommf

Spirit Spilady Thank you!
Vampire UppASD



https://github.com/UppASD/UppASD
https://tinyurl.com/uppasd-book
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