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Why do we need
micromagnetics ?
An intfroduction



Permanent magnerts



700 kg of NdFeB per MW
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Modern magnets

v

NdyFe 4B crystal

Gilbert's ,,capped” loadstone
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Reconstructed phase image
of magnetization structure
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Multiscale simulation
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—> Design guidelines for magnet development



coercivity
signal to noise ratio

bit error rate
- _

magneftizatfion, grain size,

crystalline anisotropy, boundary phases,
exchange constant,




Magnetic recording






Magnetic media account for 92 % of newly stored information
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1 Tbit/in? 10 Tbit/in?

25 nm periodicity 8 nm periodicity
20 nm islands 6 nm islands

8 nm






Bashir, Schrefl et al.
JMMM 324 (2012) 269
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The size must be below

a critical value,
depending on shape,
such that the particle

constitutes a single domain, in which
boundary formation is precluded.






exchange
yelfigle

12 nm






At this value, namely

Il’.]:l

II‘IEI!K./

H, = }(dy/dx)

the boundary will move spontaneously

EC Stoner, EP Wohlfarth,
Phil. Trans. Roy. Soc. A240 (1948) 599



switching
INn the
write

field

O
0 035 0.7

time (ns)






elastic
ololgle
method

* saddle points

Dittrich et al, JMMM 250 (2002) 12
Henkelman et al, J Chem Phys113 (2000) 22



thermal
switching

energy
obarrier:
128 kT
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Magnetization Dynamics

H eff

-MXH,

Gyromagnetic precession
M rotates around H 4

Dissipative term
“force” proportional
to generalized velocity



Micromagnetic basics



Micromagnetic basics

Torque
Forces on the
magnetic moment

Energies
Micromagnetic energy
conftributions

Deviation from equilibrium
Reversal modes



Micromagnetics, Domains, and Resonance

WiLLiaM FurLLEr Brown, Jr.
Depariment of Elecirical Engineering, Universily of Minnesota, Minneapolis 14, Minnesola

JOURNAL OF APPLIED PHYSICS
SUPPLEMENT TO VOL. 30, NO. 4




Search for equilibrium

......................
----
® by
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R i Torque MxH
M ‘ M | — Ms

- Magnetization can only rotate
forces on M are torques



~—(m agnetostatic )~

.

~—{(_exchange )~

= parallel spinsj

= domains

.

= easy directions >

external fi eld)j

M\

= rotation




Exchange

A B C A B C AB C
&« > ~F =3
I
do _ de_ do _
I =0 dx-consmur dx-vnmjm.e
T:O T:O T= Cé‘g

dx?
(a) (b) (c)



ANIsotropy

T T=0 T

0 B A 0 B A 0
(a) (b) (c)

j’—[\tﬁ:so' /&*9&



External magnetic forces

Ho Ho HO
~ T 2T 7 el )
Jsg & sl ¢=30" Js &¢
A 0 B A O B A 0 B
(a) (b) (c)

T3=—J.H;sing.



Internal magnetic torces

. T=0 ¥
- 4 3 .
/J;* | ST ’Js\

| 4‘ ‘ lE
H 7 .
(d) (e) (§)

(87)~ S H2dv > min




Internal magnetic torces

(a) )]

- non-uniform magnetic states
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have always been grateful to

the editors for the promptness with
which they rejected it that enabled

me to send it fo the Physical Review

WF Brown, Domains, micromagnetics, and beyond:
Reminiscences and assessments, J Appl Phys 49 (1978) 1937



... humerical integration by use of
high-speed computers. This method s
laborious, but it needs to be

applied ...

WEF Brown, J Appl Phys 30 (1959) S62



Numerical
micromagnetics



Hett 4
e l...... -MxHeff

Numerical micromagnetics

Basic equations
Magnetization dynamics

Demagnetizing field
Integral approach
Finite elements

Numerics
Sparse linear algebra
Computer hardware



Computational magnetism

micromagnetics

finite elements

N
7

N

fime
scales

length scales






Partial differential equations

~N

J

.

s
1+o? dM _ o
|'Y| d_l_ — MXHeff MS MXMXHeff
-
: A
Heff — M > (VQM)+ f(M) _VU + HGXT
S

~

J

(1)

(2)

{VZU:V-M U~I]— for r - o« } ©)




Partial differential equations

- I
1+a* dM o
= —MxH_; — —

N J
4 exchange anisotropy A
Heff = A(VQM)_VU T K(k'U)k + Hex’r

magneto- external
S [elile Y.

