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Fidimag is a micromagnetic and atomistic simulation package, which can be used to simulate the magnetisation of
nanoscale samples of materials.

The code for Fidimag is available under an open source license on GitHub.

Contents:

Installation Instructions 1
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2 Installation Instructions



CHAPTER 1

Installation Instructions

Please use these instructions to build and run Fidimag on Linux or OS X. We do not currently support Windows, as
none of the developers use this as their operating system, though please make a pull request with instructions or let us
know if you are able to get Fidimag working on a Windows machine.

1.1 Ubuntu

Users can run a quick convenience script in the folder Fidimag/bin by running the command:

’sudo bash ubuntu_install_script.sh

Then, follow the instructions in ‘All Systems’ below.

1.2 Other Linux

Please install FFTW and Sundials using the scripts below, or use your package manager to do so.
* install-fftw.sh
* install-sundials.sh
We also need a number of Python packages:
* numpy
* scipy
* cython
* pytest
* matplotlib

* ipywidgets
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* pyvtk
* ipython

These can be installed through the pip package manager with:

pip install numpy scipy cython pytest matplotlib ipywidgets pyvtk ipython

You will need a relatively recent installation of CMake (> version 3) to use the Sundials script. You may also need to
install development versions of

* BLAS
* LAPACK
though many Linux distributions come with these.

Then, follow the instructions in ‘All Systems’ below.

1.3 OS X

OS X has not shipped with GCC since the release of OS X Mavericks. You therefore need to install this, as the version
of clang which ships does not support OpenMP. We advise that you use the brew package manager, and install gcc5.
We also strongly advise that you install the Anaconda Python distribution - we do not test against the version of Python
that comes with OS X.

Once you have done this, you need to specify the compiler you are using:

export CC=gcc-5

You can then follow the same installation instructions as for ‘Other Linux’, but don’t worry about BLAS and LAPACK
as Anaconda takes care of these for you.

Then, follow the instructions in ‘All Systems’ below.

1.4 All systems

Once you’ve built Fidimag, you need to add the libraries to your LD_LIBRARY_PATH, so that Fidimag can find them.
If you installed SUNDIALS and FFTW using our scripts, you can do this with the command:

’ export LD_LIBRARY PATH=/path/to/fidimag/local/lib:$LD_LIBRARY PATH

You may want to add this and another command to the file ~/.bashrc on Linux or ~/.bash_profile on OS X:

’export PYTHONPATH=/path/to/fidimag: SPYTHONPATH

Adding Fidimag to your PYTHONPATH allows fidimag to be imported in Python from any directory.

If you want to check everything has worked correctly, try the command ‘make test’ from the fidimag directory - if all
tests pass, then you have a working installation!

4 Chapter 1. Installation Instructions
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1.5 OOMMF

Some additional tests check Fidimag against OOMME. To run these, you need a working OOMMEF installation, and
you need need to tell the system where to find it. You can do this by setting the environment variable to the directory

containing oommf.tcl:

export OOMMF_PATH=/path/to/folder/containing/OOMMF

1.5. OOMMF
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CHAPTER 2

Run fidimag inside a Docker Container

2.1 Setup Docker

Install Docker, follow instructions at https://www.docker.com/products/docker

2.2 Setup fidimag docker container with Jupyter Notebook

Pull the fidimag notebook container:

docker pull fidimag/notebook

2.3 Start Notebook on container

’docker run -p 30000:8888 fidimag/notebook

This command starts a Jupyter Notebook in which ‘fidimag <>‘__ can be used. The Jupyter notebook inside the
container is listening on port 8888.

The parameter —-p 30000 : 8888 says that the port 8888 inside the container is exposed on the host system as port
30000.

On a Linux host machine, you can connect to http://localhost:30000 to see the notebook.

On a Mac, you need to find out the right IP address to which to connect. The information is provided by

docker-machine ip

For example, if docker-machine ip returns 192.168.99.100, then the right URL to paste into the browser
on the host system is http://192.168.99.100:30000.

[How does this work on Windows? Pull requests welcome.)
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2.4 Detach the docker image (to run in the background)

You can add the —d switch to the docker run command to detach the process:

’docker run -d -p 30000:8888 fidimag/notebook

2.5 Show active Docker containers

docker ps lists all running containers.

To only show the ids, we can use

’docker pPs —gq

To only show the containers that was last started, we can use the —1 flag:

’docker ps -1

2.6 Stop a docker container

To stop the last container started, we can use the docker stop ID command, where we need to find the ID first.
We can do this using docker ps -1 -qg. Putting the commands together, we have

’docker stop $(docker ps -1 -q)

to stop the last container we started.

2.7 Explore the docker container / run Fidimag from (I)Python

We can start the docker container with the —t i switch, and we can provide bash as the command to execute:

’docker run -ti fidimag/notebook bash

A bash prompt appears (and we are now inside the container):

’jovyan@4df962d27520:~/work$

and can start Python inside the container, and import fidimag:

jovyan@4df962d27520:~/work$ python

Python 3.5.1 |Continuum Analytics, Inc.| (default, Jun 15 2016, 15:32:45)
[GCC 4.4.7 20120313 (Red Hat 4.4.7-1)] on linux
Type "help", "copyright", "credits" or "license" for more information.

>>> import fidimag

We could also start IPython:

8 Chapter 2. Run fidimag inside a Docker Container
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jovyan@4df962d27520:~/work$ ipython
Python 3.5.1 |Continuum Analytics, Inc.| (default, Jun 15 2016, 15:32:45)
Type "copyright", "credits" or "license" for more information.

IPython 4.2.0 -- An enhanced Interactive Python.

? —-> Introduction and overview of IPython's features.
$quickref -> Quick reference.

help -> Python's own help system.

object? -> Details about 'object', use 'object??' for extra details.
In [1]:

[The switch -t stands for Allocate a pseudo-TTY and -i for Keep STDIN open even if not
attached.]

2.8 Mount the local file system to exchange files and data with con-
tainer

Often, we may have a fidimag Python script run.py we want to execute in our current working directory in the host
machine. We want output files from that command to be written to the same working directory on the host machine.

We can use the container like this to achieve that:
docker run -v ‘pwd' :/io -ti fidimag/notebook python run.py

The —-v "pwd" :/1io tells the docker container to take the current working directory on the host (* pwd" ) and mount
it to the path /1o on the container. The container is set up so that the default working directory is /io.

Here is an example file run . py that reads

import fidimag # to proof we can import it

print ("Hello from the container")

# and write to a file

open ("data.txt", "w").write("Data from the container.\n")

This can be executed with

’docker run -v ‘pwd :/io —-ti fidimag/notebook python hello.py

and will create a data file data . txt that is visible from the host’s working directory.

2.9 Explore Jupyter notebook examples with the Docker container

git clone https://github.com/computationalmodelling/fidimag.git
cd fidimag/doc/ipynb/
docker run -v ‘pwd :/io -p 30000:8888 -d fidimag/notebook

2.10 Use smaller docker containers

Two alternative docker containers are available that provide only Fidimag, but not the Jupyter Notebook, nor scipy.
They are available under the names fidimag/minimal-py2 and fidimag/minimal-py3. Use these names

2.8. Mount the local file system to exchange files and data with container 9
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instead of fidimag/notebook in the examples above.

The fidimag/minimal-py?2 version uses Python2, the fidimag/minimal—-py3 version uses Python 3.

10 Chapter 2. Run fidimag inside a Docker Container



CHAPTER 3

Fidimag: A Basic Simulation

This notebook is a guide to the essential commands required to write and run basic Fidimag simulations. It can be
downloaded from the github repository, found here.

The first step is to import Fidimag. Numpy and Matplotlib are also imported for later use, to demonstrate visualising
simulations results.

In [1]: import fidimag
import numpy as np
import matplotlib.pyplot as plt

$matplotlib inline

3.1 Meshes

Mesh Cell
Fmm +
+——— +——— +——— +———— +——— +——— + / /|
/ / / / / / /| / /]
e +———— e +———— o= +———— + / /| dz
/ / / / / / /1 o+ e +
== - == - == - + 0/ e > | |
/ / / / / / /1 o+ ! o
+——— +——— - +——— +——— +——— + 1/ | |/
\ \ \ \ \ \ |+ \ | / dy
\ \ \ \ \ \ |/ \ |/
Fm——— Fm——— Fm——— Fm——— t——— Fm——— + Fmm +
dx

We need to create a mesh. Meshes are created by specifying the dimensions of the finite difference cells, (dx, dy, dz)
and the number of cells in each direction, (nx, ny, nz).

The cell dimensions are defined by dimensionless units. The dimensions of the mesh/cells are integrated by the
parameter, unit_length.

11
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In the the following example, the (cuboid) mesh consists of 50x20x1 cells (nx=50, ny=20 and nz=1), with each cell
comprising of the dimensions, dx=3, dy=3 and dz=4. The unit_length = 1e-9 (nm).

Thus, the total size of the mesh is 150nm x 60nm x 4nm.
*Required Fidimag Function*
fidimag.common.CuboidMesh (nx, ny, nz, dx, dy, dz, unit_length)

In [2]: nx, ny, nz = 50, 20, 1
dx, dy, dz = 3, 3, 4 #nm
unit_length = 1le-9 # define the unit length of the dx units to nm.

mesh = fidimag.common.CuboidMesh (nx=nx, ny=ny, nz=nz, dx=dx, dy=dy, dz=dz, unit_length=unit_.

3.2 Creating the Simulation Object

Now we can create the simulation object.

A mesh is required to create a simulation object. We also give the simulation object a name. Is this case, we call the
simulation object, ‘sim_tutorial_basics’

*Required Fidimag Function*
fidimag.micro.Sim(mesh, name)

In [3]: sim_name = 'sim_tutorial_basics"'

sim = fidimag.micro.Sim(mesh, name=sim_name)

3.3 Adding Interactions (and specifying material parameters)

The material specific interactions (and parameters) can now be added to the simulation object. Let’s first specify the
material specific parameters:

In [4]: Ms = le6 # magnetisation saturation (A/m)
A = le-12 # exchange energy constant (J/m)
D = 1le-3 # DMI constant (J/mx%2)

Ku = le5 # uniaxial anisotropy constant (J/mx%*3)
Kaxis = (0, 0, 1) # uniaxial anisotropy axis
H= (0, 0, le3) # external magnetic field (A/m)

The simulation object, sim created earlier has a property for the saturation magnetisation, Ms which is set in the
following way:

In [5]: sim.Ms = 8.0e5
Now let’s add the following interactions:
* Exchange
* Uniaxial Anisotropy
* Dyzaloshinskii-Moriya (bulk)
* Zeeman Field

* Demagnetisation

12 Chapter 3. Fidimag: A Basic Simulation
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*Required Fidimag Functions*
to a simulation object named, sim:
¢ sim.add(interaction)

where the interactions are:

interaction function
exchange fidimag.micro.UniformExchange (A)
uniaxial anisotropy | fidimag.micro.UniaxialAnisotropy (Ku, axis)
DMI fidimag.micro.DMI (D)
Zeeman fidimag.micro.Zeeman (HO)
Demag fidimag.micro.Demag ()
In [6]: exchange = fidimag.micro.UniformExchange (A=A)

sim.add (exchange)

anis = fidimag.micro.UniaxialAnisotropy (Ku=Ku, axis=Kaxis)
sim.add (anis)

dmi = fidimag.micro.DMI (D=D)
sim.add (dmi)

zeeman = fidimag.micro.Zeeman (HO=H)
sim.add (zeeman)

demag = fidimag.micro.Demag()
sim.add (demag)

So, at this point the Hamiltonian is created. Now, we can set parameters in the LLG equation. The sim object has
properties for the values of alpha and gamma which are set in the following way:

In [7]: sim.driver.alpha = 0.5
sim.driver.gamma = 2.211leb
# sim.do_precession = True

You can also specfiy whether the magnetisation spins precess or not. The sim object has a property, do_precession,
which can be set to either True of False. In this example, let’s have precession:

In [8]: sim.driver.do_precession = True

When both Hamiltonian and LLG equations are set, we need to set the intial magnetisation before we relax the system.
Let’s set it to all point in the x-direction:

In [9]: m_init = (1,0,0)
sim.set_m(m_init)

3.4 Relaxing the Simulation

The simulation object is now set up: we’re now ready to relax the magnetisation.

3.4.1 Time Integrator Parameters

In order to do so, we need to specify the value of dt for the time integration. By default this is set to dt=1e-11.

We also need to tell the simulation when to stop, through the desired stoppping precision, stopping_dmdt. By default
this is set to stopping_dmdt=0.01.

3.4. Relaxing the Simulation 13
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The maximum number of steps, max_steps the time integrator take also needs to be specified. By default this is set to
1000.

3.4.2 Data Saving Parameters

Within the relax function, when to save the magnetisation, save_m_steps, and vtk files of the magnetisation,
save_vtk_steps, are also specified. By default they are set to save every 100 steps that the integrator takes. The
final magnetisation is also saved. In this example we save the spatial magnetisation every 10 time steps.

When the relax function is called, a text file containing simulation data (including time, energies and average magneti-
sation) is created with the name sim_name.txt.

Sub-directories for the (spatial) magnetisation and vtk files are also created with the names, sim_name_npys and
sim_name_vtks respectively, where the relevant data is subsequently saved. The names of these files are m_*.npy and
m_FFFEERER vig respectively, where * is replaced with the time integrator step (with leading zeros for the vts (vtk) file).

*Required Fidimag Function*
sim.relax (dt, stopping_dmdt, max_steps, save_m_steps, save_vtk_steps)

In [10]: %%capture
sim.driver.relax (dt=1le-11, stopping_dmdt=0.01, max_steps=200, save_m_steps=10,

14 Chapter 3. Fidimag: A Basic Simulation
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CHAPTER 4

Inspecting the data

Now that a simulation has run, it is useful to inspect and visualise the generated data.

4.1 Structure of (spatial) m array

The spatial magnetisation array from the last relaxation step can be accessed via sim. spin. We also saved the spatial
magnetisation for all time steps into the folder sim_basics_tutorial_npys.

The structure of sim. spin (and the also the data saved in the .npy files) is an 1-dimensional. For a mesh with n cells,
the components are ordered as follows:

[mx(0), my(0), mz(0), mx(1l), my(l), mz(1l), ..., mx(n), my(n), mz(n)]

where the numbering of the mesh cell adheres to the following convention:

- +
|l :‘
it
\ [s:e]
\ 30 ;A= Fe———— to———— Fm———— +———— +
;' 11 12 0" 13 ' 14 .
t———— - + I - +t-———— +ro |
\ \ | \ ! 70 8 ! 9 HEEES
15 | 16 [sej4———————F———————F———————F::: |14+
\ \ [ ! ' S
f——— F———— +——— f——— Fe———— +roc| .
\ \ \ \ HE '
0 \ 1 \ 2 \ 3 \ 4 [ee:4!
\ \ \ \ \ [o:!
F——— - = - - +!

15
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4.2 Plotting m (spatial)

There are built-in functions in fidimag to restructure this 1-D array, which is useful for creating spatial plots of the
magnetisation. These are

*Required Fidimag Function*

TODO: write built-in helper functions!!
In [11]: m = sim.spin
m.shape = (-1,3)
mz = m[:,2]
In [12]: #the data shape should be (ny,nx) rather than (nx,ny)
mz.shape = (ny,nx)
In [13]: plt.pcolor (mz)
plt.xlabel ('x (nm)"')
plt.ylabel('y (nm)")
plt.colorbar (label=r"m$_z$")
plt.show ()
ED
II II i 1 I
III il | [ | I
III IIIII IIII-- rl
s |1 1 '
i IIII .IIII IIII II I I i I
= %% - .II.IIIII I|.| k' I|I'|I'|I'|I 192
10 - 0.0 3
E IL | I I I | E
II- I II

5l IFII.I.II II _

|I'."I

2[] 30
X (nm)

40

50

4.3 Plotting m (average)

It is also useful to plot the average components of m over time.

In [14]: # PYTEST_VALIDATE_IGNORE_OUTPUT

%1ls

1d_domain_wall.ipynb sim_tutorial_basics_vtks/

current-driven-domain-wall.ipynb
isolated_skyrmion.ipynb
runtimes.org

spin-polarised-current-driven-skyrmion.ipynb
spin-waves—-in-periodic-system.ipynb
standard_problem_4.ipynb

16
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sanitize_file tutorial-basics.ipynb
sim_tutorial_basics_npys/ tutorial-docker-container.ipynb
sim_tutorial_basics.txt

In [15]: £ = fidimag.common.fileio.DataReader ('sim_tutorial_basics.txt')

In [16]: mz f.datadic['m_z"']
t = f.datadic['time']

In [17]: plt.plot(t/le-9, mz)
plt.xlabel ("time (ns)")
plt.ylabel (r"$\left\langle \mathrm{m}_{\mathrm{z}} \right\rangle$", fontsize=14)
plt.show ()

0.006

0.004

0.002

0.000

m.;

—0.002

—0.004

—0.006 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5

time (ns)

4.3. Plotting m (average) 17
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CHAPTER B

Micromagnetic standard problem 4

Author: Marijan Beg, Marc-Antonio Bisotti
Date: 18 Mar 2016
This notebook can be downloaded from the github repository, found here.

In [1]: import numpy as np
import matplotlib.pyplot as plt
$matplotlib inline

5.1 Problem specification

The simulated sample is a thin film cuboid with dimensions: - length L = 500 nm, - width d = 125 nm, and - thickness
t = 3nm.

