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Motivation
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Micromagnetics 
• prediction of magnetic behaviors at sub-micrometer length scales (1nm – 1µm)
• continuum approximation à atomic structure of the material can be ignored 
• but small magnetic structures like domain walls or vortices are resolved

Micromagnetic calculations can be
• static, by minimizing the magnetic energy,
• dynamic , by solving the time-dependent dynamical equation, time-scale: ps

Origins
• work by Lev Landau and Evgeny Lifshitz on antidomain walls (1935)
• expanded by William Fuller Brown Jr., who termed "micromagnetics" in 1958
• computational methods developed after 1970 for magnetic recording media for 

data



Static Micromagnetics
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Magnetic energy minimization:
𝐸	 = 	𝐸!"#$ +	𝐸%&'( +	𝐸) +	𝐸*!+%, + 𝐸-./ + 𝐸+0!

With constraint 𝒎 = 1 with 𝒎 = 𝑴/𝑀( (𝑀( saturation magnetization)

Contributions:
• 𝐸!"#$: Exchange energy - phenomenological continuum description of quantum-

mechanical exchange interaction
• 𝐸%&'(:	Anisotropy energy - interplay of crystal structure and spin-orbit interaction
• 𝐸): Zeeman energy - interaction energy between magnetization and externally applied 

field
• 𝐸*!+%,:	Demagnetization energy - demagnetizing field is magnetic field of magnetic 

sample itself
• 𝐸-./: Dzyaloshinskii–Moriya Interaction energy due to breaking of crystalline inversion 

symmetry à magnetization perpendicular to its neighbors
• 𝐸+0!:	Magnetoelastic Energy energy storage due to elastic lattice distortions

Yields, e.g., stable magnetic states, hysteresis curves, phase diagrams, domain wall profiles



Dynamic Micromagnetics
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Goal: predict time evolution of the magnetic configuration, like spin waves, domain wall 
motion, spin transfer torques, vortex excitation

Important in non-steady conditions like AC or pulsed fields

à Solve the Landau–Lifshitz–Gilbert equation (LLG), a PDE for the temporal evolution of 
the magnetization under an effective field, the local field felt by the magnetization

𝑯!11 = −
1

𝜇2𝑀(

𝑑3𝐸
𝑑𝒎𝑑𝑉	

with variational magnetic energy

𝑑𝐸 = −𝜇2𝑀(0
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𝑑𝒎 1 𝑯!11𝑑𝑉

This gives (w/o DMI and e-m terms):

𝑯!11 =
2𝐴
𝜇2𝑀(

∇3𝒎−
1

𝜇2𝑀(

𝜕𝐹%&'(
𝜕𝒎 +𝑯% +𝑯*



LLG equation
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Magnetization dynamics is given by:

MICROMAGNETISM

𝑯௘௙௙ = −
1

𝜇଴𝑀௦

𝛿𝐸
𝛿𝒎

𝒎̇ = −
𝛾

1 + 𝛼ଶ 𝒎 × 𝑯௘௙௙ + 𝛼 𝒎 × 𝒎 × 𝑯௘௙௙

Time integration 
dynamics

The magnetization dynamics is described by the Landau-Lifshitz-Gilbert (LLG) equation

precession damping

with

𝐸 𝒎, 𝑡   →   𝐻௘௙௙ 𝒓     
   LLG   

   𝒎(𝒓, 𝑡)

Computation of the magnetization dynamics:
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MICROMAGNETISM

௦

Magnetization can be described by a continuous vector field

• picosecond time scale 
• 1nm – 1µm length scale

central quantity of interest

Quasi-uniform state

Néel Skyrmion

Vortex
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In ferromagnets, neighboring magnetic moments have the tendency to align

Continuum 
approx.Additional terms:

• Spin transfer torque (magnetic layer influenced by spin-
polarized currents à e.g. magnetic memory)

• Random effective field (thermal noise)