(1)

(2)

{VZU:V-M U~I]— for r - o« } ©)




Integral approach

M

divide particles
INntfo cubic cells

rigid magnetic moment
within each cell

sum over charge
sheets (FFT) to obtain the
magnetostatic field

“one” LLG equation
per cell



FiInife element approach

divide particles into finite
elements (tfetrahedrons)

Interpolate M, U within
the elements

solve partial differential
eqguation for the
magnetic potential

energy as a function of M(r)
= effective field
= magnetic moment




sparse
MAtrix
algebro




sparse matrix




From Uniform to
multidomain states
Four easy examples



Example 1: Simple particle reversal
f—(anisotropyh

—{(_exchange )~

DR :
= easy directions

\_ J

N parallel spinsj

N .
9 fluct%Jatmns y

f_(external fieldR

ON(

= domains _
\_ -/ = frotation )




Example 1: Simple particle reversal

—{_exchange )~

\_

r—(anisotropyh

= easy directions

>

= parallel spinsj

r—(m agneto staD\

= domains

o vy

Very hard material:
Neglect
thermal activation

f_(external field)j

.

ON(

= rotation

/




Sphere
Reversal modes

Cube
Size dependence

of coercive field




Coercive field (T)
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R Skomski, Simple models of magnetism, Oxford University Press, 2008



Coercive field (T)
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Reversal by
curling




Coercive field (T)
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normalized magnetization

Switching of a cube

Torque on

| ' | — magnetic moment
® single grain, D = 20 nm
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Demagnetizing field




Example 2: Configurational anisofropy
f—(aﬁisotropyh

~—{_exchange )~

oy e :
= easy directions

\_ J

e parallel spinsj

N .
9 fluct%Jatmns y

f—(m agheto staD\

f—(external* fiei)\j

\_ -/ \_ = rotation y.




Example 2: Configurational anisofropy

—{(_exchange )~

Soft magnet:
no cyrstalline anisotropy

N parallel spinsj

f—(m agheto staD\
(ﬂ f_(external fieldR
= domains _
- / = frotation -




Example 2: Configurational anisofropy

—{(_exchange )~

Soft magnet:
no cyrstalline anisotropy

N parallel spinsj

f—(m agheto staD\
P Nies
@ J ‘ No external
ol L field
= domains

. Iy




Example 2: Configurational anisotropy

Permalloy (NiFe)
100 x TO0O x 5 nm3

If uniformly magnetized
all directions have
the same energy

10

L
-40 -20 0 20 40
in plane angle ¢

R Dittrich et al, J Appl Phys, 93 (2003) 7891.
R Cowburn, et al. J Appl Phys, 87 (2000) 7067.



Example 3:

Domain walls

f—(anisotropyh

—{(_exchange )~

N parallel spinsj

\_

T e——

g5 e i
= easy directions

J

f—(m agheto staD\

= domains

= fluctuations

.

S

f_(external fieldR

ON(

\ = rotation y,




Example 3: Domain walls
f—(aﬁisotropyh

—{(_exchange )~

T e——

g5 e ’
= easy directions

\_ J

N parallel spinsj

Anisotropy field f_(external fieldR

larger than
magnetostatic field l \

\ = rotation )




Example 3: Domain walls
f—(aﬁisqtropyh

—{(_exchange )~

T e——

g5 e ’
= easy directions

\_ J

N parallel spinsj

Anisotropy field

larger than No external
magnetostatic field field



Domain walls and grains

o : P Thompson et al.
thin Nd,Fe,,B specimen J. Phys. D 30 (1997) 1854

simulation Fresnel image



Example 3: Domain walls

What is the energy of the domain wall ¢



Example 3: Domain walls

= =IA- (Vg[))2~dx
ECW:J’K1 -sin” @ - dx

wall is not moving _ .
torque MxH is zero




Example 3: Domain walls

O
mo, domain wall width

Bloch parameter

y =44 -K, domainwall energy



Some numbers

Material  uoM; (T) A(PIm~™') K; MIm™>) |8 (nm)
Fe 2.15 8.3 0.05 40
Co 1.76 10.3 0.53 14
Ni 0.61 3.4 —0.005 82
BaFe;2019 0.47 6.1 0.33 14
SmCos 1.07 22.0 17 3.6
Nd,Fe;sB  1.61 IN 4.9 3.9

Skomski, Nanomagnetics,
J. Phys.: Condens. Matter 15 (2003) R841-R896

Domain wall width is
characteristic length scales



Characteristic length scales

Non-uniform magnetization
confined in regions smaller than
the domain wall width mo,

Effective pinning if
defect size = domain wall width 1o,



Characteristic length scales

Characteristic length

inferplay between the two most important
micromagnetic energy conftributions

Hard magnets |exchange + anisotropy o, = ,/i
K
A

Soft magnets |exchange + magnetostatic | [ =

. 2
exchange length Replace K with oM ;