In [2]: from fidimag.common import CuboidMesh
mesh = CuboidMesh (nx=160, ny=40, nz=1, dx=3.125, dy=3.125, dz=3, unit_length=le-9)
The material parameters (similar to permalloy) are:
« exchange energy constant A = 1.3 x 1071 J/m,
* magnetisation saturation M = 8 x 10° A/m.

Magnetisation dynamics is governed by the Landau-Lifshitz-Gilbert equation

dm

d
m_ —vo(m x Hegr) + (m X )

dt dt

where 7o = 2.211 x 10° m A~ s~! is the gyromagnetic ratio and o« = 0.02 is the Gilbert damping.

In [3]: A = 13e-12
Ms = 8.0e5
alpha = 0.02
gamma = 2.211eb

19
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In the standard problem 4, the system is firstly relaxed at zero external magnetic field and then, stating from the
obtained equlibrium configuration, the magnetisation dynamics is simulated for each of two different external magnetic

fields:

1. Hy = (—24.6,4.3,0.0)mT
2. Hy = (—35.5,—6.3,0.0) mT

The micromagnetic standard problem 4 specification can be also found in Ref. 1.

5.2 Simulation

5.2.1 Getting the Initial Magnetisation

The simulation object is created and parameters set.

In [4]:

We have ignored the decaying external field. Finally, the system can be relaxed and the obtained equilibrium configu-

from fidimag.micro import Sim,

sim =

sim.driver.set_tols(rtol=1le-10,

sim.Ms = Ms

sim.driver.alpha =
sim.driver.gamma =

Sim (mesh)

0.5
gamma

sim.driver.do_precession

# Starting magnetisation.
sim.set_m( (1,

0.25, 0.1))

= False

sim.add (UniformExchange (A=A))
sim.add (Demag () )

UniformExchange,
# create simulation object

atol=1e-10)

Demag, Zeeman,

# speeds up the simulation

ration saved, so that it can be used as an initial state for simulating magnetisation dynamics.

In [5]:

step=1,
step=2,
step=3,
step=4,
step=5,
step=6,
step=7,
step=8,
step=9,
step=10,
step=11,
step=12,
step=13,
step=14,
step=15,
step=16,
step=17,
step=18,
step=19,
step=20,

# PYTEST_VALIDATE_IGNORE_OUTPUT

sim.driver.relax (dt=1e-13,
np.save ("mo0.

time=1le-13,
time=2e-13,
time=3e-13,
time=4e-13,
time=5e-13,
time=6e-13,
time=7e-13,
time=8e-13,
time=9e-13,
time=1le-12,
time=1.
time=1.
time=1.
time=1.
time=1.
time=1.
time=2e-12,

time=2.15e-
time=2.29%e-
time=2.5le-

lde-
29%e-
43e-
57e-
72e-
86e—

npy",

max_dmdt=517
max_dmdt=510
max_dmdt=502
max_dmdt=495
max_dmdt=489
max_dmdt=482
max_dmdt=476
max_dmdt=470
max_dmdt=464

sim.spin)

ode_step=0

ode_step=1.
.38e-14

ode_step=4

ode_step=4.
ode_step=T7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.

stopping_dmdt=0.01,
# save equilibrium configuration

8e—-14

38e-14
03e-14
03e-14
03e-14
03e-14
03e-14

max_dmdt=459 ode_step=7.03e-14

12,
12,
12,
12,
12,
12,

max_dmdt=
max_dmdt=
max_dmdt=
max_dmdt=
max_dmdt=
max_dmdt=

453
445
439
433
428
422

ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.

43e-13
43e-13
43e-13
43e-13
43e-13
43e-13

max_dmdt=417 ode_step=1.43e-13

12,
12,
12,

max_dmdt=412 ode_step=1.43e-13
max_dmdt=407 ode_step=1.43e-13
max_dmdt=401 ode_step=2.15e-13

max_steps=5000,

TimeZeeman

save_m_steps=None,

20

Chapter 5. Micromagnetic standard problem 4

# large value since the magnetisation dynamics is not important in tl

save_vtk_ st



fidimag Documentation, Release 0.1

step=21,
step=22,
step=23,
step=24,
step=25,
step=26,
step=27,
step=28,
step=29,
step=30,
step=31,
step=32,
step=33,
step=34,
step=35,
step=36,
step=37,
step=38,
step=39,
step=40,
step=41,
step=42,
step=43,
step=44,
step=45,
step=46,
step=47,
step=48,
step=49,
step=50,
step=51,
step=52,
step=53,
step=54,
step=55,
step=56,
step=57,
step=58,
step=59,
step=60,
step=61,
step=62,
step=63,
step=64,
step=65,
step=66,
step=67,
step=68,
step=69,
step=70,
step=71,
step=72,
step=73,
step=74,
step=75,
step=76,
step=77,
step=78,
step=79,

time=2.72e-
time=2.94e-
time=3.15e-
time=3.37e-
time=3.58e-
time=3.8e-12,
time=4.01le-
time=4.23e-
time=4.44e-
time=4.66e—
time=4.87e-
time=5.09%e—
time=5.3e-12,
time=5.52e-
time=5.73e-
time=5.95e-
time=6.16e—
time=6.38e—
time=6.59%e—
time=6.8le-
time=7.02e-
time=7.24e-
time=7.45e-
time=7.78e-
time=8.11le-
time=8.44e-
time=8.77e-
time=9.09%e-
time=9.42e-
time=9.75e-
time=1.01le-
time=1.04e-
time=1.07e-
time=1.11le-
time=1.1l4e-
time=1.17e-
time=1.21e-
time=1.24e-
time=1.27e-
time=1.3e-11,
time=1.34e-
time=1.37e-
time=1.4e-11,
time=1.45e-
time=1.5e-11,
time=1.55e-
time=1.6e-11,
time=1.65e-
time=1.7e-11,
time=1.75e-
time=1.8e-11,
time=1.85e-
time=1.9e-11,
time=1.95e-

time=2e-11,

time=2.04e-
time=2.09%e-
time=2.17e-
time=2.24e-

15e-13
15e-13
15e-13

max_dmdt=394
max_dmdt=387
max_dmdt=381
max_dmdt=375 ode_step=2.15e-13
max_dmdt=369 ode_step=2.15e-13
max_dmdt=364 ode_step=2.15e-13
max_dmdt=358 ode_step=2.15e-13
max_dmdt=353 ode_step=2.15e-13
max_dmdt=348 ode_step=2.15e-13
max_dmdt=343 ode_step=2.15e-13
max_dmdt=338 ode_step=2.15e-13
max_dmdt=333 ode_step=2.15e-13
max_dmdt=328 ode_step=2.15e-13
max_dmdt=324 ode_step=2.15e-13
max_dmdt=320 ode_step=2.15e-13
max_dmdt=315 ode_step=2.15e-13
max_dmdt=311 ode_step=2.15e-13
max_dmdt=307 ode_step=2.15e-13
max_dmdt=303 ode_step=2.15e-13
max_dmdt=299 ode_step=2.15e-13
max_dmdt=295 ode_step=2.15e-13
max_dmdt=291 ode_step=2.15e-13
max_dmdt=288 ode_step=2.15e-13
max_dmdt=283 ode_step=3.29%e-13
max_dmdt=278 ode_step=3.29e-13
max_dmdt=273 ode_step=3.29e-13
max_dmdt=268 ode_step=3.29%e-13
max_dmdt=263 ode_step=3.29e-13
max_dmdt=258 ode_step=3.29e-13
max_dmdt=254 ode_step=3.29%e-13
max_dmdt=249 ode_step=3.29e-13
max_dmdt=245 ode_step=3.29e-13
max_dmdt=240 ode_step=3.29%e-13
max_dmdt=236 ode_step=3.29e-13
max_dmdt=232 ode_step=3.29e-13
max_dmdt=229 ode_step=3.29%e-13
max_dmdt=225 ode_step=3.29e-13
max_dmdt=221 ode_step=3.29e-13
max_dmdt=218 ode_step=3.29e-13
max_dmdt=214 ode_step=3.29e-13
max_dmdt=211 ode_step=3.29e-13
max_dmdt=208 ode_step=3.29e-13
max_dmdt=204 ode_step=3.29e-13
max_dmdt=201 ode_step=4.94e-13
max_dmdt=196 ode_step=4.94e-13
max_dmdt=192 ode_step=4.94e-13
max_dmdt=188 ode_step=4.94e-13
max_dmdt=184 ode_step=4.94e-13
max_dmdt=180 ode_step=4.94e-13
max_dmdt=177 ode_step=4.94e-13
max_dmdt=173 ode_step=4.94e-13
max_dmdt=170 ode_step=4.94e-13
max_dmdt=167 ode_step=4.94e-13
11, max_dmdt=164 ode_step=4.94e-13
max_dmdt=161 ode_step=4.94e-13
11, max_dmdt=159 ode_step=4.94e-13
11, max_dmdt=156 ode_step=4.94e-13
11, max_dmdt=153 ode_step=7.48e-13
11, max_dmdt=150 ode_step=7.48e-13

12,
12,
12,
12,
12,

ode_step=2.
ode_step=2.
ode_step=2.

12,
12,
12,
12,
12,
12,

12,
12,
12,
12,
12,
12,
12,
12,
12,
12,
12,
12,
12,
12,
12,
12,
12,
11,
11,
11,
11,
11,
11,
11,
11,
11,

11,
11,

11,
11,
11,
11,

11,

5.2. Simulation
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step=80,
step=81,
step=82,
step=83,
step=84,
step=85,
step=86,
step=87,
step=88,
step=89,
step=90,
step=91,
step=92,
step=93,
step=94,
step=95,
step=96,
step=97,
step=98,
step=99,
step=100,
step=101,
step=102,
step=103,
step=104,
step=105,
step=106,
step=107,
step=108,
step=109,
step=110,
step=111,
step=112,
step=113,
step=114,
step=115,
step=116,
step=117,
step=118,
step=119,
step=120,
step=121,
step=122,
step=123,
step=124,
step=125,
step=126,
step=127,
step=128,
step=129,
step=130,
step=131,
step=132,
step=133,
step=134,
step=135,
step=136,
step=137,
step=138,

time=2
time=2.
time=2.
time=2.
time=2.
time=2
time=2.
time=2.
time=2.
time=2
time=3.
time=3.
time=3.
time=3.
time=3
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=4
time=4.
time=4.
time=4.
time=4.
time=4.
time=4.
time=4.
time=4.
time=4
time=4.
time=4.
time=4.
time=5.
time=5.
time=5.
time=5.
time=5.
time=5
time=5.
time=5.
time=5.
time=5.
time=5.
time=5.
time=6.
time=6.
time=6
time=6.
time=6.
time=6.
time=6.
time=6.
time=6.
time=7.
time=7.

.32e-11,
39%e-11,
47e-11,
54e-11,
62e-11,
.69%e-11,
T77e-11,
84e-11,
92e-11,
.99%e-11,
07e-11,
l4e-11,
22e-11,
29e-11,
.37e-11,
44e-11,
52e-11,
5%e-11,
67e-11,
74e-11,

82e-11,
89e-11,
97e-11,

.04e-11,

12e-11,
19e-11,
26e-11,
34e-11,
41e-11,
49e-11,
56e-11,
6d4e-11,

.7le-11,

79%9e-11,
86e-11,
94e-11,
0le-11,
09%e-11,
l6e-11,
24e-11,
3le-11,

.39%e-11,

46e-11,
54e-11,
6le-11,
6%9e-11,
8e-11,

9le-11,
03e-11,
lde-11,

.26e-11,

37e-11,
48e-11,
ce-11,

7le-11,
82e-11,
94e-11,
05e-11,
17e-11,

max_dmdt=147
max_dmdt=144
max_dmdt=141
max_dmdt=138
max_dmdt=136
max_dmdt=134
max_dmdt=131
max_dmdt=129
max_dmdt=127
max_dmdt=125
max_dmdt=124
max_dmdt=122
max_dmdt=120
max_dmdt=119
max_dmdt=118
max_dmdt=116
max_dmdt=115
max_dmdt=114
max_dmdt=113
max_dmdt=112
max_dmdt=111
max_dmdt=110
max_dmdt=109
max_dmdt=108
max_dmdt=107
max_dmdt=107
max_dmdt=106
max_dmdt=105
max_dmdt=104
max_dmdt=104
max_dmdt=103
max_dmdt=102
max_dmdt=102
max_dmdt=101
max_dmdt=101
max_dmdt=100
max_dmdt=99.
max_dmdt=99.
max_dmdt=98.
max_dmdt=98.
max_dmdt=97.
max_dmdt=97.
max_dmdt=96.
max_dmdt=96.
max_dmdt=95.
max_dmdt=95.

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4

ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.4
ode_step=7.4
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=T7.
ode_step=7
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=T7.
ode_step=7.
ode_step=7.
ode_step=7.

O W oo N IO O

5

ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.
ode_step=7.

8e-13
8e-13
8e-13
8e-13
8e-13
8e-13
8e-13
8e-13
8e-13
8e-13
8e-13
8e-13
8e-13
8e-13
8e-13
8e-13
8e-13
8e-13
8e-13
8e-13
48e-13
48e-13
48e-13
48e-13

.48e-13

48e-13
48e-13
48e-13
48e-13
48e-13
48e-13
48e-13
48e-13
48e-13
48e-13
48e-13
48e-13
48e-13
48e-13
48e-13
48e-13
48e-13
48e-13
48e-13
48e-13
48e-13

max_dmdt=95 ode_step=1.14e-12

max_dmdt=94.
max_dmdt=93.
max_dmdt=93.
max_dmdt=92.
max_dmdt=92.
max_dmdt=91.

4

o N I DN oo

ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.

l4e-12
l4e-12
lde-12
l4e-12
l4e-12
lde-12

max_dmdt=91.1 ode_step=1.14e-12

max_dmdt=90.
max_dmdt=90.
max_dmdt=89.
max_dmdt=89.
max_dmdt=88.

6
1
6
2
7

ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.

l4e-12
lde-12
l4e-12
l4e-12
lde-12

22

Chapter 5. Micromagnetic standard problem 4



fidimag Documentation, Release 0.1

step=139,
step=140,
step=141,
step=142,
step=143,
step=144,
step=145,
step=146,
step=147,
step=148,
step=149,
step=150,
step=151,
step=152,
step=153,
step=154,
step=155,
step=156,
step=157,
step=158,
step=159,
step=160,
step=161,
step=162,
step=163,
step=164,
step=165,
step=166,
step=167,
step=168,
step=169,
step=170,
step=171,
step=172,
step=173,
step=174,
step=175,
step=176,
step=177,
step=178,
step=179,
step=180,
step=181,
step=182,
step=183,
step=184,
step=185,
step=186,
step=187,
step=188,
step=189,
step=190,
step=191,
step=192,
step=193,
step=194,
step=195,
step=196,
step=197,

time=7

time=7

time=8

time=8

time=9

time=1

time=1

time=1

.28e-11,
time=7.
time=7.
time=7.
time=7.
.85e-11,
time=7.
time=8.
time=8.

39e-11,
5le-11,
62e-11,
74e-11,

96e-11,
08e-11,
19e-11,

.3e-11,
time=8.
time=8.
time=8.
time=8.
.87e-11,
time=8.
time=9.
time=9.
time=9.
time=9.
time=9.
time=9.
time=9.
.9e-11,
time=1.
time=1.
time=1.
time=1.
time=1.
time=1.
time=1.
time=1.
.15e-10,
time=1.
time=1.
time=1.
time=1.
time=1.
time=1.
time=1.
time=1.
.3e-10,
time=1.
time=1.
time=1.
time=1.
time=1.
time=1.
time=1.
time=1.
.46e-10,
time=1.
time=1.
time=1.
time=1.
time=1.
time=1.
time=1.
time=1.

42e-11,
53e-11,
65e-11,
76e-11,

9%e-11,
le-11,

21le-11,
33e-11,
44e-11,
56e-11,
67e-11,
78e-11,

0le-10,
02e-10,
04e-10,
06e-10,
08e-10,
09e-10,
1lle-10,
13e-10,

1l6e-10,
18e-10,
2e-10,

22e-10,
23e-10,
25e-10,
27e-10,
29e-10,

32e-10,
34e-10,
36e-10,
37e-10,
39%e-10,
4le-10,
43e-10,
44e-10,

48e-10,
5e-10,

52e-10,
55e-10,
58e-10,
6e-10,

63e-10,
66e-10,

max_dmdt=88.
max_dmdt=87.
max_dmdt=87.
max_dmdt=86.

max_dmdt=86.4

max_dmdt=86

max_dmdt=85.
max_dmdt=85.
max_dmdt=84.

max_dmdt=84

max_dmdt=82

O W o N

ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.

l4e-12
l4e-12
l4e-12
l4e-12
l4e-12

ode_step=1.14e-12

6 ode_step=1.
2 ode_step=1.
8 ode_step=1.
max_dmdt=84.4 ode_step=1.14e-12

l4e-12
l4e-12
lde-12

ode_step=1.14e-12
max_dmdt=83.5 ode_step=1.14e-12
max_dmdt=83.1 ode_step=1.14e-12
max_dmdt=82.7 ode_step=1l.1l4e-12
max_dmdt=82.3 ode_step=1.14e-12
ode_step=1.14e-12

max_dmdt=81.6 ode_step=1.14e-12

max_dmdt=81.2 ode_step=1l.1l4e-12
max_dmdt=80.8 ode_step=1.14e-12
max_dmdt=80.4 ode_step=1l.1l4e-12
ode_step=1.14e-12

max_dmdt=79.6 ode_step=1.14e-12
max_dmdt=79.3 ode_step=1l.1l4e-12

max_dmdt=80

max_dmdt=78.9 ode_step=1.14e-12

max_dmdt=78.4 ode_step=1.75e-12
max_dmdt=77.8 ode_step=1.75e-12
max_dmdt=77.3 ode_step=1.75e-12
max_dmdt=76.7 ode_step=1.75e-12
max_dmdt=76.1 ode_step=1l.75e-12
max_dmdt=75.6 ode_step=1.75e-12

max_dmdt=75
max_dmdt=74.
max_dmdt=74
max_dmdt=73.
max_dmdt=72.

ode_step=1.75e-12

5 ode_step=1.