MICROMAGNETISM

𝒎̇ = −
𝛾

1 + 𝛼ଶ 𝒎 × 𝑯௘௙௙ + 𝛼 𝒎 × 𝒎 × 𝑯௘௙௙   + 𝜏ௌ்்

LLG adaptation 1

Spin transfer torques (Zhang-Li[1], Slonczewski[2,3] )

LLG adaptation 2

Additional random effective field term which scales with the temperature[4]

𝑯௘௙௙  →    𝑯௘௙௙ + 𝑯௧௛ 𝑯௧௛(𝒓, 𝑡) = 0

𝑯௧௛(𝒓, 𝑡), 𝑯௧௛(𝒓ᇱ, 𝑡′) =
2𝑘஻𝑇𝛼

𝑀௦𝛾
𝛿 𝒓 − 𝒓ᇱ 𝛿(𝑡 − 𝑡ᇱ)
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Time integration 
dynamics
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Examples for statics
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MICROMAGNETISM

௦

Magnetization can be described by a continuous vector field

• picosecond time scale 
• 1nm – 1µm length scale

central quantity of interest

Quasi-uniform state

Néel Skyrmion

Vortex

5

In ferromagnets, neighboring magnetic moments have the tendency to align

Continuum 
approx.

Numerical energy minimization by
1. Standard minimization scheme (e.g. steepest gradient)
2. LLG equation with strong damping (=removing the 

precession term)

MICROMAGNETISM
Energy minimization 

statics

Two approaches to minimize the free energy functional numerically:

1. Standard minimization scheme (e.g. steepest gradient)

2. LLG equation with strong damping (=removing the precession term)

𝒎̇ = −𝒎 × 𝒎 × 𝑯௘௙௙
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Dynamics à mumax3 for LLG
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What is mumax3?

Free finite-difference based micromagnetic simulation package
• GPU-accelerated nvidia GPU required
• Latest official release mumax3.11 (Aug 13, 2020)
• Documented API: mumax.github.io
• Open source (GPLv3) github.com/mumax/3
• Mainly written in Go
• CUDA C kernels for heavy lifting
• Scripting language + Web GUI
• Well tested (unit tests + NIST standard problems)



How to use?
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Uses a scripting language which is a subset of golang

SCRIPTING LANGUAGE
Mumax3’s scripting language is a subset of golang

// saturation magnetization
Msat = 5e6

// declare new variable
Freq := 1e9

for i:=0; i<10; i++ {
print(i)

}

if 1+8 == 9 {
print(“Of course 1+8=9”)

}

12
Source: mumax3 tutorial



Discretization
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DISCRETIZATION

• Rectangular simulation box (origin in the center)
• Single regular rectangular grid
• Uniform magnetization inside cell 𝒎௜௝௞ = 𝒎(𝑥௜, 𝑦௝, 𝑧௞)
• Cell size < exchange length

• PBC values are number of virtual repetitions of the 
simulation box used to calculate dipolar interactions

setpbc(4,0,0)
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setgridsize(256,64,1)
setcellsize(1e-9,1e-9,1e-9)

DISCRETIZATION
The cuda fft library (used for the computation of the demag field) is 
highly optimized for grid size dimensions with small prime factors.

Tip: try to use grid size dimensions which are ‘7-smooth’
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190 = 2 ⋅ 5 ⋅ 19            191 = 191              192 = 2଺ ⋅ 3

 

Example of good and bad grid size dimensions:

The cuda fft library (used for the computation of 
the demag field) is highly optimized for grid size 
dimensions with small prime factors (less than 7).



