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Micromagnetics

* prediction of magnetic behaviors at sub-micrometer length scales (1nm — 1um)
e continuum approximation = atomic structure of the material can be ignored

* but small magnetic structures like domain walls or vortices are resolved

Micromagnetic calculations can be
e 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

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - micromagnetics
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Magnetic energy minimization:
E = Eexen + Eqnis + Ez + Edemag + Epmr + Em—e
With constraint [m| = 1 with m = M /M, (M, saturation magnetization)

Contributions:

 E,.cn: Exchange energy - phenomenological continuum description of quantum-
mechanical exchange interaction

* E,.is: Anisotropy energy - interplay of crystal structure and spin-orbit interaction

 E,:Zeeman energy - interaction energy between magnetization and externally applied
field

* Egemag: Demagnetization energy - demagnetizing field is magnetic field of magnetic
sample itself

* Epyp: Dzyaloshinskii—Moriya Interaction energy due to breaking of crystalline inversion
symmetry = magnetization perpendicular to its neighbors

 E,,_.: Magnetoelastic Energy energy storage due to elastic lattice distortions

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

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

- 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

e 1 d’E
ST = uyM, dmdv
with variational magnetic energy

|4

This gives (w/o DMI and e-m terms):
2A 1 O0F,,;
H,rr = Vim — = +H,+H
e HoM; HoMs Om ¢ ¢

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - micromagnetics
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Magnetization dynamics is given by:

: )14

m=—T—>: Im X Herr+am x (mx Hgpp)
: , N . ,
precession damping

Additional terms:
* Spin transfer torque (magnetic layer influenced by spin-
polarized currents - e.g. magnetic memory)

Y
X Hg ¢ + X X H, +
Ty gz (M ey Fam X bmxHe)] ey M) mn )

= —

* Random effective field (thermal noise) H.;s > H.rr + Hyy,

(Hep(r,8)) =0
ZkBTaf
Mgy

(Hep(r, t), Hep (', £1)) = S(r—r)s(t—t)




Examples for statics
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Numerical energy minimization by
1. Standard minimization scheme (e.g. steepest gradient)

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

Quasi-uniform state

m=-—-m X(mXHeff)

S T T Y T T S
0 Y
~%SN MM
YA h
d 44440141
o 4 4 4441
v 4 4 4 4Ud
O EEE

Vortex

» 4 )
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Néel Skyrmion




Dyrfamlcjs ? 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 APIl: mumax.github.io

e Open source (GPLv3) github.com/mumax/3

* Mainly written in Go

 CUDA C kernels for heavy lifting

e Scripting language + Web GUI

* Well tested (unit tests + NIST standard problems)

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - micromagnetics
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How to ase?

Uses a scripting language which is a subset of golang

// saturation magnetization
Msat = 5e6

// declare new variable
Freq := 1e9

for i:=0; i<10; i++ {

print(i)

if 148 == 9 {
print(“Of course 1+8=9")

Source: mumax3 tutorial

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

Rectangular simulation box (origin in the center)
Single regular rectangular grid

Uniform magnetization inside cell m;;, = m(x;, y;, zy)
Cell size < exchange length

setgridsize(256,64,1)
setcellsize(le-9,1e-9,1e-9)

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

setpbc(4,0,0)

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:
e |[tis larger than the atomistic scale (>=1nm)

« Smaller than the exchange length is /.. = (A/K. )¥*&where A is the exchange
stiffness constant and K, is a magnetostatic energy density:
Ky =3/ g 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
tol"m

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - micromagnetics
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/ 6KDSHV\ 6KDSH PHWKRGYV | Uu "—f-*%T ..Stdet 357723
&HOQDON O T [° ieef”p
&LUF®UHDPHWHU 7UDQWGO G\ G] e“ [° e frietE
&RQBLDPHWHU KHLJKRMDOH V\ V]
&XERUB/\ /] S5RWDQJOH S [° let’p
&\OLQGHDPHWHU |[KHEBKMAMXQJOH S'Z% [° ..>Z<ett"+SY S€
(OOL®VH 5RWBQJOH S‘Zth [° S'Zt\-"feeZeheet pY eY
(OOLS\DREG SHSHIB\WV G\ G] S'Z%i [° S'ZF\-"feeZeeY "etrpY p
,PDJH6KDSABHQDPH
/D\HU $GGVKDSH .Sttet [ e“\e— oS Zth€\e— +5'7:
/ID\HULV L 6 XEVKDSH .Sttetr © . StFef\"' —e’<umeE
SHFW /\ ,QYHUVH
6TXDUH ,QWHUVKB ®H
;UDQJRLQ [PD] 'RUVKDSH
<UDQJPLQ \PD]J