75e-12

ode_step=1.75e-12

4 ode_step=1.
9 ode_step=1.
max_dmdt=72.4 ode_step=1.75e-12

75e-12
75e-12

max_dmdt=71.8 ode_step=1.75e-12
max_dmdt=71.3 ode_step=1.75e-12
max_dmdt=70.8 ode_step=1.75e-12
max_dmdt=70.3 ode_step=1.75e-12
max_dmdt=69.8 ode_step=1.75e-12
max_dmdt=69.3 ode_step=1.75e-12
max_dmdt=68.8 ode_step=1.75e-12
max_dmdt=68.3 ode_step=1.75e-12
max_dmdt=67.8 ode_step=1.75e-12
max_dmdt=67.3 ode_step=1.75e-12
max_dmdt=66.8 ode_step=1.75e-12
max_dmdt=66.3 ode_step=1.75e-12
max_dmdt=65.8 ode_step=1.75e-12
max_dmdt=65.3 ode_step=1.75e-12
max_dmdt=64.8 ode_step=1.75e-12
max_dmdt=64.4 ode_step=1l.75e-12

max_dmdt=63.9 ode_step=1.75e-12

max_dmdt=63.3 ode_step=2.69e-12
max_dmdt=62.6 ode_step=2.69e-12
max_dmdt=61.9 ode_step=2.69e-12

max_dmdt=61.2 ode_step=2.69e-12

max_dmdt=60.5 ode_step=2.69e-12
max_dmdt=59.8 ode_step=2.69e-12
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step=198, time=1.69e-10, max_dmdt=59.
step=199, time=1.71e-10, max_dmdt=58.
step=200, time=1.74e-10, max_dmdt=57.
step=201, time=1.77e-10, max_dmdt=57.
step=202, time=1.79e-10, max_dmdt=56.
step=203, time=1.83e-10, max_dmdt=55.
step=204, time=1.87e-10, max_dmdt=54.7 ode_step=4.09%9e-12
step=205, time=1.92e-10, max_dmdt=53.8 ode_step=4.09e-12
step=206, time=1.96e-10, max_dmdt=52.8 ode_step=4.09%e-12
step=207, time=2e-10, max_dmdt=51.9 ode_step=4.09%e-12
step=208, time=2.04e-10, max_dmdt=51 ode_step=4.09%e-12
step=209, time=2.08e-10, max_dmdt=50.2 ode_step=4.09%e-12
step=210, time=2.12e-10, max_dmdt=49.3 ode_step=4.09e-12
step=211, time=2.16e-10, max_dmdt=48.5 ode_step=4.09e-12
step=212, time=2.2e-10, max_dmdt=47.6 ode_step=4.09e-12
step=213, time=2.24e-10, max_dmdt=46.8 ode_step=4.09e-12
step=214, time=2.28e-10, max_dmdt=46 ode_step=4.09%9e-12
step=215, time=2.32e-10, max_dmdt=45.3 ode_step=4.09%e-12
step=216, time=2.37e-10, max_dmdt=44.5 ode_step=4.09e-12
step=217, time=2.41e-10, max_dmdt=43.7 ode_step=4.09e-12
step=218, time=2.45e-10, max_dmdt=43 ode_step=4.09%e-12
step=219, time=2.49e-10, max_dmdt=42.3 ode_step=4.09e-12
step=220, time=2.53e-10, max_dmdt=41.6 ode_step=4.09%9e-12
step=221, time=2.57e-10, max_dmdt=40.9 ode_step=4.09e-12
step=222, time=2.61e-10, max_dmdt=40.2 ode_step=4.09e-12
step=223, time=2.65e-10, max_dmdt=39.5 ode_step=4.09e-12
step=224, time=2.69e-10, max_dmdt=38. ode_step=4.09e-12
step=225, time=2.73e-10, max_dmdt=38.2 ode_step=4.09e-12
step=226, time=2.77e-10, max_dmdt=37.6 ode_step=4.09e-12
step=227, time=2.8le-10, max_dmdt=37 ode_step=4.09%e-12
step=228, time=2.86e-10, max_dmdt=36.4 ode_step=4.09e-12
step=229, time=2.9e-10, max_dmdt=35.8 ode_step=4.0%9e-12
step=230, time=2.94e-10, max_dmdt=35.2 ode_step=4.09e-12
step=231, time=3e-10, max_dmdt=34.5 ode_step=6.13e-12
step=232, time=3.06e-10, max_dmdt=33.6 ode_step=6.13e-12
step=233, time=3.12e-10, max_dmdt=32.8 ode_step=6.13e-12
step=234, time=3.18e-10, max_dmdt=32.1 ode_step=6.13e-12
step=235, time=3.24e-10, max_dmdt=31.3 ode_step=6.13e-12
step=236, time=3.31le-10, max_dmdt=30. ode_step=6.13e-12
step=237, time=3.37e-10, max_dmdt=29.9 ode_step=6.13e-12
step=238, time=3.43e-10, max_dmdt=29.3 ode_step=6.13e-12
step=239, time=3.49e-10, max_dmdt=28.6 ode_step=6.13e-12
step=240, time=3.55e-10, max_dmdt=28 ode_step=6.13e-12
step=241, time=3.61e-10, max_dmdt=27.4 ode_step=6.13e-12
step=242, time=3.67e-10, max_dmdt=27 ode_step=6.13e-12
step=243, time=3.73e-10, max_dmdt=26.6 ode_step=6.13e-12
step=244, time=3.8e-10, max_dmdt=26.2 ode_step=6.13e-12
step=245, time=3.86e-10, max_dmdt=25.8 ode_step=6.13e-12
step=246, time=3.92e-10, max_dmdt=25.4 ode_step=6.13e-12
step=247, time=3.98e-10, max_dmdt=25.1 ode_step=6.13e-12
step=248, time=4.04e-10, max_dmdt=24.7 ode_step=6.13e-12
step=249, time=4.1e-10, max_dmdt=24.3 ode_step=6.13e-12
step=250, time=4.16e-10, max_dmdt=24 ode_step=6.13e-12
step=251, time=4.22e-10, max_dmdt=23.6 ode_step=6.13e-12
step=252, time=4.29e-10, max_dmdt=23.3 ode_step=6.13e-12
step=253, time=4.35e-10, max_dmdt=22.9 ode_step=6.13e-12
step=254, time=4.41le-10, max_dmdt=22.6 ode_step=6.13e-12
step=255, time=4.51e-10, max_dmdt=22.2 ode_step=9.71le-12
step=256, time=4.6e-10, max_dmdt=21.7 ode_step=9.71le-12

ode_step=2.69e-12
ode_step=2.69%e-12
ode_step=2.69%e-12
ode_step=2.69e-12
ode_step=2.69%e-12
ode_step=4.09e-12
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step=257,
step=258,
step=259,
step=260,
step=261,
step=262,
step=263,
step=264,
step=265,
step=266,
step=267,
step=268,
step=269,
step=270,
step=271,
step=272,
step=273,
step=274,
step=275,
step=276,
step=277,
step=278,
step=279,
step=280,
step=281,
step=282,
step=283,
step=284,
step=285,
step=286,
step=287,
step=288,
step=289,
step=290,
step=291,
step=292,
step=293,
step=294,
step=295,
step=296,
step=297,
step=298,
step=299,
step=300,
step=301,
step=302,
step=303,
step=304,
step=305,
step=306,
step=307,
step=308,
step=309,
step=310,
step=311,
step=312,
step=313,
step=314,
step=315,

time=4.7e-10,
time=4.8e-10,
time=4.89%e-
time=4.99%e-
time=5.09%e-
time=5.19%e-
time=5.28e—
time=5.38e-
time=5.48e—
time=5.57e-
time=5.67e-
time=5.77e-
time=5.87e-
time=5.96e-
time=6.06e—
time=6.16e-
time=6.25e-
time=6.35e—
time=6.45e-
time=6.54e-
time=6.64e—
time=6.74e-
time=6.84e-
time=6.93e—
time=7.03e-
time=7.13e-
time=7.22e-
time=7.32e-
time=7.42e-
time=7.52e-
time=7.61le-
time=7.71le-
time=7.8le—
time=7.9e-10,
time=8.06e-
time=8.21le-
time=8.36e-
time=8.52e-
time=8.67e—
time=8.82e-
time=8.97e-
time=9.13e-
time=9.28e-
time=9.43e-
time=9.5%e—
time=9.74e-
time=9.89%e-

time=1e-09,

time=1.02e-
time=1.04e-
time=1.05e-
time=1.07e-
time=1.08e-
time=1.1e-09,
time=1.1le-
time=1.13e-
time=1.14e-
time=1.16e-
time=1.17e-

max_dmdt=21.2 ode_step=9.71le-12
max_dmdt=20.7 ode_step=9.71le-12

10, max_dmdt=20.2 ode_step=9.71le-12
10, max_dmdt=19.7 ode_step=9.71le-12
10, max_dmdt=19.4 ode_step=9.71le-12
10, max_dmdt=19.2 ode_step=9.71le-12
ode_step=9.71e-12

10, max_dmdt=19

10, max_dmdt=18.
10, max_dmdt=18.
10, max_dmdt=18.
10, max_dmdt=18.

8

7
5
3

10, max_dmdt=18.1
ode_step=9.71le-12

10, max_dmdt=18

10, max_dmdt=17.
10, max_dmdt=17.
10, max_dmdt=17.
10, max_dmdt=17.
10, max_dmdt=17.
10, max_dmdt=16.
10, max_dmdt=16.
10, max_dmdt=16.
10, max_dmdt=16.
10, max_dmdt=16.
10, max_dmdt=15.
10, max_dmdt=15.
10, max_dmdt=15.
10, max_dmdt=15.
10, max_dmdt=15.
10, max_dmdt=14.
10, max_dmdt=14.
10, max_dmdt=14.
10, max_dmdt=14.
10, max_dmdt=14.
max_dmdt=14 ode_step=9.71le-12
10, max_dmdt=13.
10, max_dmdt=13.
10, max_dmdt=13.
10, max_dmdt=12.
10, max_dmdt=12.
10, max_dmdt=12.
10, max_dmdt=11.
10, max_dmdt=11.
10, max_dmdt=11.
10, max_dmdt=11.
10, max_dmdt=10.
10, max_dmdt=10.
10, max_dmdt=10.
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ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.

ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.

ode_step=1
ode_step=1
ode_step=1
ode_step=1
ode_step=1
ode_step=1
ode_step=1
ode_step=1
ode_step=1
ode_step=1
ode_step=1
ode_step=1
ode_step=1

7T1le-12
Tle-12
71le-12
7T1le-12
Tle-12

7T1le-12
Tle-12
7le-12
T1le-12
Tle-12
71le-12
7Tle-12
T7le-12
7T1le-12
7Tle-12
Tle-12
71le-12
Tle-12
Tle-12
T71le-12
7T1le-12
Tle-12
7T1le-12
7T1le-12
Tle-12

.53e-11
.53e-11
.53e-11
.53e-11
.53e-11
.53e-11
.53e-11
.53e-11
.53e-11
.53e-11
.53e-11
.53e-11
.53e-11

max_dmdt=9.99 ode_step=1.53e-11
73 ode_step=1.53e-11
48 ode_step=1.53e-11
24 ode_step=1.53e-11
ode_step=1.53e-11
76 ode_step=1.53e-11

09, max_dmdt=9.
09, max_dmdt=9.
09, max_dmdt=9.
09, max_dmdt=9
09, max_dmdt=8.

09, max_dmdt=8.
09, max_dmdt=8.
09, max_dmdt=7.
09, max_dmdt=7.
09, max_dmdt=7.

max_dmdt=8.54 ode_step=1.53e-11

32 ode_step=1.53e-11
1 ode_step=1.53e-11
89 ode_step=1.53e-11
68 ode_step=1.53e-11
48 ode_step=1.53e-11

5.2. Simulation

25
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step=316,
step=317,
step=318,
step=319,
step=320,
step=321,
step=322,
step=323,
step=324,
step=325,
step=326,
step=327,
step=328,
step=329,
step=330,
step=331,
step=332,
step=333,
step=334,
step=335,
step=336,
step=337,
step=338,
step=339,
step=340,
step=341,
step=342,
step=343,
step=344,
step=345,
step=346,
step=347,
step=348,
step=349,
step=350,
step=351,
step=352,
step=353,
step=354,
step=355,
step=356,
step=357,
step=358,
step=359,
step=360,
step=361,
step=362,
step=363,
step=364,
step=365,
step=366,
step=367,
step=368,
step=369,
step=370,
step=371,

time=1

time=1

time=1

time=1

time=1

time=1

time=2

time=2

.19e-09,
time=1.
time=1.
time=1.
time=1.
.26e-09,
time=1.
time=1.
time=1.

2e-09,

22e-009,
23e-09,
25e-09,

28e-09,
3e-09,
3le-09,

.33e-09,
time=1.
time=1.
time=1.
time=1.
.4e-09,
time=1.
time=1.
time=1.
time=1.
time=1.
time=1.
time=1.
time=1.
.61le-09,
time=1.
time=1.
time=1.
time=1.
time=1.
time=1.
time=1.
time=1.
.82e-09,
time=1.
time=1.
time=1.
time=1.
time=1.
time=1.
time=1.
time=2e-09,
.03e-09,
time=2.
time=2.
time=2.
time=2.
time=2.
time=2.
time=2.
time=2.
.23e-09,
time=2.
time=2.
time=2.
time=2.
time=2.

34e-09,
36e-09,
37e-09,
39e-09,

43e-09,
45e-09,
47e-09,
49e-09,
52e-09,
54e-09,
56e-09,
59e-09,

63e-09,
66e-09,
68e-09,
7e-09,

73e-09,
75e-09,
77e-09,
8e-09,

84e-09,
86e-09,
89e-09,
91le-09,
93e-09,
96e-09,
98e-09,

05e-09,
07e-09,
le-09,

12e-09,
14e-09,
16e-09,
19e-09,
21e-09,

26e-09,
28e-09,
3e-09,

33e-09,
35e-09,

max_dmdt=7.

max_dmdt=6.
max_dmdt=6.
max_dmdt=6.
max_dmdt=6
max_dmdt=6.

max_dmdt=5.
max_dmdt=5
max_dmdt=5.
max_dmdt=5.
max_dmdt=5.
max_dmdt=5.

max_dmdt=4.
max_dmdt=4.
max_dmdt=4.
max_dmdt=4.
max_dmdt=4.
max_dmdt=3.
max_dmdt=3.
max_dmdt=3.
max_dmdt=3.
max_dmdt=3.
max_dmdt=3.
max_dmdt=3.

max_dmdt=2.
max_dmdt=2.
max_dmdt=2.

max_dmdt=2
max_dmdt=2.
max_dmdt=2.
max_dmdt=2.
max_dmdt=2.
max_dmdt=2.
max_dmdt=1.
max_dmdt=1.

max_dmdt=1.
max_dmdt=1.
max_dmdt=1.

max_dmdt=1.
max_dmdt=1.
max_dmdt=1.
max_dmdt=1.
max_dmdt=1.
max_dmdt=1.
max_dmdt=1.
max_dmdt=1.

max_dmdt=1.
max_dmdt=1.