Pinning type permanent magnets

If domain walls
cannot move

magnet remains
stable




Example 4: Magnetic domains

No

—{_exchange )~ magnetocrystalline
anisotropy

= parallel spinsj

r—(m agneto sta@\

m
No
external
"‘" field

= domains




Element size
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Thin film elements

Large elements >1um
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Thermal effects
Stochastic dynamics
and energy barriers



Example 5: End domains

f—(exchange)\

= parallel spinsj

r—(m agnetostatic

(il

= domains

o

No

magnetocrystalline

anisotropy

No
external
field

\_

= fluctuations

J




Example 5: End domains
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End domain configurations

C-state to S-state fransition

B NNBUD RN A ST ITAAAAA
NN RB S I I AN
BN AN YNBSS A ARAIANAA
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Mag Noise
Switching of end
domains

Relaxation time
about 5 ns
T = (1/fy) exp(En/ksT)



Thermal effects

Equation of motion Path finding method
=« Gyromagnetic precession = Energy landscape
= Damping = Find a path between

» Stochastic field

two local minima

M = M(time, temperature) t = 51 exp(Epgrier/ KaT)

nanoseconds yedars



Elastic band method

Initial guess
Straight line in configuration space

Minimum energy path
Highest transition probability
at zero temperature

Energy barrier
MEP connects two minima over
the lowest saddle point

minima
Mmaxima
* saddle points

R Dittrich, T Schrefl, D Suess, W Scholz, H Forster, J Fidler, J. Magn. Mater. 250 (2002) 12.
G Henkelman, BP Uberuaga, H Jonsson, J. Chem. Phys.113 (2000) 22.



Elastic band method

B Images intermediate states

. I between A and B
“ \ Springs between subsequent
T / images to enforce continuity
\ 7N\ 4 Force on each image due to
<« i l potential energy and spring
‘I \ } Minimum energy path

‘/ =~ Components of the force that is
o normal to the path are zero



Open source micromagnetics
An example using MAGPAR



INnfegral approach

e divide particles into cubic cells

e rigid magnetic moment
within each cell

e sum over charge sheefts to obtain the

magnetostatic field (FFT)

e “one” LLG equation per cell




Magnetostatics (Integral)

Field sources

o(r) =—divM (r) volume charges
o(r)=M (r)-n surface charges
Magnetic field
| r’ r’)-d
Ur) — f p(r’) 17 +_ o(r)-df’
41 vo | T —1"| 4 Jg | r —r' |

Hy(r)=-VU(r)

™~ magnetic scalar potential



Magnetostatics (FEM)

Partial differential equation
V2U(r) =V-M(r) forr e Q, (1)
v2U(r) =0 forr € Qg (2)

Boundary condition
normal component of B field is continuous B =, (H + M)
w1, (=VU™ +M)-n=p,(-VU +0)-n

M-n=(NU"-VU)n

(?L‘Tiu — VL’TEH) “n=0 (3)

- Solve (1), (2), and (3) using standard numerical
methods (finite elements, finite differences)



Finite element micromagnetics

subdivide grains into tetrahedrons

Interpolate magnetization and
the magnetic scalar potential

calculate Gibbs free energy
for each element

define a magnetic moment
and a effective field at each node

solve a system of ordinary
differential equations




Finite element micromagnetics

subdivide grains into tfetrahedrons

Interpolate magnetization and
the magnetic scalar potential

calculate Gibbs free energy
for each element

define a magnetic moment
and a effective field at each node

solve a system of ordinary
differential equations




Finite element micromagnetics

subdivide grains into fetrahedrons

Interpolate magnetization and
the magnetic scalar potential

calculate Gibbs free energy
for each element

define a magnetic moment
and a effective field at each node

solve a system of ordinary
differential equations




Open source micromagnetics

OMMF NIST Finite difference  math.nist.gov/oommf/

MAGPAR  TU Vienna Finite elements http://www.magpar.net/

University of

Southampton Finite elements nmag.soton.ac.uk/nmag/




Open source package “magpar”

magpar is a finite element micromagnetics package which combines several
unique features:

Applicability to a variety of static and dynamic micromagnetic problems
including uniaxial/cubic anisotropy, exchange, magnetostatic interactions and
external fields

Flexibility of the finite element method concerning the geometry and
accuracy by using unstructured graded meshes

Availability due to its design based on free, open source software packages

Portability to different hardware platforms, which range from simple PCs to
massively parallel supercomputers