tUDQ]JFHLQ ]PD[/

URWDWHG FKHHVH

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



 Geometry

o

2SWLRQDOO\ D PDIQHW 6KDSH RWKHU WKDQ Wi

Uu <*% %ot‘ef—"> F&fe’ 2t

et— "<tecmteheeY heeY he€
et— tZZecefehti pYhirpYhinpeE
2Tl

"co%0 [° ...<”..Zfeheet pEle— o . <",

*f—Yof oo coe%o€

.f~:t.%o:t‘.€




Regibns

L ™

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. Setregion id of all cells in a shape

F— "<t <oefejiYjiYhE
t— 727 <eetehYhYh€

uu :t_ ”i%o(‘o ('l' . :tzz. e f <72
T~ T %oc‘eohY ...<"...Z%*je€€

Uu f— "1%<‘e <t *° ...tZ7Z sheYheYe€ -
1t~ %< $ZZ+iY heY heY e€

fNio":l:%o(‘o.€




arameters

Material parameters are . _

assigned to the 256 regions f_ . Oiee_ij Ny ey ee

* Material parameters can
be functions of time

* There are vector and
scalar material

ef—\ f— T%o<‘eceY oeetj€
of =\ t— T %o<‘eehY lketj€

parameters
* Material parametersare | [° leetm -

predefined, they can not | —" " 'ee « reosicieca=€

be created
Excitations . .

B S . : 08— ° "f..-"+«eYeYh€

* An excitation is a regional material

parameter Of8—\ tte ‘ft (zi.Qf._i..f\‘““QgY PEXAR
* Additionally, one can add an arbitrary

number of time- and space- O13-\"Fe¢'"F E-"f 1"eesg

dependent vector fields of the form:

g(x,y,2)*f(¢)
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maghetization

Different ways to set the magnetization:

Here, a ‘config’ is an object which

represents a magnetization configuration

e

&RQILJ PHW

B8QLIRPP P\ P]
5DQGRPODJ

5DQGRPODJ6VHIGG
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P[ P\ P] 5RWBQJOH
9RUWHLUF SRO

$QWLI9RBIMHE SRO
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o e <%0
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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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* Demagnetization  Zhang-Li STT
* Exchange * Slonczewski STT

* Anisotropy

* Dzyaloshinskii-Moriya
e External field

* Thermal field

e Custom field
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SHIJILRQDO ODWHULDO 3DUDPH
'HPDJQHWL]DWLRQ HQHUJ\ GHOVLW)\
o f — 6DWXUDWLRQ PDIJQHWL]DWLRQ $ P

) &y “ fef%o 'coo 'LVDEOH PDJQHWRVWDWLF LQWHUDF
Y L—F/l", txgaou GHIDXOW VHW WR WR GLVDEOH

2XWSXW 4XDQWLWLHYV
Ottef %o ODJQHWRVWDWLF ILHOG 7
tteeOttef% ODIQHWRVWDWLF HQHUJ\ GHQVLW\
Ottef %o ODJQHWRVWDWLF HQHUJ\ -

°f,,2i Tef %o (QDEOHV GLVDEOHV GHPDJ GHIDXO'

G 6HWV WKH QXPEHU Rl UHSHWLWLRQ
ERXQGDU\ FRQGLWLRQV 7KH QXPEF
GHWHUPLQHV WKH FXWRII UDQJH IR

_ tof% ... .. —"f.&RQWUROV DFFXUDF\ Rl GHPDJ NHU/
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Exchange field
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SHILRQDO ODWHULDO 3DUDPHWHUYV

([FKDQJH HQHUJ\ GHQVLWA, . ([FKDQJH VWLIIQHVV - P

YL ()8 . f— 6DWXUDWLRQ PDJQHWL]DWLRQ $
2XWSXW 4XDQWLWLHYV

+DUPRQLF PHDQ IRU LQWHCSJilSJ.Ijl.%LRQ ([FKDQJH ILHOG 7
HIFKDQJH FRXSOLQJ GHIDXOW iEvHKg)YLRU
S ooc

Tee 7RWDO H[FKDQJH HQHUJ\ GHQVLW\
#e He Of3..S 7RWDO H[FKDQJH HQHUJ\ LQFOXG
# T/l f& o% 2% OD[LPXP DQJOH EHWZHHQ H[FKDQJ
T ube
@ S g6
e