…
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For the discretization in mumax, one should choose the cell size such that:
• It is larger than the atomistic scale (>=1nm)
• Smaller than the exchange length is l!"  = (A/K# )$%&, where A is the exchange 

stiffness constant and K#  is a magnetostatic energy density:
K#  = $/&µ' M(

& (SI) or 2! M(
& (cgs emu)

• The maximum angle of the magnetization between neighboring cells 
(maxangle) is less than 20!  (most of the time)

In general, the micromagnetic continuum description works on scales from 1nm 
to 1" m



Shapes
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Shape functions and example

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - micromagnetics

�6�+�$�3�(�6

����

�6�K�D�S�H�V

�&�H�O�O���M���N���O��
�&�L�U�F�O�H���G�L�D�P�H�W�H�U��

�&�R�Q�H���G�L�D�P�H�W�H�U���K�H�L�J�K�W��
�&�X�E�R�L�G���/�[���/�\���/�]��

�&�\�O�L�Q�G�H�U���G�L�D�P�H�W�H�U���K�H�L�J�K�W��

�(�O�O�L�S�V�H���D���E��
�(�O�O�L�S�V�R�L�G���D���E���F����

�,�P�D�J�H�6�K�D�S�H���I�L�O�H�Q�D�P�H��
�/�D�\�H�U���L��

�/�D�\�H�U�V���L�����L����

�5�H�F�W���/�[���/�\��
�6�T�X�D�U�H���/��

�;�U�D�Q�J�H���[�P�L�Q���[�P�D�[��
�<�U�D�Q�J�H���\�P�L�Q���\�P�D�[��

�=�U�D�Q�J�H���]�P�L�Q���]�P�D�[��

�6�K�D�S�H���P�H�W�K�R�G�V

�7�U�D�Q�V�O���G�[���G�\���G�]��

�6�F�D�O�H���V�[���V�\���V�]��
�5�R�W�;���D�Q�J�O�H��

�5�R�W�<���D�Q�J�O�H��

�5�R�W�=���D�Q�J�O�H��
�5�H�S�H�D�W���G�[���G�\���G�]��

�$�G�G���V�K�D�S�H��

�6�X�E���V�K�D�S�H��

�,�Q�Y�H�U�V�H����
�,�Q�W�H�U�V�H�F�W���V�K�D�S�H��

�;�R�U���V�K�D�S�H��

�u�u�����‘�–�ƒ�–�‡�†���…�Š�‡�‡�•�‡���‡�š�ƒ�•�’�Ž�‡

�†�����[�°���i�e�e�‡�^�p

�•�“���[�°���•�“�—�ƒ�”�‡�•�†�€

�Š�����������[�°���l�e�‡�^�p

�Š�‘�Ž�‡�����[�°���…�›�Ž�‹�•�†�‡�”�•�Š�Y���Š�€
�Š�‘�Ž�‡�h���[�°���Š�‘�Ž�‡�\�–�”�ƒ�•�•�Ž�•�h�e�e�‡�^�p�Y���e�Y���e�€��

�Š�‘�Ž�‡�i���[�°���Š�‘�Ž�‡�\�–�”�ƒ�•�•�Ž�•�e�Y���^�l�e�‡�^�p�Y���e�€

�…�Š�‡�‡�•�‡���[�°���•�“�\�•�—�„�•�Š�‘�Ž�‡�h�€�\�•�—�„�•�Š�‘�Ž�‡�i�€

�…�Š�‡�‡�•�‡���°���…�Š�‡�‡�•�‡�\�”�‘�–�œ�•�’�‹�u�m�€

�U�R�W�D�W�H�G���F�K�H�H�V�H



Geometry
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Regions
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256 regions in total (index 0→ 255)
• Each cell is assigned to a single region (default region id is 0)
• Each region has its own set of material parameters
• Two ways to set the region id in cells:

1. Set region id of a single cell
2. Set region id of all cells in a shape
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Material Parameters

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - micromagnetics

Material parameters are 
assigned to the 256 regions
• Material parameters can 

be functions of time
• There are vector and 

scalar material 
parameters

• Material parameters are 
predefined, they can not 
be created

�0�$�7�(�5�,�$�/���3�$�5�$�0�(�7�(�5�6

����

�Å �0�D�W�H�U�L�D�O���S�D�U�D�P�H�W�H�U�V���D�U�H���D�V�V�L�J�Q�H�G���W�R���W�K�H�����������U�H�J�L�R�Q�V��
�Å �0�D�W�H�U�L�D�O���S�D�U�D�P�H�W�H�U�V���F�D�Q���E�H���I�X�Q�F�W�L�R�Q�V���R�I���W�L�P�H
�Å �7�K�H�U�H���D�U�H���Y�H�F�W�R�U���D�Q�G���V�F�D�O�D�U���P�D�W�H�U�L�D�O���S�D�U�D�P�H�W�H�U�V
�Å �0�D�W�H�U�L�D�O���S�D�U�D�P�H�W�H�U�V���D�U�H���S�U�H�G�H�I�L�Q�H�G�����W�K�H�\���F�D�Q���Q�R�W���E�H���F�U�H�D�W�H�G