28 ode_step=1.53e-11

max_dmdt=7.09 ode_step=1.53e-11

91 ode_step=1.53e-11
72 ode_step=1.53e-11
54 ode_step=1.53e-11

.37 ode_step=1.53e-11

2 ode_step=1.53e-11

max_dmdt=6.04 ode_step=1.53e-11

88 ode_step=1.53e-11

.72 ode_step=1.53e-11

57 ode_step=1.53e-11
42 ode_step=1.53e-11
28 ode_step=1.53e-11
14 ode_step=1.53e-11

max_dmdt=5 ode_step=1.53e-11

84 ode_step=2.31le-11
64 ode_step=2.3le-11
46 ode_step=2.31le-11
28 ode_step=2.31le-11
11 ode_step=2.31le-11
95 ode_step=2.3le-11
79 ode_step=2.31le-11
65 ode_step=2.3le-11
5 ode_step=2.31le-11

37 ode_step=2.31le-11
24 ode_step=2.31le-11
11 ode_step=2.31le-11

max_dmdt=2.99 ode_step=2.31e-11

87 ode_step=2.31le-11
76 ode_step=2.31le-11
66 ode_step=2.3le-11

max_dmdt=2.55 ode_step=2.31le-11
.46 ode_step=2.3le-11

36 ode_step=2.31le-11
27 ode_step=2.31le-11
19 ode_step=2.31le-11
1 ode_step=2.31le-11
02 ode_step=2.31le-11
95 ode_step=2.3le-11
87 ode_step=2.31le-11

max_dmdt=1.8 ode_step=2.3le-11

74 ode_step=2.31le-11
67 ode_step=2.3le-11
61 ode_step=2.3le-11

max_dmdt=1.55 ode_step=2.31le-11

49
44
38
33
28
23
19
15

3le-11
3le-11
3le-11
3le-11
3le-11
3le-11
3le-11
3le-11

ode_step=2.
ode_step=2.
ode_step=2.
ode_step=2.
ode_step=2.
ode_step=2.
ode_step=2.
ode_step=2.

max_dmdt=1.1 ode_step=2.31le-11

06 ode_step=2.31le-11
02 ode_step=2.31le-11

time=2.
time=2.
time=2.

step=372,
step=373,
step=374,

37e-09,
4e-09,
43e-09,

max_dmdt=0.988 ode_step=2.31le-11
max_dmdt=0.952 ode_step=2.31le-11
max_dmdt=0.909 ode_step=3.51le-11
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step=375,
step=376,
step=377,
step=378,
step=379,
step=380,
step=381,
step=382,
step=383,
step=384,
step=385,
step=386,
step=387,
step=388,
step=389,
step=390,
step=391,
step=392,
step=393,
step=394,
step=395,
step=396,
step=397,
step=398,
step=399,
step=400,
step=401,
step=402,
step=403,
step=404,
step=405,
step=406,
step=407,
step=408,
step=409,
step=410,
step=411,
step=412,
step=413,
step=414,
step=415,
step=416,
step=417,
step=418,
step=419,
step=420,
step=421,
step=422,
step=423,
step=424,
step=425,
step=426,
step=427,
step=428,
step=429,
step=430,
step=431,
step=432,
step=433,

time=2.
time=2.
time=2.
time=2.
time=2.
time=2.
time=2.
time=2.
time=2.
time=2.
time=2.
time=2.
time=2.
time=2.
time=2.
time=2.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=4.
time=4.
time=4.
time=4.
time=4.
time=4.
time=4.
time=4.
time=4.
time=4.
time=4.
time=4.
time=4.
time=4.
time=4.
time=4.
time=5e-09,

time=5.09%e-

47e-
5e-09,
S54e-
57e-
6le—
6de—
68e—
Tle—
75e-
78e-
82e-
85e-
89%e-
92e-
96e—
99%e-
03e-
O6e-
le-09,
13e-
17e-
2e-09,
24e—
27e-
3le-
3de-
38e-
42e-
45e-
49e-
52e-
S56e-
59%e-
63e—
66e—
7e-09,
76e-
8le-
87e-
93e-
99%e-
05e-
lle-
17e-
23e-
29%e-
35e-
4le-
47e-
52e-
58e-
64e—
7e-09,
7T6e-
82e-
88e-
94e-

09, max_dmdt=0.859 ode_step=3.5le-11
max_dmdt=0.812 ode_step=3.51le-11
max_dmdt=0.768 ode_step=3.51le-11
max_dmdt=0.727 ode_step=3.51le-11
max_dmdt=0.688 ode_step=3.51le-11
max_dmdt=0.651 ode_step=3.51le-11
max_dmdt=0.616 ode_step=3.51le-11
max_dmdt=0.583 ode_step=3.51le-11
max_dmdt=0.552 ode_step=3.51le-11
max_dmdt=0.522 ode_step=3.51le-11
max_dmdt=0.494 ode_step=3.51le-11
max_dmdt=0.468 ode_step=3.51le-11
max_dmdt=0.443 ode_step=3.51le-11
max_dmdt=0.42 ode_step=3.5le-11
max_dmdt=0.397 ode_step=3.51le-11
max_dmdt=0.376 ode_step=3.51le-11
max_dmdt=0.357 ode_step=3.51le-11
max_dmdt=0.338 ode_step=3.51le-11
max_dmdt=0.32 ode_step=3.51e-11
max_dmdt=0.303 ode_step=3.51le-11
max_dmdt=0.287 ode_step=3.51le-11
max_dmdt=0.272 ode_step=3.51le-11
max_dmdt=0.258 ode_step=3.51le-11
max_dmdt=0.245 ode_step=3.51le-11
max_dmdt=0.232 ode_step=3.51le-11
max_dmdt=0.22 ode_step=3.5le-11
max_dmdt=0.208 ode_step=3.51le-11
max_dmdt=0.197 ode_step=3.51le-11
max_dmdt=0.187 ode_step=3.51le-11
max_dmdt=0.177 ode_step=3.51le-11
max_dmdt=0.168 ode_step=3.51le-11
max_dmdt=0.159 ode_step=3.51le-11
max_dmdt=0.151 ode_step=3.51le-11
max_dmdt=0.143 ode_step=3.51e-11
max_dmdt=0.136 ode_step=3.51le-11
max_dmdt=0.129 ode_step=3.5le-11
max_dmdt=0.12 ode_step=5.91e-11
max_dmdt=0.11 ode_step=5.91le-11
max_dmdt=0.101 ode_step=5.91e-11
max_dmdt=0.092 ode_step=5.91e-11
max_dmdt=0.0841 ode_step=5.91e-11
max_dmdt=0.077 ode_step=5.91e-11
max_dmdt=0.0705 ode_step=5.91e-11
max_dmdt=0.0645 ode_step=5.91e-11
max_dmdt=0.059 ode_step=5.91e-11
max_dmdt=0.054 ode_step=5.91e-11
max_dmdt=0.0494 ode_step=5.91e-11
max_dmdt=0.0453 ode_step=5.91e-11
max_dmdt=0.0414 ode_step=5.91e-11
max_dmdt=0.0379 ode_step=5.91e-11
max_dmdt=0.0347 ode_step=5.91e-11
max_dmdt=0.0318 ode_step=5.91e-11
max_dmdt=0.0291 ode_step=5.91le-11
max_dmdt=0.0267 ode_step=5.91e-11
max_dmdt=0.0244 ode_step=5.91e-11
09, max_dmdt=0.0224 ode_step=5.91e-11
09, max_dmdt=0.0205 ode_step=5.91e-11
max_dmdt=0.0187 ode_step=5.91e-11
09, max_dmdt=0.0168 ode_step=8.9%e-11

09,
09,
09,
09,
09,
09,
09,
09,
09,
09,
09,
09,
09,
09,
09,
09,

09,
09,

09,
09,
09,
09,
09,
09,
09,
09,
09,
09,
09,
09,
09,

09,
09,
09,
09,
09,
09,
09,
09,
09,
09,
09,
09,
09,
09,
09,
09,

09,
09,
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step=434, time=5.18e-09, max_dmdt=0.0147 ode_step=8.9%e-11
step=435, time=5.26e-09, max_dmdt=0.0129 ode_step=8.9e-11
step=436, time=5.35e-09, max_dmdt=0.0113 ode_step=8.9%e-11
step=437, time=5.44e-09, max_dmdt=0.0099 ode_step=8.9%e-11

We not plot the magnetisation configuration,

In [6]: # PYTEST_VALIDATE_IGNORE_OUTPUT

m = sim.spin

m.shape = (-1, 3)

mx = m[:,0]

my = m[:,1]

mx.shape = (40, 160)

my.shape = (40, 160)

fig = plt.figure(figsize=(15,5))
plt.axes () .set_aspect ('equal')

plt.quiver (mx[1::4,1::4], my[::4,::4], my[::4,::4], pivot='mid', alpha=0.9, scale=45, cmap=p.
plt.x1lim([-0.5,39.5])

plt.xticks ([])

plt.yticks ([])

plt.show ()

print (np.average(m[:,:], axis=0))

= e = = e e i e e e e - - - - - - - - - -

= e = e e e i e e e e e e i i i e i i e i e i - - = - - -
= = = = = = = = = = = = = = = = = = = = = = = = = = =
= = =i = = = = = = = = = = = = = = = = = = = = = = = =

e i e i i i i i i e i i i . i i i i i i i - - -

WOWOWW N Y

B e e e e e b o T T i i
e e e e e e
B i oo e e e e e e e i i o

LW NN N Y
NN Ny

o o e e i i i e i i e i e i i i i i i e i e i e i i

[ 9.66821767e-01 1.25543432e-01 3.11232500e-18]

With the obtained relaxed magnetisation, the magnetisation evolution can be simulated for the two different external
magnetic fields using the following function:

In [7]: def field_simulation (H, name) :
print (name)
sim = Sim(mesh, name)
sim.driver.alpha = alpha
sim.driver.gamma = gamma
sim.Ms = Ms

sim.add (UniformExchange (A=A))

sim.add (Demag () )

sim.add (Zeeman (H))

sim.set_m(np.load('m0O.npy')) # load the equilibrium magnetisation from the previous stej

timesteps = np.linspace (0, 0.2e-9, 21)
for i, t in enumerate (timesteps) :
sim.driver.run_until (t)
if i & 10 ==
print ("\tsimulated {} s".format (t))

Using the created field_simulation function, we obtain the average magnetisation components time evolutions. Note
that we only run the simulation for a short time, a full version of this standard problem 4 can be found in folder
examples/micromagnetic/std4.

In [8]: # PYTEST_VALIDATE_IGNORE_OUTPUT
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mu0 = 4 « np.pi * le-7 # magnetic constant (H/m)
mT = le-3 / mu0 # millitesla

field_simulation([-24.6 % mT, 4.3 » mT, 0], "field_1")
#field_simulation([-35.5 * mT, -6.3 * mT, 0], "field_2")

field_ 1
simulated 0.0 s
simulated le-10 s
simulated 2e-10 s

We could have saved the magnetisation dynamics in python objects on the fly. Instead, we chose to make use of
fidimag’s automatic saving capabilities and will now read our simulation results back in.

In [9]: # PYTEST_VALIDATE_IGNORE_OUTPUT
import matplotlib.pyplot as plt
$matplotlib inline
from fidimag.common.fileio import DataReader

def do_plot (data_name) :
dynamics = DataReader (data_name)
# we could load the data with np.loadtxt, but using the DataReader gives
# us the possibility to use the column headers to access our data
fig = plt.figure(figsize=(8, 6))
axes = fig.add_subplot (111)

axes.plot (dynamics["time"] x 1le9, dynamics["m_x"], "b-", label="m_x")
axes.plot (dynamics["time"] » 1le9, dynamics["m_y"], "r--", label="m_y")
axes.plot (dynamics["time"] x 1le9, dynamics["m_z"], "g-——-", label="m_z")

axes.set_xlabel ("time (ns)")
axes.set_x1lim((0, 0.25))

axes.set_ylabel ("unit magnetisation (1)")
axes.set_ylim((-1.05, 1))

axes.legend()

plt.show ()

do_plot ('field_ 1l.txt'")
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5.2.2 References

[1] muMAG Micromagnetics Website.
26/02/2016)

time (ns]

URL: http://www.ctcms.nist.gov/~rdm/mumag.org.html (Date of access:
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CHAPTER O

1D domain wall

Author: Marijan Beg
Date: 26/02/2016

This notebook can be downloaded from the github repository, found here.

6.1 Problem specification

The domain wall profile is computed in a one-dimenaional domain of L = 500 nm length.
Material paremeters of the simulated material are:

* exchange energy constant A = 1.3 x 107! J/m,

¢ magnetisation saturation M = 8.6 x 10° A/m,

« anisotropy constant K; = 1.86 x 10° J/m® with (1,0,0) axis,

* anisotropy constant Ky = —0.92 x 10° J/m® with (0,0, 1) axis.

6.2 Simulation

In [1]: from fidimag.micro import Sim
from fidimag.common import CuboidMesh
from fidimag.micro import UniformExchange, UniaxialAnisotropy

Firstly, the mesh is created.
In [2]: # Mesh dimensions.

L = 500 # diameter (nm)

# Mesh discretisation.
dx = dy = dz = 2 # nm
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mesh = CuboidMesh (nx=int (L/dx), ny=1, nz=1, dx=dx, dy=dy, dz=dz, unit_length=1e-9)
The simulation object is created, parameters set, and energies added.

In [3]: # PYTEST_VALIDATE_IGNORE_OUTPUT
Ms = 8.6e5 # magnetisation saturation (A/m)
A = 1.3e-11 # exchange energy constant (J/m)
Kl = 1.86e5 # anisotropy energy constant (J/mxx3)

K2 = -0.92e5 # anisotropy energy constant (J/mx*3)
alpha = 0.5 # Gilbert damping
gamma = 2.211e5 # gyromagnetic ration (m/As)

# Create simulation object.
sim = Sim(mesh)

# Set simulation parameters.
sim.Ms = Ms

sim.driver.alpha = alpha
sim.driver.gamma = gamma

# Add energies.

sim.add (UniformExchange (A=A))

sim.add (UniaxialAnisotropy (K1, axis=(1,0,0)))
sim.add (UniaxialAnisotropy (K2, axis=(0,0,1)))

# Since the magnetisation dynamics is not important in this stage,
# the precession term in LLG equation can be set to artificially =zero.
sim.driver.do_precession = False

In order to obtain the domain wall as the relaxed state, the system must be appropriatelly initialised. In this case, the
initial magnetisation is set to be in (0,0, 1) direction for x < 0.4Lnm, in (—1,0,0) direction for 0.4Lnm < z <
0.6L nm, and in (0, 0, 1) direction for z > 0.6L nm.

In [4]: def m_init (pos):
x = pos[0]

if x < 0.45+L:
return (1,0,0)
elif x > 0.55xL:
return (-1,0,0)
else:
return (0,1,0)

In the next step, the magnetisation is initialised, and the system is relaxed.

In [5]: # NBVAL_IGNORE_OQUTPUT
# Initialise the system.
sim.set_m(m_init)

# Relax the system to its equilibrium state.
sim.driver.relax(dt=1le-13, stopping_dmdt=0.01, max_steps=5000, save_m_steps=None, save_vtk_st

step=1, time=le-13, max_dmdt=2.97e+04 ode_step=0

step=2, time=2e-13, max_dmdt=2.79e+04 ode_step=2.13e-14
step=3, time=3e-13, max_dmdt=2.6e+04 ode_step=3.28e-14
step=4, time=4e-13, max_dmdt=2.41e+04 ode_step=3.28e-14
step=5, time=5e-13, max_dmdt=2.21e+04 ode_step=5.31le-14
step=6, time=6e-13, max_dmdt=2.02e+04 ode_step=5.31le-14
step=7, time=7e-13, max_dmdt=1.83e+04 ode_step=5.31le-14
step=8, time=8e-13, max_dmdt=1.66e+04 ode_step=5.31le-14
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step=9, time=9%e-13, max_dmdt=1.5e+04 ode_step=8.16e-14
step=10, time=le-12, max_dmdt=1.36e+04 ode_step=8.1l6e-14
step=11, time=1l.le-12, max_dmdt=1.22e+04 ode_step=8.1l6e-14
step=12, time=1.2e-12, max_dmdt=1.1le+04 ode_step=8.1l6e-14
step=13, time=1.3e-12, max_dmdt=9.97e+03 ode_step=8.16e-14
step=14, time=1.4e-12, max_dmdt=9.01le+03 ode_step=8.1l6e-14
step=15, time=1.5e-12, max_dmdt=8.16e+03 ode_step=8.16e-14
step=16, time=1.6e-12, max_dmdt=7.4e+03 ode_step=8.16e-14
step=17, time=1.7e-12, max_dmdt=6.73e+03 ode_step=8.1l6e-14
step=18, time=1.8e-12, max_dmdt=6.44e+03 ode_step=8.16e-14
step=19, time=1.9e-12, max_dmdt=6.27e+03 ode_step=8.16e-14
step=20, time=2e-12, max_dmdt=6.1e+03 ode_step=8.1l6e-14
step=21, time=2.le-12, max_dmdt=5.93e+03 ode_step=8.16e-14
step=22, time=2.2e-12, max_dmdt=5.76e+03 ode_step=8.16e-14
step=23, time=2.3e-12, max_dmdt=5.58e+03 ode_step=8.1l6e-14
step=24, time=2.4e-12, max_dmdt=5.41e+03 ode_step=8.16e-14
step=25, time=2.5e-12, max_dmdt=5.24e+03 ode_step=8.16e-14
step=26, time=2.6e-12, max_dmdt=5.07e+03 ode_step=8.1l6e-14
step=27, time=2.7e-12, max_dmdt=4.91e+03 ode_step=8.16e-14
step=28, time=2.82e-12, max_dmdt=4.73e+03 ode_step=1.23e-13
step=29, time=2.95e-12, max_dmdt=4.55e+03 ode_step=1.23e-13
step=30, time=3.07e-12, max_dmdt=4.37e+03 ode_step=1.23e-13
step=31, time=3.19e-12, max_dmdt=4.2e+03 ode_step=1.23e-13
step=32, time=3.32e-12, max_dmdt=4.04e+03 ode_step=1.23e-13
step=33, time=3.44e-12, max_dmdt=3.88e+03 ode_step=1.23e-13
step=34, time=3.56e-12, max_dmdt=3.74e+03 ode_step=1.23e-13
step=35, time=3.69e-12, max_dmdt=3.6e+03 ode_step=1.23e-13
step=36, time=3.8le-12, max_dmdt=3.47e+03 ode_step=1.23e-13
step=37, time=3.93e-12, max_dmdt=3.35e+03 ode_step=1.23e-13
step=38, time=4.06e-12, max_dmdt=3.23e+03 ode_step=1.23e-13
step=39, time=4.18e-12, max_dmdt=3.12e+03 ode_step=1.23e-13
step=40, time=4.3e-12, max_dmdt=3.02e+03 ode_step=1.23e-13
step=41, time=4.43e-12, max_dmdt=2.92e+03 ode_step=1.23e-13
step=42, time=4.55e-12, max_dmdt=2.83e+03 ode_step=1.23e-13
step=43, time=4.74e-12, max_dmdt=2.77e+03 ode_step=1.86e-13
step=44, time=4.92e-12, max_dmdt=2.71e+03 ode_step=1.86e-13
step=45, time=5.11le-12, max_dmdt=2.64e+03 ode_step=1.86e-13
step=46, time=5.3e-12, max_dmdt=2.58e+03 ode_step=1.86e-13
step=47, time=5.48e-12, max_dmdt=2.52e+03 ode_step=1.86e-13
step=48, time=5.67e-12, max_dmdt=2.46e+03 ode_step=1.86e-13
step=49, time=5.86e-12, max_dmdt=2.4e+03 ode_step=1.86e-13
step=50, time=6.04e-12, max_dmdt=2.34e+03 ode_step=1.86e-13
step=51, time=6.23e-12, max_dmdt=2.29e+03 ode_step=1.86e-13
step=52, time=6.41le-12, max_dmdt=2.24e+03 ode_step=1.86e-13
step=53, time=6.6e-12, max_dmdt=2.18e+03 ode_step=1.86e-13
step=54, time=6.79e-12, max_dmdt=2.13e+03 ode_step=1.86e-13
step=55, time=6.97e-12, max_dmdt=2.09e+03 ode_step=1.86e-13
step=56, time=7.26e-12, max_dmdt=2.03e+03 ode_step=2.82e-13
step=57, time=7.54e-12, max_dmdt=1.97e+03 ode_step=2.82e-13
step=58, time=7.82e-12, max_dmdt=1.9e+03 ode_step=2.82e-13
step=59, time=8.le-12, max_dmdt=1.85e+03 ode_step=2.82e-13
step=60, time=8.38e-12, max_dmdt=1.79e+03 ode_step=2.82e-13
step=61, time=8.67e-12, max_dmdt=1.74e+03 ode_step=2.82e-13
step=62, time=8.95e-12, max_dmdt=1.69e+03 ode_step=2.82e-13
step=63, time=9.23e-12, max_dmdt=1.64e+03 ode_step=2.82e-13
step=64, time=9.5le-12, max_dmdt=1.61e+03 ode_step=2.82e-13
step=65, time=9.8e-12, max_dmdt=1.59e+03 ode_step=2.82e-13
step=66, time=1.0le-11, max_dmdt=1.56e+03 ode_step=2.82e-13
step=67, time=1.04e-11, max_dmdt=1.54e+03 ode_step=2.82e-13
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step=68,
step=69,
step=70,
step=T71,
step=72,
step=73,
step=74,
step=75,
step=76,
step=77,
step=78,
step=79,
step=80,
step=81,
step=82,
step=83,
step=84,
step=85,
step=86,
step=87,
step=88,
step=89,
step=90,
step=91,
step=92,
step=93,
step=94,
step=95,
step=96,
step=97,
step=98,
step=99,
step=100,
step=101,
step=102,
step=103,
step=104,
step=105,
step=106,
step=107,
step=108,
step=109,
step=110,
step=111,
step=112,
step=113,
step=114,
step=115,
step=116,
step=117,
step=118,
step=119,
step=120,
step=121,
step=122,
step=123,
step=124,
step=125,
step=126,