- 2WKHU IXQFWLRQDOLWLHV

§..Sfe0bWV H[FKDQJH FRXSOLQJ EHWZHI

~

g
o fZt &..5B5HMFDOHV H[FKDQJH FRXSOLQJ E

¢

-0
-0

C
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8QLD[LDO DQLVRWURS\ HQHUSHGH RVYINO 0ODWHULDO 3DUDPHWHUYV

foce 8QLD[LDO DQLVRWURS\ GLUHFWLR!
VL E(® I°F «(Q, )° —hY —i 8QLD[LDO DQLVRWURS\ FRQVWDQW
eco hY ece i &XELF DQLVRWURS\ GLUHFWLRQV
..hY ..iY ..j &XELF DQLVRWURS\ FRQVWDQWYV
6LPLODU H[SUHVVLRQ IRU F . 6DWXUDWLRQ PDIQHWL]DWLRQ §$ |

DQLVRWURS\ HQHUJ\ GHQVLW\ > @
2XWSXW 4XDQWLWLHYV

Ofece $QLVRWURS\ ILHOG 7
TteeOfece 7TRWDO DQLVRWURS\ HQHUJ\ GHQVI
Ofece 7TRWDO DQLVRWURS\ HQHUJ\ LQFO
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DV field

i P P P Y~

'QWHUIDFLDOO\ LQGXFHG '02HORDRABS §RMA YLD O SDUDPHWHUV

<ot ,QWHUIDFLDOO\ LQGXFHG '0, VWUF
YL& &0, €<, ) |? y—2LZ %XON '0, VWUHQJIJWK - P
«f — 6DWXUDWLRQ PDJQHWL]IDWLRQ $

%XON '0, HQHUJ\ GHQVLW\ 2XWSXW 4XDQWLWLHV

VS 3 - T 0%%...S ([FKDQJH ILHOG LQFOXGLQJ '0,
" ’ tteeOts...S 7RWDO H[FKDQJH HQHUJ\ GHQVLW\
0%§...S 7RWDO H[FKDQJH HQHUJ\ LQFOXG

LRWH 2WKHU IXQFWLRQDOLWLHV

2QO0\ VLQJOH '0, W\SH DOORZHE *DW RJFH CHWV 'LRGFRXSOLQJ EHWZHHQ Wz
§—0 ...fZ%t <+t 5H VFDOHV 'LQG FRXSOLQJ EHWZH|

"t 8VH RSHQ ERXQGDU\ FRQGLWLRQV
1IHXPDQQ %& 7KLV VHWWLQJ LV R

e
T
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=HHPDQ HQHUJ\ GHQVLW\SHJLRQDO ODWHULDO 3S3DUDPHWHUYV

of — 6DWXUDWLRQ PDIJQHWL]DWLRQ $ |
Y L ET, ngeg ([FLWDWLRQ
Otrs— (IWHUQDOO\ DSSOLHG ILHOG 7

2XWSXW 4XDQWLWLHYV

Ot3— (I WHUQDOO\ DSSOLHG ILHOG 7
t1eeOceftefe =HHPDQ HQHUJ\ GHQVLW\ - P
Oceftefe =HHPDQ HQHUJ\
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SHILRQDO ODWHULDO 3DUDPHWHUYV

T’ 7HPSHUDWXUH .
. fZ2'Sf 'DPSLQJ SDUDPHWHU
(tgu ap,; Lr
of — 6DWXUDWLRQ PDJQHWL]DWLRQ $

- _ 2XWSXW 4XDQWLWLHYV

O-St”e 7KHUPDO ILHOG 7
tG6U. i oS )
] G6 G- EY0:p B P ttee0_St 7KHUPDO HQHUJ\ GHQVLW\ - P
[ J O_St”. 7KHUPDO HQHUJ\
St7e t1t 6HWV UDQGRP VHHG IRU WKHUPDO
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2XWSXW 4XDQWLWLHYV