�u�u�����•�•�‹�‰�•�‹�•�‰���–�‘���ƒ���•�ƒ�–�‡�”�‹�ƒ�Ž���’�ƒ�”�ƒ�•�‡�–�‡�”���•�‡�–�•���ƒ���˜�ƒ�Ž�—�‡���‹�•���ƒ�Ž�Ž���”�‡�‰�‹�‘�•�•�[
���•�ƒ�–�����°���o�e�e�‡�j

���•�‹�•�����°���˜�‡�…�–�‘�”�•�h�Y���e�Y���e�€

�u�u�����Š�‡�•���”�‡�‰�‹�‘�•�•���ƒ�”�‡���†�‡�ˆ�‹�•�‡�†�Y���–�Š�‡�›���…�ƒ�•���ƒ�Ž�•�‘���„�‡���•�‡�–���”�‡�‰�‹�‘�•�^�™�‹�•�‡�[

���•�ƒ�–�\���‡�–���‡�‰�‹�‘�•�•�e�Y���o�e�e�‡�j�€
���•�ƒ�–�\���‡�–���‡�‰�‹�‘�•�•�h�Y���l�k�e�‡�j�€

�u�u�����ƒ�–�‡�”�‹�ƒ�Ž���’�ƒ�”�ƒ�•�‡�–�‡�”�•���…�ƒ�•���„�‡���ˆ�—�•�…�–�‹�‘�•�•���‘�ˆ���–�‹�•�‡���ƒ�•���™�‡�Ž�Ž�[
�ˆ���[�°���l�e�e�‡�m

���—�h���°���l�e�e���‹���•�‹�•�•�i�‹�’�‹�‹�ˆ�‹�–�€

�0�$�7�(�5�,�$�/���3�$�5�$�0�(�7�(�5�6�����(�;�&�,�7�$�7�,�2�1�6

����

�Å �$�Q���H�[�F�L�W�D�W�L�R�Q���L�V���D���U�H�J�L�R�Q�D�O���P�D�W�H�U�L�D�O���S�D�U�D�P�H�W�H�U
�Å �$�G�G�L�W�L�R�Q�D�O�O�\�����R�Q�H���F�D�Q���D�G�G���D�Q���D�U�E�L�W�U�D�U�\���Q�X�P�E�H�U���R�I���W�L�P�H�� �D�Q�G���V�S�D�F�H���G�H�S�H�Q�G�H�Q�W��

�Y�H�F�W�R�U���I�L�H�O�G�V���R�I���W�K�H���I�R�U�P����

�C�T�Ü� á � U�Ý� á � V�Þ � Û � B�P

���O�‡�š�– �°���˜�‡�…�–�‘�”�•�e�Y�e�Y�h�€

���O�‡�š�–�\���†�†�•���‘�ƒ�†�	�‹�Ž�‡�•�Q�ƒ�•�–�‡�•�•�ƒ�\�‘�˜�ˆ�Q�€�Y���•�‹�•�•�i�‹�’�‹�‹�ˆ�‹�–�€�€

���O�‡�š�–�\�”�‡�•�‘�˜�‡���š�–�”�ƒ���‡�”�•�•�•�€

Excitations
• An excitation is a regional material 

parameter
• Additionally, one can add an arbitrary 

number of time- and space-
dependent vector fields of the form: 
𝑔(𝑥,𝑦,𝑧)*𝑓(𝑡)



Different ways to set the magnetization:

Here, a ‘config’ is an object which 
represents a magnetization configuration

Initial magnetization

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - micromagnetics
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OVF: Object Vector Field, can be converted to other formats using mumax3-convert, 
e.g., for paraview compatible format: 
 mumax3-convert -vtk binary m*.ovf
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Interaction terms

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - micromagnetics
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• Demagnetization
• Exchange
• Anisotropy
• Dzyaloshinskii-Moriya
• External field
• Thermal field
• Custom field
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• Zhang-Li STT
• Slonczewski STT



Demagnetization/Saturation

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - micromagnetics
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Exchange field

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - micromagnetics
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Anisotropy field

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - micromagnetics
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DMI field

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - micromagnetics
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External field

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - micromagnetics
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Thermal field

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - micromagnetics
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Custom fields

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - micromagnetics
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Zhang-Li STT

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - micromagnetics

�=�+�$�1�*���/�,���6�7�7
�5�H�J�L�R�Q�D�O���0�D�W�H�U�L�D�O���3�D�U�D�P�H�W�H�U�V

���‘�Ž �(�O�H�F�W�U�L�F�D�O���F�X�U�U�H�Q�W���S�R�O�D�U�L�]�D�W�L�R�Q

�š�‹ �1�R�Q���D�G�L�D�E�D�W�L�F�L�W�\���R�I���V�S�L�Q���W�U�D�Q�V�I�H�U���W�R�U�T�X�H��

�ƒ�Ž�’�Š�ƒ �'�D�P�S�L�Q�J���S�D�U�D�P�H�W�H�U

���•�ƒ�– �6�D�W�X�U�D�W�L�R�Q���P�D�J�Q�H�W�L�]�D�W�L�R�Q�����$���P��

�2�X�W�S�X�W���4�X�D�Q�W�L�W�L�H�V
�������‘�”�“�—�‡ �6�S�L�Q���W�U�D�Q�V�I�H�U���W�R�U�T�X�H�����������7��

�2�W�K�H�U���I�X�Q�F�W�L�R�Q�D�O�L�W�L�H�V
���‹�•�ƒ�„�Ž�‡���Š�ƒ�•�‰���‹���‘�”�“�—�‡�'�L�V�D�E�O�H���=�K�D�Q�J���/�L���W�R�U�T�X�H�����G�H�I�D�X�O�W� �I�D�O�V�H��

�(�[�F�L�W�D�W�L�R�Q

�
 �(�O�H�F�W�U�L�F�D�O���F�X�U�U�H�Q�W���G�H�Q�V�L�W�\�����$���P������

� Î 
 L
� s 
 E � æ� Ù
� s 
 E � Ù�6� “ 
 H � “ 
 H � › � „ � Ï � �


E
� æ 
 F � Ù
� s 
 E � Ù�6� “ 
 H � › � „ � Ï � “

� › 
 L
�ä�»�2

�t�A�Û�4�/ �æ�:�s 
E �æ�6�;
�•

�=�K�D�Q�J���/�L���V�S�L�Q���W�U�D�Q�V�I�H�U���W�R�U�T�X�H

�Z�L�W�K

����



Slonczewsi STT

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - micromagnetics
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Metis basics
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• Login node: metis.niu.edu
• Documentation: http://crcd.niu.edu
• Class directory: /lstr/sahara/phys790a/ -- everybody can write data here
• Environment: use the “module ” command, available packages: “module av ”, load 

“module load <name> ”; Important packages
o gcc/gcc-14.2.0
o cuda/cuda-12.8
o openmpi/openmpi-5.0.7-gcc-14.2.0-cuda-12.8
o python/python-3.13.5
o (paraview not available – yet)

• Queuing system torque/PBS: “qsub ”, “qstat ” (or “shownodes Ó), “qdel ”
• Compile code (using the appropriate environment)
• Write PBS script, containing the environment package loads and code call
• Submit job with qsub
• Use interactive job for short jobs: 

qsub  - I Ðl select =1:ncpus=1:mpiprocs=1:ngpus=1:mem=16gb,walltime=00:15:00 - j oe