time=1
time=1.
time=1.
time=1.
time=1.
time=1
time=1.

.06e-11,
lle-11,
15e-11,
19e-11,
23e-11,
.28e-11,
32e-11,

max_dmdt=1.
max_dmdt=1.
max_dmdt=1.
max_dmdt=1.
max_dmdt=1.
max_dmdt=1.
max_dmdt=1.

51e+03
48e+03
45e+03
42e+03
39e+03
36e+03
33e+03

ode_step=2.
ode_step=4.
ode_step=4.
ode_step=4.
ode_step=4.
ode_step=4.
ode_step=4.

82e-13
23e-13
23e-13
23e-13
23e-13
23e-13
23e-13

time=1.
time=1.
time=1
time=1.
time=1.
time=1.
time=1.
time=1
time=1.
time=1.
time=1.
time=1.

time=2e-
06e-11,
13e-11,
19e-11,
.26e-11,
32e-11,
42e-11,
52e-11,
62e-11,
72e-11,
8le-11,
9le-11,
0le-11,

time=2.
time=2.
time=2.
time=2
time=2.
time=2.
time=2.
time=2.
time=2.
time=2.
time=2.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=4
time=4.
time=4.
time=4.
time=4.
time=4.
time=5.
time=5.
time=5.
time=5
time=5.
time=5.
time=5.
time=6.
time=6.
time=6.
time=6.
time=6.

36e-11,
4e-11,

.45e-11,
49e-11,
53e-11,
57e-11,
6le-11,
.68e-11,
74e-11,
8le-11,
87e-11,
93e-11,

11,

1le-11,
2le-11,
3le-11,
41e-11,
5le-11,
6le-11,
71le-11,
8le-11,
9e-11,

.07e-11,

23e-11,
39%e-11,
55e-11,
7le-11,
87e-11,
03e-11,
19e-11,
35e-11,

.51le-11,

67e-11,
83e-11,
99%e-11,
15e-11,
3le-11,
48e-11,
64e-11,
8e-11,

max_dmdt=1.

max_dmdt=1
max_dmdt=1.
max_dmdt=1.
max_dmdt=1.
max_dmdt=1.
max_dmdt=1.
max_dmdt=1.
max_dmdt=1.
max_dmdt=1.
max_dmdt=1.

18
16
15
13
11
09
08

max_dmdt=1.04
max_dmdt=1.03
max_dmdt=1.01
max_dmdt=994
max_dmdt=980
max_dmdt=969
max_dmdt=956
max_dmdt=943
max_dmdt=929
max_dmdt=915
max_dmdt=901
max_dmdt=887
max_dmdt=872
max_dmdt=863
max_dmdt=854
max_dmdt=844
max_dmdt=834
max_dmdt=823
max_dmdt=811
max_dmdt=798

e+03
e+03
e+03
e+03
e+03
e+03
e+03

e+03
e+03
e+03
ode_step=6.
ode_step=6.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.

ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.
ode_step=9.

3e+03 ode_step=4.23e-13
max_dmdt=1.27e+03 ode_step=4.23e-13
.25e+03 ode_step=4.23e-13
22e+03 ode_step=4.23e-13
2e+03 ode_step=4.23e-13
ode_step=4.23e-13
ode_step=4.23e-13
ode_step=6.4e-13
ode_step=6.4e-13
ode_step=6.4e-13
ode_step=6.4e-13
ode_step=6.4e-13
max_dmdt=1.06e+03 ode_step=6.4e-13
ode_step=6.4e-13
ode_step=6.4e-13
ode_step=6.4e-13

4e-13
4e-13
91e-13
91e-13
91le-13
91e-13
91e-13
91e-13
91e-13
91e-13
91e-13
91le-13
9le-13
91e-13
91le-13
91le-13
91e-13

max_dmdt=786 ode_step=9.91e-13

max_dmdt=768
max_dmdt=748
max_dmdt=730
max_dmdt=711
max_dmdt=690
max_dmdt=669
max_dmdt=646
max_dmdt=623
max_dmdt=600
max_dmdt=576
max_dmdt=552
max_dmdt=530
max_dmdt=509
max_dmdt=488
max_dmdt=468
max_dmdt=447
max_dmdt=434

ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.

6le-12
6le-12
6le-12
6le-12
6le-12
6le-12
6le-12
6le-12
6le-12
6le-12
6le-12
6le-12
6le-12
6le-12
6le-12
6le-12
6le-12

max_dmdt=422 ode_step=1l.6le-12

34

Chapter 6. 1D domain wall



fidimag Documentation, Release 0.1

step=127,
step=128,
step=129,
step=130,
step=131,
step=132,
step=133,
step=134,
step=135,
step=136,
step=137,
step=138,
step=139,
step=140,
step=141,
step=142,
step=143,
step=144,
step=145,
step=146,
step=147,
step=148,
step=149,
step=150,
step=151,
step=152,
step=153,
step=154,
step=155,
step=156,
step=157,
step=158,
step=159,
step=160,
step=161,
step=162,
step=163,
step=164,
step=165,
step=166,
step=167,
step=168,
step=169,
step=170,
step=171,
step=172,
step=173,
step=174,
step=175,
step=176,
step=177,
step=178,
step=179,
step=180,
step=181,
step=182,
step=183,
step=184,
step=185,

time=6.96e-11,
time=7.12e-11,
time=7.28e-11,
time=7.44e-11,

time=7.6e-11,

time=7.76e-11,
time=7.92e-11,
time=8.08e-11,
time=8.24e-11,

time=8.4e-11,

time=8.56e-11,
time=8.72e-11,
time=8.88e-11,
time=9.05e-11,
time=9.21le-11,
time=9.37e-11,
time=9.53e-11,
time=9.77e-11,

max_dmdt=410
max_dmdt=397
max_dmdt=384
max_dmdt=371

max_dmdt=344
max_dmdt=331
max_dmdt=318
max_dmdt=306

max_dmdt=281
max_dmdt=269
max_dmdt=258
max_dmdt=246
max_dmdt=235
max_dmdt=225
max_dmdt=215
max_dmdt=202

ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.

ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.

ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=2.

6le-12
6le-12
6le-12
6le-12

max_dmdt=357 ode_step=1l.6le-12

6le-12
6le-12
6le-12
6le-12

max_dmdt=293 ode_step=1.61le-12

6le-12
6le-12
6le-12
6le-12
6le-12
6le-12
6le-12
41le-12

time=1le-10, max_dmdt=188 ode_step=2.41le-12

max_dmdt=175 ode_step=2.41le-12
max_dmdt=162 ode_step=2.41le-12
max_dmdt=151 ode_step=2.41le-12

time=1.03e-10,
time=1.05e-10,
time=1.07e-10,

time=1.1e-10,

time=1.12e-10,
time=1.15e-10,
time=1.17e-10,
time=1.19%9e-10,
time=1.22e-10,
time=1.24e-10,
time=1.27e-10,
time=1.29%9e-10,
time=1.31e-10,
time=1.34e-10,
time=1.36e-10,

time=1.4e-10,

time=1.44e-10,
time=1.47e-10,
time=1.51e-10,
time=1.55e-10,
time=1.5%9e-10,
time=1.62e-10,
time=1.66e-10,

time=1.7e-10,

time=1.73e-10,
time=1.77e-10,
time=1.81e-10,
time=1.85e-10,
time=1.88e-10,
time=1.92e-10,
time=1.96e-10,
time=2e-10, max_dmdt=7.44
time=2.03e-10,
time=2.07e-10,
time=2.11e-10,
time=2.14e-10,

time=2.2e-10,

time=2.26e-10,
time=2.31e-10,
time=2.37e-10,

max_dmdt=140 ode_step=2.41le-12

max_dmdt=129 ode_step=2.41le-12
max_dmdt=120 ode_step=2.41le-12
max_dmdt=111 ode_step=2.41le-12
max_dmdt=103 ode_step=2.41le-12
max_dmdt=94.9 ode_step=2.41le-12
max_dmdt=87.7 ode_step=2.41le-12
ode_step=2.41le-12
max_dmdt=74.9 ode_step=2.41le-12
max_dmdt=69.1 ode_step=2.41le-12
max_dmdt=63.8 ode_step=2.41le-12
max_dmdt=58.9 ode_step=2.41le-12

max_dmdt=81

max_dmdt=53.3 ode_step=3.72e-12

max_dmdt=47.1 ode_step=3.72e-12
max_dmdt=41.6 ode_step=3.72e-12
max_dmdt=36.8 ode_step=3.72e-12
max_dmdt=32.5 ode_step=3.72e-12
max_dmdt=28.7 ode_step=3.72e-12
max_dmdt=25.4 ode_step=3.72e-12
max_dmdt=22.5 ode_step=3.72e-12
max_dmdt=19.9 ode_step=3.72e-12
max_dmdt=17.6 ode_step=3.72e-12
max_dmdt=15.5 ode_step=3.72e-12
max_dmdt=13.7 ode_step=3.72e-12
max_dmdt=12.1 ode_step=3.72e-12
max_dmdt=10.7 ode_step=3.72e-12

max_dmdt=9.5 ode_step=3.72e-12
max_dmdt=8.41 ode_step=3.72e-12

ode_step=3.72e-12

max_dmdt=6.58 ode_step=3.72e-12
max_dmdt=5.83 ode_step=3.72e-12
max_dmdt=5.16 ode_step=3.72e-12
max_dmdt=4.56 ode_step=3.72e-12

max_dmdt=3.91 ode_step=5.7e-12

max_dmdt=3.25 ode_step=5.7e-12
max_dmdt=2.7 ode_step=5.7e-12
max_dmdt=2.24 ode_step=5.7e-12

6.2. Simulation
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step=186,
step=187,
step=188,
step=189,
step=190,
step=191,
step=192,
step=193,
step=194,
step=195,
step=196,
step=197,
step=198,
step=199,
step=200,
step=201,
step=202,
step=203,
step=204,
step=205,
step=206,
step=207,
step=208,
step=209,
step=210,

time=2
time=2.
time=2.
time=2.
time=2.
time=2
time=2.
time=2.
time=2.
time=2
time=3e-10,

.43e-10,
49e-10,
54e-10,
6e-10,

66e-10,
.71le-10,
77e-10,
83e-10,
89e-10,
.94e-10,

time=3.06e-10,

time=3.
time=3.
time=3
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=3.
time=4
time=4.

lle-10,
2e-10,

.29%9e-10,
37e-10,
46e-10,
55e-10,
63e-10,
72e-10,
8le-10,
89%e-10,
98e-10,
.07e-10,
2e-10,

max_dmdt=1.
max_dmdt=1.
max_dmdt=1.
max_dmdt=1.07 ode_step=5.7e-12
max_dmdt=0.
max_dmdt=0.
max_dmdt=0.
max_dmdt=0.
max_dmdt=0.
max_dmdt=0.
max_dmdt=0.295 ode_step=5.7e-12
max_dmdt=0.
max_dmdt=0.
max_dmdt=0.163 ode_step=8.66e-12

.123 ode_step=8.66e-12
max_dmdt=0.
max_dmdt=0.
max_dmdt=0.
max_dmdt=0.
max_dmdt=0.
max_dmdt=0.
max_dmdt=0.
max_dmdt=0.
.0104 ode_step=8.66e-12
max_dmdt=0.0073 ode_step=1.36e-11

max_dmdt=0

max_dmdt=0

86 ode_step=5.7e-12
54 ode_step=5.7e-12
28 ode_step=5.7e-12

886
737
614
511
425
354

ode_step=5.7e-12
ode_step=5.7e-12
ode_step=5.7e-12
ode_step=5.7e-12
ode_step=5.7e-12
ode_step=5.7e-12

246 ode_step=5.7e-12
205 ode_step=5.7e-12

0936 ode_step=8.66e-12
071 ode_step=8.66e-12
0539 ode_step=8.66e-12
041 ode_step=8.66e-12
0311 ode_step=8.66e-12
0236 ode_step=8.66e-12
018 ode_step=8.66e-12
0137 ode_step=8.66e-12

After the system is relaxed, the magnetisation profile can be plotted.

In [6]:

import numpy as np

import matplotlib.pyplot as plt
$matplotlib inline

m

m.

= np.copy (sim.spin)

shape =

mnx =

X_

pl
plt
plt
plt

plt.
plt.
plt.
plt.
plt.
plt.

Oout [6]:

my

array =

np.arange (0, L,

t.figure(figsize=(10,6))

dx)

.plot (x_array,
.plot (x_array,
.plot (x_array,
(nm) ")

xlabel ('x
ylabel ('<m>"'
x1im ([0.4*L,
ylim([-1, 1]
grid()
legend ()

mx,

my,
mz,

)

label="mx")
label="my")
label="mz")

0.6%xL])

)

<matplotlib.legend.Legend at 0x7f234cebbba8>
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CHAPTER /

Spin-polarised-current-driven domain wall

Author: Marijan Beg, Weiwei Wang
Date: 18 Mar 2016

This notebook can be downloaded from the github repository, found here.

7.1 Problem specification

The simulated sample is a 1D nanowire cuboid with L = 1000 nm length with finite difference discretisation d, =
dy =d, = 2nm.

The material parameters (similar to permalloy) are:
« exchange energy constant A = 1.3 x 1071 J/m,
* magnetisation saturation M = 8.6 X 10° A/m,
* uniaxial anisotropy constant K = 5 x 10* J/m® with (0,0, 1) easy-axis,
* Gilbert damping o = 0.5.

After the system is relaxed to a domain wall, a spin-polarised current with .J = 1 x 10'2A/m? density is applied in the
positive x direction (1,0, 0).

7.2 Simulation functions

In [1]: import matplotlib.pyplot as plt
import numpy as np
from fidimag.micro import Sim, UniformExchange, UniaxialAnisotropy
from fidimag.common import CuboidMesh
$matplotlib inline

We start by defining parameters and a function for initialising the system so that it relaxes to the domain wall.
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In [2]: Ms = 8.6e5 # magnetisation saturation (A/m)
A = 1.3e-11 # exchange energy constant (J/m)
alpha = 0.5 # Gilbert damping
gamma = 2.211le5 # gyromagnetic ration (m/As)
K = 5e4 # uniaxial anisotropy constant (J/mx*3)
J = lel2 # spin-polarised current density (A/mx%*2)
beta = 1 # STT parameter

def init_m(pos) :
x = pos[0]

if x < 200:

return (1, 0, 0)
elif 200 <= x < 300:

return (0, 1, 1)
else:

return (-1, 0, 0)

Using this function, we create a new function which relaxes the system to its equilibrium (domain wall) state according
to the problem specification.