O..—e—"e 8VHU GHILQHG ILHOG 7
tteeO..—e—‘e 7RWDO HQHUJ\ GHQVLW\ RI XVHU ¢
O..—e—"e 7RWDO HQHUJ\ RI XVHU GHILQHG |
T+ tfHee 176 $GG D FXVWRP HQHUJ\ GHQVLW\ W
t+ «<tZt t7e $GG D FXVWRP HIIHFWLYH ILHOG W

te'"f —e—‘e ¢(t7Z1BHPRYH DOO FXVWRP ILHOGYV
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=KDQJ /L VSLQ WUDQVIHU WRUTXH

i (OHFWULFDO FXUUHQW SRODUL]J
S E &U ) &« 1RQ DGLDEDWLFLW\ RI VSLQ WUI
L= « HC* H(C> )1) :
s ESU fZ'Sf DPSLQJ SDUDPHWHU
& F U ’ . f - 6DWXUDWLRQ PDJQHWL]DWLRQ
E 6\“ H() ”)I [13
s E°U ([FLWDWLRQ
(OHFWULFDO FXUUHQW GHQVLW\
ZLWK
4,2 2XWSXW 4XDQWLWLHYV
LtA!;J’ ae'sE%. 0610, g 6SLQ WUDQVIHU WRUTXH 7

<of,Zt Sfe% < ‘"“L¥DEOH =KDQJ /L WRUTXH GHID
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SHIJLRQDO ODWHULDO 3DUDPHWHUYV

60RQF]JHZVNL VSLQ WUDQVIHU WRUTXH (OFTHISERIE [FAOWIEIONT SIROPTEIRREE

. fe, tf 6ORQF]JHZVNL SDUDPHWHU
7 L_S_Ey‘ (’)H("“ e H) "ecZte "cof 6ORQF]HZVNL VHFRQGDLU\ 677 WHUP
S E,GH . fZ'Sf 'DPSLQJ SDUDPHWHU
FL'JOS—I;LEJ“OH “e of — 6DWXUDWLRQ PDJQHWL]DWLRQ $ P
"f1 f>F” Sc...eefee 6ORQF]JHZVNL IUHH OD\HU WKLFNQHV"
ZLWK WKHQ WKH WKLFNQHVV ZLOO EH GHG
FO (IFLWDWLRQ
_I/j@ (OHFWULFDO FXUUHQW GHQVLW\ $ P
5 2 & <31t fot” 6ORQF]HZVNL IL[HG OD\HU SRODUL]D\
(& E)s ECRs::"s" D AXDQWLWLHYV
crw__ 6SLQ WUDQVIHU WRUTXH 7
2WKHU IXQFWLRQDOLWLHV
@ <of, 2% Z'e...cef™eec ‘LLDEOHV 60RQF]JHZVNL WRUTXH GHI
GHENT <BET fof” ‘ec—cte 3RVLWLRQ RI WKH IL[HG OD\HU ),;("/¢
UNIVERSITY ), ('/$<(5B%27720 GHIDXOW ),:('/$<(5E
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* Login node: metis.niu.edu

* Documentation: http://crcd.niu.edu

» Class directory: /Istr/sahara/phys790a/ -- everybody can write data here

* Environment: use the “module ” command, available packages: “module av ”, load

“module load <name> ”; Important packages

gcc/gee-14.2.0

cuda/cuda-12.8

openmpi/openmpi-5.0.7-gcc-14.2.0-cuda-12.8

python/python-3.13.5
O (paraview not available — yet)

* Queuing system torque/PBS: “qsub ”, “gstat ” (or “shownodes O), “qdel ”
 Compile code (using the appropriate environment)
* Write PBS script, containing the environment package loads and code call
e Submit job with gsub

* Use interactive job for short jobs:
gsub -1 Blselect =1:ncpus=1:mpiprocs=1:ngpus=1:mem=16gb,walltime=00:15:00 -] oe

©O O OO

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

A. Glatz: Advanced Computational Methods in Condensed Matter Physics - micromagnetics
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module load mumaxmumax- 3.11.1 -cuda-12.6
mumax3 <script name>
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NIST example:
https://www.ctcms.nist.gov/~rdm/std4/spec4.html

Geometry of film

* thickness, t=3 nm,
* length, L=500 nm, and

e width, d=125 nm

Material parameters (~ permalloy)
e A=1.3e-11J/m }

exchange length:
e M,=8.0e5A/m

5.68 nm

e K=0.0

e a=0.02

Field

* MUoH,=-24.6 mT

* HoH=4.3mT

* HoH,=0.0mT A
Vv

Format conversion, see for formats:

mumax3 convert  bBhelp
Visualization: mumax-view, paraview, ...
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Requirements: machine with CUDA enabled GPU, use metis or google ColLab
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