• Job monitor: https://crcd.niu.edu/crcd/crcd-at-work/qstat-monitor.shtml



Mumax3 on metis

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - micromagnetics

!"#$%&'()'(*)+$,,-.'/,01$,,2'0*' #-+()

!"!#$ %&'(")*+", "&'%-./(0%1,('+#2(13'45%#,6%1,%.#(20%&2+1)(&78

module load mumax/mumax- 3.11.1 - cuda - 12.6
mumax3 <script name>



Example

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - micromagnetics

NIST example: 
https://www.ctcms.nist.gov/~rdm/std4/spec4.html

Geometry of film
• thickness, t=3 nm, 
• length, L=500 nm, and 
• width, d=125 nm
Material parameters (~ permalloy)
• A = 1.3e-11 J/m 
• Ms = 8.0e5 A/m 
• K = 0.0
• α = 0.02
Field
• µ0Hx=-24.6 mT
• µ0Hy= 4.3 mT
• µ0Hz= 0.0 mT

Format conversion, see for formats:
mumax3- convert Ðhelp

Visualization: mumax-view, paraview, …

exchange length:
5.68 nm

STANDARD PROBLEM 4

!"#$%&'(&)"*+,-./0,./+1
!"#2"33(&)"*455" 678+,-./+,4" 6780,./0" 671

9(:# ;/-55"0
<"= ;/+0" 6+,
:3>?:/;/5@5,

A/;/BC&DE%A*+./@+./51
%"3:=*1
(:F"*A1 88/%"3:="'/(#:#"

:B#E(:F"*A./,55" 6+,1
#:G3":B#E(:F"*+5" 6+,1

HI"=#/;/F"J#E%* 6,K@LM60./K@0M60./51
%BC*+"671

�‡ Input file

13

�‡ Output table

STANDARD PROBLEM 4

!"#$%&'(&)"*+,-./0,./+1
!"#2"33(&)"*455" 678+,-./+,4" 6780,./0" 671

9(:# ;/-55"0
<"= ;/+0" 6+,
:3>?:/;/5@5,

A/;/BC&DE%A*+./@+./51
%"3:=*1
(:F"*A1 88/%"3:="'/(#:#"

:B#E(:F"*A./,55" 6+,1
#:G3":B#E(:F"*+5" 6+,1

HI"=#/;/F"J#E%* 6,K@LM60./K@0M60./51
%BC*+"671

�‡ Input file

13

�‡ Output table

output

script

https://www.ctcms.nist.gov/~rdm/std4/spec4.html
https://www.ctcms.nist.gov/~rdm/std4/spec4.html
https://www.ctcms.nist.gov/~rdm/std4/spec4.html


Further Resources
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• Mumax) : 
! !""#$%&&'(')*+,-"!(.+-/&

• Mumax3 workshop
! !""#$%&&'(')*+(,-."+/-&'(')*0 12345$!3#&

• Publications
! 647,7.)89#)#-4%9!""#$%&&:37+34,&;<+;<=0&;+>?@@;?=9AB!-9:-$7,.9).:9C-47D7E)"73.93D9F(F)*0G
! AB("347)8%9H7'(8)"7.,9'3:-4.9'),.-"7E9')"-47)89$I$"-'$97.9'(')*0G%9

!""#$%&&:37+34,&;<+;<=0&J+<;=<@??

Requirements: machine with CUDA enabled GPU, use metis or google CoLab

https://mumax.github.io/
https://mumax.github.io/
https://mumax.ugent.be/mumax3-workshop/
https://mumax.ugent.be/mumax3-workshop/
https://mumax.ugent.be/mumax3-workshop/
https://mumax.ugent.be/mumax3-workshop/
https://mumax.ugent.be/mumax3-workshop/
https://doi.org/10.1063/1.4899186
https://doi.org/10.1063/1.4899186
https://doi.org/10.1063/5.0160988
https://doi.org/10.1063/5.0160988