In [3]: def relax_system(mesh) :
# Create a simulation object.
sim = Sim(mesh)

# Set simulation parameters.
sim.driver.set_tols(rtol=1le-8, atol=1le-8)
sim.driver.alpha = alpha
sim.driver.gamma = gamma

sim.Ms = Ms

# Add energies to the system.
sim.add (UniformExchange (A=A))
sim.add (UniaxialAnisotropy (K))

# Initialise the system.
sim.set_m(init_m)

# Relax the system and save the state in mO.npy
sim.driver.relax (dt=1le-14, stopping_dmdt=0.01, max_steps=5000,
save_m_steps=None, save_vtk_steps=None)

np.save ('mO.npy', sim.spin)
A plot of the system’s magnetisation can be created using the following convenience function.

In [4]: def plot_magnetisation (components) :
plt.figure(figsize=(8, 6))

comp = {'mx': 0, 'my': 1, 'mz': 2}
for element in components:
data = np.load(element[0])
data.shape = (-1, 3)

mc = datal[:, complelement[1]]]

# The label is the component and the file name
plt.plot (mc, label=element[1l])

40 Chapter 7. Spin-polarised-current-driven domain wall



fidimag Documentation, Release 0.1

plt.legend()
plt.xlabel ('x (nm)")
plt.ylabel ('mx, my')
plt.grid()
plt.ylim([-1.05, 1.057)

Finally, we create a function for driving a domain wall using the spin-polarised current. All npy and vtk files are saved
in the **{simulation_name}_npys** and **{simulation_name}_vtks** folders, respectively.

In [5]: def excite_system(mesh, time, snapshots):
# Specify the stt dynamics in the simulation
sim = Sim(mesh, name='dyn', driver='llg_stt')

# Set the simulation parameters
sim.driver.set_tols(rtol=le-12, atol=le-14)
sim.driver.alpha = alpha

sim.driver.gamma = gamma

sim.Ms = Ms

# Add energies to the system.
sim.add (UniformExchange (A=A))
sim.add (UniaxialAnisotropy (K))

# Load the initial state from the npy file saved in the realxation stage.
sim.set_m(np.load('m0.npy"))

# Set the spin-polarised current in the x direction.
sim.driver.jx = J
sim.driver.beta = beta

# The simulation will run for x ns and save
# 'snaps' snapshots of the system in the process
ts = np.linspace (0, time, snapshots)

for t in ts:
sim.driver.run_until (t)
sim.save_vtk ()
sim.save_m()

7.3 Simulation

Before we run a simulation using previously defined functions, a finite difference mesh must be created.
In [6]: L = 2000 # nm

dx = dy = dz = 2 # nm

mesh = CuboidMesh (nx=int (L/dx), ny=1, nz=1, dx=dx, dy=dy, dz=dz, unit_length=1le-9)
Now, the system is relaxed and the domain wall equilibrium state is obtained, saved, and later used in the next stage.

In [7]: %$%capture
relax_system(mesh) ;

Plot the magnetisation components of the relaxed state.

In [8]: plot_magnetisation([['mO.npy', 'mx'], ['mO.npy', 'my']l, ['mO.npy', 'mz']])
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The DW is at the maximum value of |m.| or |m,|. Consequently, the domain wall position is:

In [9]: mO_z = np.load('m0.npy').reshape (-1, 3)[:, 2]
x = np.arange (len(m0_z))
index_max = np.argmax (np.abs (m0_z))

print ('Maximum |m_z| at x = %$s' % x[index_max])

Maximum |m_z| at x = 124

Using the obtained domain wall equilibrium state, we now simulate its motion in presence of a spin-polarised current.

In [10]: # PYTEST_VALIDATE_IGNORE_OUTPUT
excite_system(mesh, 1.5e-9, 151);

We plot once again to compare the initial state with the ones after a SP current was applied.

In [11]: # We can plot the m_x component for a number snapshots
# to observe the DW motion
# We will plot the 100th and 150th files (we can also compute
# until the system reaches ~5 ns to improve the effect)
plot_magnetisation([['mO0.npy', 'mx'],
['dyn_npys/m_100.npy', 'mx'],
['dyn_npys/m_150.npy', 'mx']])
plt.xlim ([0, 200])

Out[11]: (0, 200)
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CHAPTER 8

Isolated skyrmion in confined helimagnetic nanostructure

Authors: Marijan Beg, Marc-Antonio Bisotti, Weiwei Wang
Date: 26 June 2016

This notebook can be downloaded from the github repository, found here.

8.1 Problem specification

A thin film disk sample with thickness ¢ = 10 nm and diameter d = 150 nm is simulated. The material is FeGe with
material parameters [1]:

* exchange energy constant A = 8.78 x 10712 J/m,
* magnetisation saturation M; = 3.84 x 10° A/m, and
* Dzyaloshinskii-Moriya energy constant D = 1.58 x 102 J/m?.

It is expected that when the system is initialised in the uniform out-of-plane direction m;y; = (0,0, 1), it relaxes to
the isolated Skyrmion (Sk) state (See Supplementary Information in Ref. 1). (Note that LLG dynamics is important,
which means that artificially disable the precession term in LLG may lead to other states).

8.2 Simulation

In [1]: from fidimag.micro import Sim
from fidimag.common import CuboidMesh
from fidimag.micro import UniformExchange, Demag, DMI

The cuboidal thin film mesh which contains the disk is created:

In [2]: # Mesh dimensions.
d = 150 # diameter (nm)
t = 10 # thickness (nm)
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# Mesh discretisation.
dx = dy = 2.5 # nm
dz = 5

mesh = CuboidMesh (nx=int (d/dx), ny=int (d/dy), nz=int (t/dz), dx=dx, dy=dy, dz=dz,

Since the disk geometry is simulated, it is required to set the saturation magnetisation to zero in the regions of the
mesh outside the disk. In order to do that, the following function is created:

In

[3]:

def Ms_function (Ms) :
def wrapped_function (pos) :
X, y, z = pos[0], pos[l], pos[2]

r = ((x-d/2.)**2 + (y-d/2.)x*2)xx0.5 4 distance from the centre

if r <= d/2:
# Mesh point is inside the disk.
return Ms
else:
# Mesh point is outside the disk.
return O
return wrapped_function

To reduce the relaxation time, we define a state using a python function.

In

[4]:

def init_m(pos):
X,y,2 = pos
x0, y0 = d/2., d/2.

r = ((x-x0)**2 + (y-y0)#*x2)%x0.5
if r<10:
return (0,0, 1)
elif r<30:
return (0,0, -1)
elif r<60:

return (0, 0, 1)
else:
return (0, 0, -1)

Having the magnetisation saturation function, the simulation object can be created:

In

[5]:

# FeGe material paremeters.

Ms = 3.84e5 # saturation magnetisation (A/m)

A = 8.78e-12 # exchange energy constant (J/m)

D = 1.58e-3 # Dzyaloshinkii-Moriya energy constant
alpha = 1 # Gilbert damping

gamma = 2.211e5 # gyromagnetic ration (m/As)

# Create simulation object.
sim = Sim(mesh)

sim.Ms = Ms_function (Ms)
sim.driver.alpha = alpha
sim.driver.gamma = gamma

# Add energies.

sim.add (UniformExchange (A=A))
sim.add (DMI (D=D) )

sim.add (Demag () )

(J/m*%2)

# Since the magnetisation dynamics is not important in this stage,
# the precession term in LLG equation can be set to artificially zero.
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sim.driver.do_precession = False

# Initialise the system.
sim.set_m(init_m)

Now the system is relaxed:

In [6]: # PYTEST_VALIDATE_IGNORE_OUTPUT
# Relax the system to its equilibrium.
sim.driver.relax(dt=1e-13, stopping_dmdt=0.01, max_steps=5000, save_m_steps=None, save_vtk_st

step=1, time=le-13, max_dmdt=2.61e+04 ode_step=0

step=2, time=2e-13, max_dmdt=3e+04 ode_step=1.58e-14
step=3, time=3e-13, max_dmdt=3.46e+04 ode_step=2.43e-14
step=4, time=4e-13, max_dmdt=3.95e+04 ode_step=3.66e-14
step=5, time=5e-13, max_dmdt=4.43e+04 ode_step=3.66e-14
step=6, time=6e-13, max_dmdt=4.84e+04 ode_step=3.66e-14
step=7, time=7e-13, max_dmdt=5.1le+04 ode_step=3.66e-14
step=8, time=8e-13, max_dmdt=5.14e+04 ode_step=3.66e-14
step=9, time=9e-13, max_dmdt=5.05e+04 ode_step=3.66e-14
step=10, time=le-12, max_dmdt=4.91e+04 ode_step=3.66e-14
step=11, time=1.le-12, max_dmdt=4.63e+04 ode_step=3.66e-14
step=12, time=1.2e-12, max_dmdt=4.46e+04 ode_step=3.66e-14
step=13, time=1.3e-12, max_dmdt=4.35e+04 ode_step=3.66e-14
step=14, time=1.4e-12, max_dmdt=4.2e+04 ode_step=3.66e-14
step=15, time=1.5e-12, max_dmdt=3.99e+04 ode_step=3.66e-14
step=16, time=1.6e-12, max_dmdt=3.75e+04 ode_step=3.66e-14
step=17, time=1.7e-12, max_dmdt=3.46e+04 ode_step=3.66e-14
step=18, time=1.8e-12, max_dmdt=3.17e+04 ode_step=3.66e-14
step=19, time=1.9e-12, max_dmdt=2.88e+04 ode_step=3.66e-14
step=20, time=2e-12, max_dmdt=2.73e+04 ode_step=3.66e-14
step=21, time=2.le-12, max_dmdt=2.58e+04 ode_step=3.66e-14
step=22, time=2.2e-12, max_dmdt=2.42e+04 ode_step=3.66e-14
step=23, time=2.3e-12, max_dmdt=2.26e+04 ode_step=3.66e-14
step=24, time=2.4e-12, max_dmdt=2.09e+04 ode_step=3.66e-14
step=25, time=2.5e-12, max_dmdt=1.93e+04 ode_step=3.66e-14
step=26, time=2.6e-12, max_dmdt=1.78e+04 ode_step=5.56e-14
step=27, time=2.7e-12, max_dmdt=1.65e+04 ode_step=5.56e-14
step=28, time=2.8e-12, max_dmdt=1.56e+04 ode_step=5.56e-14
step=29, time=2.9e-12, max_dmdt=1.48e+04 ode_step=5.56e-14
step=30, time=3e-12, max_dmdt=1.42e+04 ode_step=5.56e-14
step=31, time=3.le-12, max_dmdt=1.36e+04 ode_step=5.56e-14
step=32, time=3.2e-12, max_dmdt=1.31e+04 ode_step=5.56e-14
step=33, time=3.3e-12, max_dmdt=1.26e+04 ode_step=5.56e-14
step=34, time=3.4e-12, max_dmdt=1.21e+04 ode_step=5.56e-14
step=35, time=3.5e-12, max_dmdt=1.16e+04 ode_step=5.56e-14
step=36, time=3.6e-12, max_dmdt=1.11e+04 ode_step=8.44e-14
step=37, time=3.7e-12, max_dmdt=1.07e+04 ode_step=8.44e-14
step=38, time=3.8e-12, max_dmdt=1.03e+04 ode_step=8.44e-14
step=39, time=3.9e-12, max_dmdt=9.88e+03 ode_step=8.44e-14
step=40, time=4e-12, max_dmdt=9.5e+03 ode_step=8.44e-14
step=41, time=4.le-12, max_dmdt=9.14e+03 ode_step=8.44e-14
step=42, time=4.2e-12, max_dmdt=8.79e+03 ode_step=8.44e-14
step=43, time=4.3e-12, max_dmdt=8.47e+03 ode_step=8.44e-14
step=44, time=4.4e-12, max_dmdt=8.15e+03 ode_step=8.44e-14
step=45, time=4.5e-12, max_dmdt=7.86e+03 ode_step=8.44e-14
step=46, time=4.6e-12, max_dmdt=7.58e+03 ode_step=8.44e-14
step=47, time=4.7e-12, max_dmdt=7.33e+03 ode_step=8.44e-14
step=48, time=4.8e-12, max_dmdt=7.21e+03 ode_step=8.44e-14
step=49, time=4.9e-12, max_dmdt=7.09e+03 ode_step=8.44e-14
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step=50, time=5e-12, max_dmdt=6.97e+03 ode_step=8.44e-14
step=51, time=5.13e-12, max_dmdt=6.83e+03 ode_step=1.28e-13
step=52, time=5.26e-12, max_dmdt=6.67e+03 ode_step=1.28e-13
step=53, time=5.38e-12, max_dmdt=6.52e+03 ode_step=1.28e-13
step=54, time=5.51le-12, max_dmdt=6.37e+03 ode_step=1.28e-13
step=55, time=5.64e-12, max_dmdt=6.21e+03 ode_step=1.28e-13
step=56, time=5.77e-12, max_dmdt=6.07e+03 ode_step=1.28e-13
step=57, time=5.89e-12, max_dmdt=5.92e+03 ode_step=1.28e-13
step=58, time=6.02e-12, max_dmdt=5.77e+03 ode_step=1.28e-13
step=59, time=6.15e-12, max_dmdt=5.63e+03 ode_step=1.28e-13
step=60, time=6.28e-12, max_dmdt=5.49e+03 ode_step=1.28e-13
step=61, time=6.4e-12, max_dmdt=5.36e+03 ode_step=1.28e-13
step=62, time=6.53e-12, max_dmdt=5.23e+03 ode_step=1.28e-13
step=63, time=6.66e-12, max_dmdt=5.09e+03 ode_step=1.28e-13
step=64, time=6.79e-12, max_dmdt=4.97e+03 ode_step=1.28e-13
step=65, time=6.91e-12, max_dmdt=4.84e+03 ode_step=1.28e-13
step=66, time=7.04e-12, max_dmdt=4.74e+03 ode_step=1.28e-13
step=67, time=7.17e-12, max_dmdt=4.66e+03 ode_step=1.28e-13
step=68, time=7.3e-12, max_dmdt=4.57e+03 ode_step=1.28e-13
step=69, time=7.42e-12, max_dmdt=4.49e+03 ode_step=1.28e-13
step=70, time=7.62e-12, max_dmdt=4.38e+03 ode_step=1.97e-13
step=71, time=7.82e-12, max_dmdt=4.25e+03 ode_step=1.97e-13
step=72, time=8.0le-12, max_dmdt=4.12e+03 ode_step=1.97e-13
step=73, time=8.21e-12, max_dmdt=4e+03 ode_step=1.97e-13
step=74, time=8.41le-12, max_dmdt=3.88e+03 ode_step=1.97e-13
step=75, time=8.6e-12, max_dmdt=3.76e+03 ode_step=1.97e-13
step=76, time=8.8e-12, max_dmdt=3.64e+03 ode_step=1.97e-13
step=77, time=9e-12, max_dmdt=3.54e+03 ode_step=1.97e-13
step=78, time=9.19e-12, max_dmdt=3.43e+03 ode_step=1.97e-13
step=79, time=9.39e-12, max_dmdt=3.32e+03 ode_step=1.97e-13
step=80, time=9.59%9e-12, max_dmdt=3.22e+03 ode_step=1.97e-13
step=81, time=9.78e-12, max_dmdt=3.12e+03 ode_step=1.97e-13
step=82, time=9.98e-12, max_dmdt=3.03e+03 ode_step=1.97e-13
step=83, time=1.02e-11, max_dmdt=2.93e+03 ode_step=1.97e-13
step=84, time=1.04e-11, max_dmdt=2.84e+03 ode_step=1.97e-13
step=85, time=1.06e-11, max_dmdt=2.76e+03 ode_step=1.97e-13
step=86, time=1.08e-11, max_dmdt=2.67e+03 ode_step=1.97e-13
step=87, time=1l.le-11, max_dmdt=2.59e+03 ode_step=1.97e-13
step=88, time=1.12e-11, max_dmdt=2.51e+03 ode_step=1.97e-13
step=89, time=1.14e-11, max_dmdt=2.43e+03 ode_step=1.97e-13
step=90, time=1.16e-11, max_dmdt=2.36e+03 ode_step=1.97e-13
step=91, time=1.18e-11, max_dmdt=2.29e+03 ode_step=1.97e-13
step=92, time=1.19e-11, max_dmdt=2.22e+03 ode_step=1.97e-13
step=93, time=1.23e-11, max_dmdt=2.13e+03 ode_step=3.17e-13
step=94, time=1.26e-11, max_dmdt=2.03e+03 ode_step=3.17e-13
step=95, time=1.29e-11, max_dmdt=1.93e+03 ode_step=3.17e-13
step=96, time=1.32e-11, max_dmdt=1.84e+03 ode_step=3.17e-13
step=97, time=1.35e-11, max_dmdt=1.78e+03 ode_step=3.17e-13
step=98, time=1.38e-11, max_dmdt=1.79e+03 ode_step=3.17e-13
step=99, time=1.42e-11, max_dmdt=1.8e+03 ode_step=3.17e-13
step=100, time=1.45e-11, max_dmdt=1.8e+03 ode_step=3.17e-13
step=101, time=1.48e-11, max_dmdt=1.8e+03 ode_step=3.17e-13
step=102, time=1.5le-11, max_dmdt=1.8e+03 ode_step=3.17e-13
step=103, time=1.54e-11, max_dmdt=1.8e+03 ode_step=3.17e-13
step=104, time=1.57e-11, max_dmdt=1.8e+03 ode_step=3.17e-13
step=105, time=1.6le-11, max_dmdt=1.79e+03 ode_step=3.17e-13
step=106, time=1.64e-11, max_dmdt=1.79e+03 ode_step=3.17e-13
step=107, time=1.67e-11, max_dmdt=1.78e+03 ode_step=3.17e-13
step=108, time=1.72e-11, max_dmdt=1.77e+03 ode_step=5.39%9e-13
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96e-10,