Scalability due to its highly optimized design and efficient libraries

magpar is distributed under the terms of the GNU General Public License
Website: http://http://www.magpar.net/

FE Micromagnetics m
MAFELAP 2006 Seagate (



MAGPAR input files (1)

Geometry (finite element mesh)

e Mesh import (see Preprocessing)
o MSC.Patran neutral file

o AVS project.inp, project.out: finite element mesh file
o Gmsh , GiD meshes

N
[
i
B

i

4 VYA
£t

<] r )

Lk

i

Ll W W W
\AAAAAAAA
VAVAVAVAVAVAYAVAVAVAVAVAVRY |
AV A VA VA VAVAVA VA Va Vi Va Vi Va Vot
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AAAAANAAAA A KA AN X
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LAAAANAAAAAAAAAANS

AN
el
S ANNNANAAAAAAAAAA S
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S

¥,

‘EVAY‘Y
il

Mesh of the magpar
A

thin film example
. VAW {}Y
uuuuumuvzur‘muﬁmr‘
e AN A
=1

N

VWt
AAAAAAAA
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\WAAAAAATIY

Vo,




MAGPAR input files (2)

Magnetic material parameters

project.krn: material properties
For each grain (or part of the model with distinct property id) this file contains a line defining its material properties:

theta phi Kl Ez J= A alpha psi # parameter
(rad) (rad) [(J/m"3) (JAm™3) (T (J/m) (1) (rad) # units

theta and phi: direction of the uniaxial magnetocrystalline anisotropy axis in spherical coordinates (rad);
theta measured from the z-axis, phi measured from the x-axis in the x¥=y-plane

K1: first magnetocrystalline anisotropy constant [JImSJ

K2: second magnetocrystalline anisotropy constant (Jfrn3j|

Js: saturation polarization (Tesla)

A: exchange constant (J/m)

alpha: Gilbert damping constant (dimensionless)

psi: third Euler angle for cubic anisotropy (assume cubic anisotropy if defined, i.e.wvalid floating point walue). For
uniaxial anisotropy set to "uni® (or some other string, which does not represent a wvalid floating point number).

The grain with property id 1 is assigned the properties in line 1, the grain with property id 2 is assigned the properties in
line 2, etc.




MAGPAR input files (3)

Simulation parameters

allopt.txt: simulation parameters

All simulation parameters can be : l-'t in the configuration file allopt.txt . The example files and the default configuration
T'iIF' allupt tx 't in the 'Til ! ' fcube subdirectory are thoroughly documented. Any option defined in this file
/ { variable or command line aption (cf. PETSC manual © fHFItI—'r 14 - Other PETSC

FF'TEIHI-' 1. Tfll IJ |-'T|l| TF':JtIHI-'I L3 I-'Ii in example mumag3d: mumag standard problem #3

Additional PETSC internal logging/infofdiagnostic options, which may slow down the simulations (1), are given in
allopt_log.txt .

Qutput files
Simulation time
External field
Solver parameters



MAGPAR Thin film example

Calculate equilibrium magnetic state of a thin film
- download magpar and thin film example

- Ccopy everything into one directory

- edit the simulation parameters (allopt.txt)

- start the simulations

- look at the results



MAG program parameters

allopt.txt particle size

HHHEHE =sScaling parameters
2caling of finite element mwesh [(unit: m)

le—6

HHAEHH dimensionless Landau-Lifshite-Gilbert damping constant
# define for ewvery grain together with mwaterial paramwmeters in *.Kkrn

change to 100 nm



Initial magnetization

i

-

magne at i TI [ Set i I
Mx=1

My=1

Hz=

Mu=Myv=Mz==grt(1/3)=

artificial flower

= H: H:
L R e T S

He -
o

Ty

=]

10: M // anisotropy axes

[¥n]

—init mag 3

Change to 1 (parallel x axis)



Time integration

allopt.txt minimization method

##### minimization method
# 0: PVODE (LLG time integration) or
#

1l: TAO (energy minimization)
# —mode 0O

set to fime integration



Check mesh size

Finite element size
should be smaller than the exchange length

Exhange length
5 nm for NiFe (permalloy)

100nNnMm /20=5nm OK

1 unit
In mesh generator
program

20 elements



Refine the mesh

If initial mesh size > exchange length

allopt.ixt Refine the finite element mesh

HHH#HEH recgular mesh refinement
# number of regular refinement step

# (ewvery step generates 8xX &3 many elements and about 8x a3 many nodes!!'!)

—refine 0O

Give the number of refinement steps



MAG program parameters

allopt.txt simulafion fime

111)

tino

thurs

] =

(T3S

=
—
=

111]

tepn:

=
[,

i

tInitialTim
tDurs

=

=]

[T

[T

nurbier

=

im

ironarn
r

Max
Initial

—
~

i

LS
111=
<.

|I:|1:.j_|:
- --E

2

#ignor

change 1o 5 ns



MAGPAR program parameters

allopt.txt magpar 0.7 parameters

—slimName thinfilm

You need to add these 4 parameters



Run the program

e C:AWINDOWS\system32\CMD . exe -

linear system matrix =
Matrix Ohject:
type=seqgaij. rows=1814, col==1814
total:
not wusing I-node routines
£ init/create.c::DataCreate took B.8486345 =
»>» Fieldshextinit.c:-HextInit
ext: shape: 8
heta: @ vad = A deg phiz A rad = @ deyg
e_H: <@, @8, 1>
ini: B A/m = B8 T

precond mateix:

step: B AAsm = B T
suweep: B kAA<m*ns>
ext_scaled:

ini: @

step: @

suweep: B

average magnetization: 1 T

AT

avg: 1 wol: B.A5 matele: B.A5 matelesvol:
4 fieldrhextinit.c::HextInit took B.BB5?5662
*» initshmatrix.ctiBMatrix

B*>local rows of boundary matrix: 963
Allocating 2 MB of memory for houndary matrix

alculating hboundary matrix elements:
L AP Lor Sy R | e

nonzeros=1038,. allocated nonzeros=2535H

on each processor Ctotal 2 HMB>

Start magpar.exe from a DOS command line



Look at the results

Total energy

Time

o CIAWINDOWS\sysdem I2\CMD . exe - edi

File

Edit

Search Uiew

#H_.date:

D= homestomsshef “sworksma

Options Help

Fri Jul )7 17:27:32 2846
2:
inp

AAAAAAAAAAARRRERE N |

3=

time

‘ns)

A . 80dAA: +AA
2.38161%e—H5
4_63237e—H85
7.144856e—H5
1.39111%e—44
2.867753e—H4
2.744386e—H4
3.832901e—H4
4_921416e—84
6.0072931e—H4
7.H078446e—H4
8.186961e—0H4
?.275476e—H4
1.83639%9e—A3
1.145251e—H43
1.2541082e—H3
1.423896e—8A3
1.59369H0e—HA3

4=

Hext

CkA/m>
A.AAddA: +HA
A . 8l A: +HA
A.H0ddAAe +HH
A.HHdHAAe +HA
A . ddAAe +BA
A.AAddA: +HA
A . 8l A: +HA
A.HddHAAe +HA
A . ddAAe +BA
A.AAddA: +HA
A . 8l A: +HA
A.H0ddAAe +HH
A.HHdHAAe +HA
A . ddAAe +BA
A.AAddA: +HA
A . 8l A: +HA
A.H0ddAAe +HH
H. HHUHAAEe +HH

arsfirstrunstlhinfilm. lo

L

Etot

CJ/m™3 )
2.A446477e +A4
2.H04644%e +H4
Z2.A46421e+84
2.H4638%e +H4
2.046294e +B4
2.046198e +H4
2 .H46896e +H4
2.A45966e +A4
2.A45816e +A4
2 .HA45655e +H4
2.H045542e +H4
2.0453%6e +H4
2.04523%e +H4
2.A4512%e +A4
2.A044286e +H4
2.H44831e +H4
2.A4464%e +B4
2.04442%e +B4

Line:1

|

G:

Js7Hext
[Jrdavg]

A. 80 A: +UA
—-8.411726e—-87
-1 .681367e—H6
-2 .52H8441e—-H6
-4 _897124e—-H6
—7.265673e—-86
—7.626448e-86
-1 .34H842e—-H5
-1 .714958e—H5
—2.887721e—85
—2.45758%2e -85
—-2.824781e—H5
-3.189884e—-H5
-3.551832e—H5
—-3.211322e—85
—4_ 26891485
-4 _82806802e—-H5
-5 _.366641e—H5
Col:1

1.888
1.888
1.484
1.484
1.4604
2.992
9.992
?.999
7.999
2.992
9.992
9.999
?.999
7.999
2.992
9.992
9.999:
2.9991




Magnetization patterns

Initial state Final state

— — .

Mx




Summary

Micromagnetics
Effects of size, shape, granular structure
Dynamics and reversal modes

Energy contributions
From Stoner-Wohlfarth theory to multi-domain
magnetization dynamics

Thermal effects
Stochastic dynmmics (short times)
Energy barriers (long fimes)

Solution techniques
Integral approach (regular structures)
Finite element approach (irregular structures)
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