lle-10,
18e-10,
25e-10,
32e-10,
39%e-10,
46e-10,
54e-10,
6le-10,

8e-10,

9le-10,
03e-10,
l4e-10,
26e-10,
37e-10,
49e-10,
6e-10,

83e-10,
95e-10,
07e-10,
18e-10,
3e-10,

4le-10,
53e-10,
64e-10,
76e-10,
87e-10,
99%e-10,
le-10,

28e-10,
46e-10,
63e-10,
8le-10,
99%e-10,

34e-10,
52e-10,
69e-10,
87e-10,
05e-10,
22e-10,
4e-10,

68e-10,

max_dmdt=66
max_dmdt=65
max_dmdt=63

ode_step=1.1

max_dmdt=121 ode_step=4.73e-12

max_dmdt=119 ode_step=4.73e-12
max_dmdt=117 ode_step=4.73e-12
max_dmdt=115 ode_step=4.73e-12
max_dmdt=113 ode_step=4.73e-12
max_dmdt=111 ode_step=4.73e-12
max_dmdt=109 ode_step=4.73e-12
max_dmdt=108 ode_step=4.73e-12
max_dmdt=106 ode_step=4.73e-12
max_dmdt=104 ode_step=4.73e-12
max_dmdt=103 ode_step=4.73e-12
max_dmdt=101 ode_step=4.73e-12
max_dmdt=99.1 ode_step=7.18e-12
max_dmdt=96.8 ode_step=7.18e-12
max_dmdt=94.6 ode_step=7.18e-12
max_dmdt=92.5 ode_step=7.18e-12
max_dmdt=90.4 ode_step=7.18e-12
max_dmdt=89.3 ode_step=7.18e-12
max_dmdt=88.4 ode_step=7.18e-12
max_dmdt=87.5 ode_step=7.18e-12
max_dmdt=86.5 ode_step=7.18e-12
max_dmdt=85.5 ode_step=7.18e-12
max_dmdt=84.4 ode_step=7.18e-12
max_dmdt=83.4 ode_step=7.18e-12
max_dmdt=81.9 ode_step=1.15e-11
max_dmdt=80.1 ode_step=1.15e-11
max_dmdt=78.2 ode_step=1.15e-11
max_dmdt=76.4 ode_step=1.15e-11
max_dmdt=74.5 ode_step=1.15e-11
max_dmdt=72.6 ode_step=1.15e-11
max_dmdt=70.7 ode_step=1.15e-11

max_dmdt=68.8 ode_step=1.15e-11
.9 ode_step=1.15e-11

S5e-11

.2 ode_step=1.15e-11

max_dmdt=61.4 ode_step=1.15e-11
max_dmdt=59.7 ode_step=1.15e-11
max_dmdt=57.9 ode_step=1.15e-11
max_dmdt=56.3 ode_step=1.15e-11
max_dmdt=54.7 ode_step=1.15e-11
max_dmdt=53.1 ode_step=1.15e-11
max_dmdt=51.6 ode_step=1.15e-11
max_dmdt=50.1 ode_step=1.15e-11
max_dmdt=48.7 ode_step=1.15e-11
max_dmdt=47.3 ode_step=1.15e-11
max_dmdt=45.5 ode_step=1.77e-11
max_dmdt=43.5 ode_step=1l.77e-11
max_dmdt=41.5 ode_step=1.77e-11
max_dmdt=39.7 ode_step=1.77e-11
max_dmdt=37.9 ode_step=1l.77e-11
max_dmdt=36.3 ode_step=1.77e-11
max_dmdt=34.7 ode_step=1l.77e-11
max_dmdt=33.2 ode_step=1l.77e-11
max_dmdt=31.7 ode_step=1.77e-11
max_dmdt=30.3 ode_step=1.77e-11
max_dmdt=29 ode_step=1.77e-11

max_dmdt=27.7 ode_step=1.77e-11

max_dmdt=26.5 ode_step=1.77e-11

max_dmdt=25 ode_step=2.79%9e-11
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step=286, time=8.96e-10, max_dmdt=23.
step=287, time=9.24e-10, max_dmdt=21.
step=288, time=9.51e-10, max_dmdt=20.
step=289, time=9.79e-10, max_dmdt=18.
step=290, time=1.01e-09, max_dmdt=17.
step=291, time=1.04e-09, max_dmdt=16.
step=292, time=1.06e-09, max_dmdt=15.
step=293, time=1.09e-09, max_dmdt=14.
step=294, time=1.12e-09, max_dmdt=13.
step=295, time=1.15e-09, max_dmdt=12.3 ode_step=2.79%9e-11
step=296, time=1.17e-09, max_dmdt=11.5 ode_step=2.79%9e-11
step=297, time=1.2e-09, max_dmdt=10.7 ode_step=2.79%e-11
step=298, time=1.23e-09, max_dmdt=9.95 ode_step=2.79%9e-11
step=299, time=1.26e-09, max_dmdt=9.27 ode_step=2.79%9e-11
step=300, time=1.29e-09, max_dmdt=8.64 ode_step=2.79%e-11
step=301, time=1.31e-09, max_dmdt=8.05 ode_step=2.79%9e-11
step=302, time=1.34e-09, max_dmdt=7.51 ode_step=2.79%9e-11
step=303, time=1.37e-09, max_dmdt=7 ode_step=2.79e-11
step=304, time=1.4e-09, max_dmdt=6.53 ode_step=2.79%9e-11
step=305, time=1.42e-09, max_dmdt=6.09 ode_step=2.79%9e-11
step=306, time=1.45e-09, max_dmdt=5.68 ode_step=2.79%e-11
step=307, time=1.5e-09, max_dmdt=5.2 ode_step=4.33e-11
step=308, time=1.54e-09, max_dmdt=4.67 ode_step=4.33e-11
step=309, time=1.58e-09, max_dmdt=4.19 ode_step=4.33e-11
step=310, time=1.63e-09, max_dmdt=3.76 ode_step=4.33e-11
step=311, time=1.67e-09, max_dmdt=3.37 ode_step=4.33e-11
step=312, time=1.71e-09, max_dmdt=3.02 ode_step=4.33e-11
step=313, time=1.76e-09, max_dmdt=2.71 ode_step=4.33e-11
step=314, time=1.8e-09, max_dmdt=2.43 ode_step=4.33e-11
step=315, time=1.84e-09, max_dmdt=2.18 ode_step=4.33e-11
step=316, time=1.89e-09, max_dmdt=1.96 ode_step=4.33e-11
step=317, time=1.93e-09, max_dmdt=1.76 ode_step=4.33e-11
step=318, time=1.97e-09, max_dmdt=1.58 ode_step=4.33e-11
step=319, time=2.02e-09, max_dmdt=1.41 ode_step=4.33e-11
step=320, time=2.06e-09, max_dmdt=1.27 ode_step=4.33e-11
step=321, time=2.1e-09, max_dmdt=1.14 ode_step=4.33e-11
step=322, time=2.15e-09, max_dmdt=1.02 ode_step=4.33e-11
step=323, time=2.19e-09, max_dmdt=0.917 ode_step=4.33e-11
step=324, time=2.23e-09, max_dmdt=0.822 ode_step=4.33e-11
step=325, time=2.28e-09, max_dmdt=0.738 ode_step=4.33e-11
step=326, time=2.32e-09, max_dmdt=0.662 ode_step=4.33e-11
step=327, time=2.36e-09, max_dmdt=0.594 ode_step=4.33e-11
step=328, time=2.41e-09, max_dmdt=0.533 ode_step=4.33e-11
step=329, time=2.45e-09, max_dmdt=0.478 ode_step=4.33e-11
step=330, time=2.52e-09, max_dmdt=0.417 ode_step=6.63e-11
step=331, time=2.58e-09, max_dmdt=0.353 ode_step=6.63e-11
step=332, time=2.65e-09, max_dmdt=0.299 ode_step=6.63e-11
step=333, time=2.71e-09, max_dmdt=0.253 ode_step=6.63e-11
step=334, time=2.78e-09, max_dmdt=0.215 ode_step=6.63e-11
step=335, time=2.85e-09, max_dmdt=0.182 ode_step=6.63e-11
step=336, time=2.91e-09, max_dmdt=0.154 ode_step=6.63e-11
step=337, time=2.98e-09, max_dmdt=0.13 ode_step=6.63e-11
step=338, time=3.05e-09, max_dmdt=0.11 ode_step=6.63e-11
step=339, time=3.11e-09, max_dmdt=0.0936 ode_step=6.63e-11
step=340, time=3.18e-09, max_dmdt=0.0793 ode_step=6.63e-11
step=341, time=3.25e-09, max_dmdt=0.0672 ode_step=6.63e-11
step=342, time=3.31e-09, max_dmdt=0.0569 ode_step=6.63e-11
step=343, time=3.38e-09, max_dmdt=0.0482 ode_step=6.63e-11
step=344, time=3.44e-09, max_dmdt=0.0408 ode_step=6.63e-11

ode_step=2.79e-11
ode_step=2.79%e-11
ode_step=2.79%e-11
ode_step=2.79e-11
ode_step=2.79%e-11
ode_step=2.79%e-11
ode_step=2.79%e-11
ode_step=2.79%e-11
ode_step=2.79%e-11

O WD NDNDWOU 0N JWw
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step=345,
step=346,
step=347,
step=348,
step=349,
step=350,
step=351,

The magnetisation components of obtained equilibrium configuration can be plotted in the following way:

In [7]:

time=3.
time=3.
time=3.
time=3.
time=3.
time=4.
time=4.

$matplotlib inline

def plot_magnetisation (m,

plot_magnetisation (sim.spin,

¥ (nm)

n_la
m.sh

mx =
my =
mz =
mx.s
my.s
mz.s

exte
plt.
plt.
plt.
plt
plt
plt.
plt.
plt.
plt.
plt.
plt
plt.
plt.
plt
plt.
plt

yer = int (d/dx)

ape = (-1,

3)

51e-09, max_dmdt=0.0346
61e-09, max_dmdt=0.0281
71e-09, max_dmdt=0.0217
82e-09, max_dmdt=0.0168
92e-09, max_dmdt=0.0131
02e-09, max_dmdt=0.0101
12e-09, max_dmdt=0.

import matplotlib.pyplot as plt

* int (d/

m[:, O] [layer*n_layer: (
m[:, 1l][layerxn_layer: (
m[:, 2][layer*n_layer: (layer+l)*n_layer]
), int (d/dy))
), int(d/dy))
), int (d/dy))

hape = (int (d/dx
hape = (int (d/dx
hape = (int (d/dx

nt = [0, d,

subplot (1,
imshow (mx,

.title('mx")
.xlabel ('x (nm)")

0, d]
figure (figsize=(20, 10))

3, 1)

layer=

ode_step=6.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
ode_step=1.
00785 ode_step=1.02e-10

0):
dy)

63e-11
02e-10
02e-10
02e-10
02e-10
02e-10

layer+1l) *xn_layer]
layer+l) xn_layer]

extent=extent)

ylabel ('y (nm)")

subplot (1,
imshow (my,

xlabel ('x (

3, 2)

extent=extent)

nm) ')

ylabel ('y (nm)"')

.title('my')

subplot (1,
imshow (mz,

3, 3)

extent=extent)

.xlabel ('x (nm)"')

ylabel ('y (nm)"'")

.title('mz")

layer=0)

¥ (nm)

¥ (nm)

n L
120 140

8.2. Simulation
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CHAPTER 9

Spin-polarised current driven skyrmion

Author: Marijan Beg, Weiwei Wang

Date: 30 July 2016

This notebook can be downloaded from the github repository, found here.

In this tutorial, a single magnetic skyrmion is driven by a spin-polarised current.

Firstly, we define a function which will be subsequently used for plotting the z component of magnetisation.

In [1]: import matplotlib.pyplot as plt
import numpy as np
$matplotlib inline

def plot_magnetisation(m, mesh, title=None) :

m.shape = (-1, 3)

mx = m[:, O]

my = m[:, 1]

mz = m[:, 2]

nx, ny = mesh.nx, mesh.ny
mx.shape = (ny, nx)
my.shape = (ny, nx)
mz.shape = (ny, nx)

#plt.imshow (mz, extent=extent)
#plt.xlabel ('x (nm)"')
#plt.ylabel ('y (nm)"')

fig = plt.figure(figsize=(8,8))
plt.axes () .set_aspect ('equal')
plt.quiver (mx[::3,::3], my[::3,::3], mz[::3,::3], pivot='mid', alpha=0.9, scale=18, widtl]
if title is not None:
plt.title(title)
plt.xticks ([])
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plt.yticks ([1])
plt.show ()

Now, we create a finite difference mesh.

In [2]: from fidimag.micro import Sim
from fidimag.common import CuboidMesh
from fidimag.micro import Zeeman, Demag, DMI,

mesh = CuboidMesh (nx=51, ny=30, nz=1, dx=2.5,

UniformExchange

dy=2.5, dz=2, unit_length=1le-9,

We create a simulation object that contains uniform exchange, DMI, and Zeeman energy contributions.

In [3]: # PYTEST_VALIDATE_IGNORE_OUTPUT
Ms = 8.6e5 # magnetisation saturation (A/m)
A = 1.3e-11 # exchange stiffness (J/m)
D = 4e-3 # DMI constant (J/m*=*2)

H= (0, 0, 3.8e5) # external magnetic field
alpha = 0.5 # Gilbert damping

gamma = 2.211e5 # gyromagnetic ratio (m/As)
sim = Sim(mesh) # create simulation object

# Set parameters.

sim.Ms = Ms

sim.driver.alpha = alpha
sim.driver.gamma = gamma
sim.driver.do_precession = False

# Add energies.

sim.add (UniformExchange (A=A))
sim.add (DMI (D))

sim.add (Zeeman (H) )

(A/m)

In order to get a skyrmion as a relaxed state, we need to initialise the system in an appropriate way. For that, we use

the following function, and plot the initial state.

In [4]: def m_initial (coord):
# Extract x and y coordinates.
x = coord[0]
y = coord[1]

# The centre of the circle
x_centre = 15x2.5

y_centre = 15x2.5

# Compute the circle radius.

r = ((x—-x_centre)xx2 + (y-y_centre)*«x2)xx0.5
if r < 8.0:

return (0, 0, -1)
else:

return (0, 0, 1)

sim.set_m(m_initial)
Now, we can relax the system, save and plot the relaxed state.

In [5]: %$%capture
sim.driver.relax(dt=1le-13, stopping_dmdt=0.1,
np.save ('m0.npy', sim.spin)

max_steps=5000,

save_m_steps=None,
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In

[6]:

title="'t=0 ns'")

plot_magnetisation(sim.spin.copy (), mesh,
t=0 ns

: a s - . .
S e S :
r - 'bi .
¥ Voo 1 .
1 R f .
L )

Using the obtained relaxed state, we create a new smulation object and specify the driver to be ‘llg_stt’. By applying
a spin-polarised current of J = 5 x 10'2 A/m? in the x directions with 3 = 0.2, we move a skyrmion in the simulated
sample.

In

[71:

# PYTEST_VALIDATE_IGNORE_OUTPUT

sim?2

= Sim(mesh, driver='llg_stt"')

# Set parameters.
sim2.Ms = Ms

sim2.
sim2.

alpha = alpha
driver.gamma = gamma

# Add energies.

sim2.
sim2.
sim2.

sim?2
sim2.

sim2.

sim2.

add (UniformExchange (A=A))
add (DMI (D))
add (Zeeman (H) )

.driver.jx = -5el2

alpha = 0.2

driver.beta = 0.2
set_m(np.load('mO.npy"))

for t in [0, 0.1, 0.27]:
sim2.driver.run_until (t*1e-9)
plot_magnetisation(sim2.spin.copy (),

# create simulation object

mesh,

title='t=%g ns'st)
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t=0 ns
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t=0.2 ns
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Spin wave propagation in periodic system

This notebook can be downloaded from the github repository, found here.

In [1]: from fidimag.micro import Sim
from fidimag.common import CuboidMesh
from fidimag.micro import UniformExchange, Demag

The mesh in this example is a three-dimensional stripe with edge lengths a and b and thickness d. The discretisation
in this regular mesh is 1 nm along all edges. System is periodic in the x direction.

In [2]: a = 90 # nm
b =50 # nm
dx = dy =dz =1 # nm

mesh = CuboidMesh (nx=a, ny=b, nz=1, dx=dx, dy=dy, dz=dz, unit_length=1e-9, periodicity=(True,

The used material is Permalloy with the following parameters (saturation magnetsiation M, exchange constant A, and
Gilbert damping «):

* magnetisation saturation M = 105A/m
« exchange energy constant A = 13 x 10~'2J/m
* Gilbert damping a = 0.02

In [3]: Ms = le6 # magnetisation saturation (A/m)
A = 13e-12 # exchange stiffness (J/m)
alpha = 0.2 # Gilbert damping
gamma = 2.211le5 # gyromagnetic ratio (m/As)

Now, the simulation object is created and exchange and demagnetisation energies are added to the simulation. In
addition, one-dimensional periodic boundary conditions are posed.

In [4]: sim = Sim(mesh) # create simulation object

# Set parameters.

sim.Ms = Ms
sim.driver.alpha = alpha
sim.driver.gamma = gamma
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# Add energies.
sim.add (UniformExchange (A=A))
sim.add (Demag () )

The initial magnetisation is not defined at this point. Since the spin waves should occur, system has to be initialised in
an appropriate way. In this case, the magnetisation is uniform at all mesh nodes, except in a circular region at the left

edge of the boundary. The function which will be used for magnetisation initialisation is:

In [5]: def m_initial (coord):
# Extract x and y coordinates.
x = coord[0]
y = coord[1l]

# The centre of the circle
x_centre = a/10.
y_centre = b/2.

# Compute the circle radius.
r = ((x-x_centre)*x2 + (y-y_centre)*x2)*%0.5

if r < 5:

return (1, 0, 0.2)
else:

return (1, 0, 0)

sim.set_m(m_initial)
The function used for plotting magnetisation z component in all subsequent plots.

In [6]: import matplotlib.pyplot as plt
import numpy as np
$matplotlib inline

def plot_magnetisation (m):

m.shape = (-1, 3)
mx = m[:, 0]
my = m[:, 1]
mz = m[:, 2]
mx.shape = (b, a)
my.shape = (b, a)
mz.shape = (b, a)

extent = [0, a, 0, Db]
plt.figure(figsize=(8, 4))
plt.imshow (mz, extent=extent)
plt.xlabel ('x (nm)"')
plt.ylabel ('y (nm)")
plt.title('mz")

plot_magnetisation (np.copy(sim.spin))
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When the initial magnetisation is set, the simulation is executed for 2 ps, and the magnetisation is plotted every
At = 0.25ps

In [7]: import numpy as np

t_sim = 3e-12 # simulation time (s)
dt = 0.5e-12 # plotting time step (s)
t_array = np.arange (dt, t_sim, dt)

for t in t_array:
sim.driver.run_until (t)
plot_magnetisation (np.copy (sim.spin))
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It can be seen that the spin wave “travels across” the left boundary in x direction.
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Core equations

Fidimag can simulate systems using either a discrete spin formalism or a continuum approximation of the material,
i.e. micromagnetism. Spins are described at a semi-classical level.

e Atomistic

We describe the material by a lattice of magnetic moments [i; = s gi, with S as the spin direction (unit vector).
The ordering of the atoms or molecules is given by the crystal structure of the magnetic solid. Currently, it
is possible to specify a 2D/3D square lattice or a 2D hexagonal lattice. The magnetic moment is defined as
s = gupS, where g is the Landé g-factor, up is the Bohr magneton and S is the average spin (angular
momentum) magnitude.

Interactions between magnetic moments are specified using the Heisenberg formalism.

* Micromagnetics

In the continuum limit, we discretise the material as a mesh whose nodes are arranged in a cubic lattice and we
use finite differences to evaluate the interactions. Instead of discrete spins, now we have a coordinate dependent
magnetisation field whose magnitude is the magnetic moment per unit volume M (F) = psm/V (m as a unit
vector). Accordingly, every mesh node has assigned a magnetisation vector, which is the magnetisation field
evaluated at that point. Because we are considering systems at zero temperature, it is more common to use the
saturation magnetisation M, to describe the magnetisation field magnitude, i.e. M = M, where M, has
units of A/m.

The interactions under this approximation can be computed by taking the continuum limit of the interactions
from the Heisenberg Hamiltonian.

11.1 Interactions

At the atomic level, the magnetic moment originates from the total angular momentum of electrons in the atoms of
the magnetic material. In ferromagnets, most of the angular momentum comes from the spin, thus we normally just
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refer to this quantity. There are multiple interactions between electrons that we can describe using a semi-classical
approximation, where the spin is treated as a pseudo vector per every lattice site of the material. In this approxima-
tion, magnetic interactions can be described using Heisenberg’s formalism for the exchange interaction. The total
Hamiltonian for a magnetic system is the sum of all these magnetic interactions:

H= Hex + Han + Hd + 7'[DMI + HZeeman

where we have exchange, anisotropy, dipolar interactions, Dzyaloshinskii-Moriya interactions and Zeeman interac-
tion.

11.1.1 Exchange interaction

The classical Heisenberg Hamiltonian with the nearest-neighbor exchange interaction reads
MHew=—J Y Si- 5
<i,j>
where the summation is performed only once for every pair of spins. The effective field is

=23 )

S <>

In the continuum limit the exchange energy can be written as
Eep = / A(V)2dV
1%

with V' as the volume of the system and A the anisotropy constant in J m~!. Correspondingly, the effective field is

2A

— V’m
MOMS

ﬁ =
The effective field in the continuum approximation can be computed as

g, = QAAyAz

Note that we need the p factor to convert units from T to A/m.

11.1.2 Anisotropy

The Hamiltonian for uniaxial anisotropy with easy axis along the unitary 4 direction is expressed as,

Hop = —/cuz (51» -a)2

with /C,, as the anisotropy constant in eV. The corresponding field is
~ 2y (7 2\ -
Hz',an = (Sl . u) u
Hs

The Hamiltonian for the cubic anisotropy is given by

Moy =K. > (Si+Sy+ 5%
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which is equivalent to the popular form

Mo = —2K. > (S22 + 5752 + 5257)

The effective fields thus can be computed as
T 4’Cc A ~ ~
H = ——2 (83 + S+ S22)

2,an
B /’1/5

In micromagnetics, the uniaxial anisotropy energy of the system is defined as
Einis = / Ku[]- - (’Iﬁ : ﬁ’)2] av
14

with K, as the anisotropy constant in J m 2. The effective field reads

2K,

ﬁ =
/’LOMS

(- ) @

11.1.3 Dipolar interaction

The Hamiltonian for dipolar interactions is defined as

W, = 7#0#3 Z 3(S; - fu)(gg Tij) — S; - gj

- 3
47 Ty

i<j
with 7; the spatial vector pointing from the ¢-th to the j-th lattice site. The effective field is

— —

iy = 10k 5 3745(5; - Tij) = 5

=
— Tii
1] t

11.1.4 Dzyaloshinskii-Moriya interaction (DMI)

DMI is an antisymmetric, anisotropic exchange coupling between spins (magnetic moments),

HDMI = Z ﬁij . [gz X gj]
<i,j>

-,

Noting that @ - (b x &) = (@ x b) - ¢, the effective field can be computed as
- 10 1 - =
Hiiffi,}_:[:f DinSj
Bs 0S5y Ms 5=

For bulk materials 5” = Dr%; and for interfacial DMI one has ﬁij = Drj; x €, in both cases the vector 5ij such
that Dij = —Dji.

In the continuum limit the bulk DMI energy is written as

EDMI :/ D(LT?L (V X T?L) dVv
14
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where V is the volume of the sample and D, = —D/a?. The corresponding effective field is
- 2D
H=-—"2(Vxm
N’OMS ( )
For the interfacial case, the effective field becomes,
- 2D om om
H=——@X —— —9XxX ——
MSaQ(w X Oy yx 83:)
Compared with the effective field [PRB 88 184422]
— 2D, A
H= (V-m)z —Vm,)

MOM s
where D, = D/a?. Notice that there is no negative sign for the interfacial case.

In the micromagnetic code, it is also implemented the DMI for materials with Dyy symmetry. The energy of this

interaction reads
om om
EDMI:/ Dy - (mxfc—mxg) av
v Ox Jy

where D, is the DMI constant.

11.1.5 Zeeman energy

The Zeeman energy is,

HZeeman - - Z,U/sﬁezt . §1

11.2 Landau-Lifshitz-Gilbert (LLG) equation

e Atomistic
For the discrete theory, the dynamics of the magnetic moments is governed by the LLG equation,

05, 4 oo oo
7:—7SZX HZ SZXHl
ot A7 a7) < Hita )
where [is = |f;|, 0 < a < 1 is the Gilbert damping constant, -y is the Gilbert gyromagnetic ratio (which sets the time
scale) and the effective field H; is defined using the Hamiltonian H as

i 1 OH

ks 08
The gyromagnetic ratio of a free electron is v = 1.76 x 10! rad Hz T~ .

* Micromagnetics

In the micromagnetic limit, the equation has a similar structure
om ~ - -
—=———mx (H nx H
5 (1+a2)m (H + am )]
where 0 < a < 1 is the Gilbert damping constant and + is the Gilbert gyromagnetic ratio (which sets the time scale).
The effective field H for this case is defined as
1 OH

MoMS %

H=-

The Gilbert gyromagnetic ratio of a free electron is v = 2.21 x 10° Hz T~!.
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Extended equations

12.1 Stochastic LLG equation

The implemented equation including the thermal fluctuation effects is

%:ﬂmx(ﬁ+@+amx%

where 5 is the thermal fluctuation field and is assumed to have the following properties,
<g> :Oa <_;u,g;1> :2D5136uv
and

OZICBT
THs

D =

12.2 Spin transfer torque (Zhang-Li model)

The extended equation with current is,

8 T e d 8 T - —
a—’? = —yifs x H + ot x a—T +ug(Gs - V) — Buglii x (s - V)i
Where
w — PIHB _ pgppa’
7 20elM, T 2lelp
and pup = |e|h/(2m) is the Bohr magneton. Notice that 8,17 - 77 = 0 50 ug (s - V)i = —ugrm x [11h x (fs - V)]
Besides, we can change the equation to atomistic one by introducing § = — S where S is the local spin such that

]\2:_9“35*_ gﬂBg

a3 a3
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so ug = pa’/(2|e|s), furthermore,

08 05  pa® - pa’B -

S«
= —yix H+—-5x — V)5 — g Y,
5 = VS X H A+ _Fx oo+ 2|e|s(1s )8 2els? 8% (js - V)3]

However, we perfer the normalised equaiton here, after changing it to LL form, we obtain,

om . . . .
(1+ a2)aif =~y x H — aym x (m x H) + (14 aB)uo (s - V)it — (B — a)ug[m x (s - V)]

although in principle 0,7 is always perpendicular to 7, it’s better to take an extra step to remove its longitudinal
component, therefore, the real equation written in codes is,

om . .
(1 —1—042)8—7? =—ymx H) +ayH) + (1 + aB)ueTL — (B — a)ug(m x 71)

where 7 = (;S - V)m is the effective torque generated by current.

12.3 Nonlocal spin transfer torque (full version of Zhang-li model)

The LLG equation with STT is given by,
om o

_, m _,
I i x H+amx 2T
gy~ ymx A tamx st

where T is the spin transfer torque. In the local form the STT is given by,

- -

T}oc =uo(js - V)m — ,Buo[ﬁi x (Js - V)?ﬁ]
And in general case, the spin transfer torque could be computed by,

R
T=-

Tsd

where 7,4 is the s-d exchange time and d7 is the nonequilibrium spin density governed by

85m:Dv25m+mx5mi5m -
ot Tsd Tsf

By changing the LLG equation to LL form, we obtain,

om - . -
(1+a2)8—T:—7mxH—a’yﬁ'Lx(T?LXH)—}—T—&—ON?LXT
ie.,
- am ol
(1+a2)—:—7mxH—a'yHJ_—mx m m
0 sd Tsd

12.4 Spin transfer torque (current-perpendicular-to-plane, CPP)

In this case (current-perpendicular-to-plane, CPP), there are two types of torques can be added to the orginal LLG
equation. One is the so called Slonczewski torque 7s = —a m X (m X p), and the other is a fieldlike torque 7y =
—by(m x p) [PRL 102 037206 (2009)]. So the full LLG equation is

o , o
a—Tz—wﬁxH—&-mﬁxa—T—aJnﬁx(rﬁxﬁ)—bJ(nﬁxﬁ)
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where p'is the unit vector of the spin polarization. The parameter b; = fa; and

hyJ P
0, = JE
77 2leldM,

As we can see, this equation is exactly the same as the one used in Zhang-Li case if we take p = (;S - V)m. So the
implemented equation in the code is,

—

om . = = - oo
(1+ az)g =—ymxH, +ayH, + (1+aB)aspL — (B —a)as(m x L)

—

where p'| = p'— (m - ).
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Monte Carlo Simulation

In the atomistic part of Fidimag, Monte Carlo based on Metropolis algorithm is integrated. The supported interactions
include the exchange interaction, the bulk DMI, the external field and cubic anisotropy. The total Hamiltonian of the
system is therefore given by

H= Hea: + Hdmi + Hewt + Hc
where H., is the nearest-neighbor exchange interaction,

Mo =—J Y 1ty -1
<i,j>
Note that the summation is taken only once for each pair and 77i; is the unit vector of spin S at site i.

The Hamiltonian of bulk DMI can be expressed as,

Hami = Z Dij : [T?LZ X T?Lj
<i,j>
where D;; = Déj; with €35 is the unit vector between S; and 5.

The Hamiltonian of external field is

Hdmi - - Zﬂeﬁ . mz
i

where (s = gupsS.

The cubic anisotropy implemented in Fidimag is,

HC = Z(KC/Z)(miw + m?,y + m?,z)

i

which is equivalent to the form

— E 2 2 2 2 2 2
HC - KC(mi,:cmi,y + mi,ymi,z + mi,zmi,m)
%
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cHAPTER 14

Nudged Elastic Band Method (NEBM)

The NEBM is an algorithm to find minimum energy transitions between equilibrium states. This method was devel-
oped by Henkelman and J6nsson [1] to solve molecular problems in Chemistry. Later, Dittrich et al. [2] applied the
NEBM to magnetic systems based on the micromagnetic theory. Recently, Bessarab et al. [3] have proposed an opti-
mised version of the NEBM with improved control over the behaviour of the algorithm. Their review of the method
allows to apply the technique to systems described by either a micromagnetic or atomistic model.

The algorithm is based on, firstly, generating /N copies of a magnetic system that we describe by P spins or magnetic
moments arranged in a lattice or mesh. Every copy of the system, is called an image Y;, i € {0,..., P — 1} and we
specify an image using the spins directions in a given coordinate system. For example, in Cartesian coordinates we
have

Yi= (*SS,)O» 57(;)07 Sgl,)Ov Sml.,)l’ 5(1,)17 ) Sg,)P—lv 5(;,)13—1)

for a system described by a discrete spin model. Within the micromagnetic model we use m rather than s, but both
are unit directions.

This sequence of images defines a band, where every image is in a (ideally) different magnetic configuration. The
energy of the system depends on the magnetic configuration (e.g. a skyrmion, vortex, uniform state,etc.), thus the
energy is parametrised by the number of degrees of freedom, which is n x P, where n is the number of coordinates to
describe a spin (e.g. n = 3 for Cartesian coordinates and n = 2 in Spherical coordinates). Accordingly, every image
will have a specific energy, i.e. E = E(Y), which determines the position of an image in an energy landscape. The
first and last images in a band are chosen as equilibrium states of the magnetic system and they are kept fixed during
the NEBM evolution.

Secondly, to initiate the NEBM evolution, it is necessary to specify an initial guess for the images, which means
generating different magnetic configurations between the extrema of the band. It is customary to use an interpolation
of the spins directions to achieve this.

And thirdly, the band is relaxed to find a path in energy space that costs less energy. This path is characterised by
passing through a saddle point, which is a maximum in energy along certain directions in phase space, and this point
determines an energy barrier between the two equilibrium states. The energy barrier is the energy necessary to drive
one equilibrium state towards the other. A first order saddle point is the one that is a maximum along a single direction
in phase space and will usually in the energy path that costs less energy. It is possible that there are more than one
energy paths.
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It is also necessary to consider that:
 To distinguish different images in the energy landscape we need to define a distance

 To keep the images equally spaced to avoid clustering around saddle points or equilibrium states, we use a spring
force between images.

 Spins or magnetic moments can be described in any coordinate system. The most commonly used are spherical
and Cartesian coordinates. For the later we have to specify the constraint to fix the spin length.

For a thorough explanation of the method see references [3,4].

14.1 NEBM relaxation

P Equilibrium state

-------- * Initial Band

"Equilibrium state

©David Cortés-Ortuno

14.1.1 Cartesian

When using Cartesian coordinates, every image of the band Y is iterated with the following dynamical equation with
a fictitious time 7

oY
or

2
or
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In this equation, vy is in units of Hz T~ ! and it determines the time scale, which is irrelevant here so we set v = 1. The
second term to the right is necessary to keep the spins/magnetisation length equal to one, using an appropriate factor ¢
that we set to 6. The G is the total force on an image, which in the atomistic theory is defined as

Gi =-VuE(Y:)|L +F(Y3)l
and in the micromagnetic theory as
Gi = -VMmE(Y:)|L +F(Y)l)

We use the magnetic effective field definition to evaluate the gradients, i.e. V,E = 0F/(j1s0s) = —Heg or Vg E =
OF/(M;0m) = —Heg. The perpendicular component is with respect to the tangents t to the energy band, thus for a
vector A

AlL=A—(A-t)t

The tangents are defined according to the energies of the neighbouring images [3]. The second term to the right hand
side of the equation for G is the spring force that tries to keep images at equal distance and is defined using the distance
between neighbouring images

FOY)[ =k(Yig1 = Y| = [Yi = Y]t

which is parallel to the band, i.e. in the direction of the tangent.

According to Bessarab et al. [3], the tangents and the total force G must be projected into the spin/magnetisation
tangent space.

14.1.2 Climbing Image NEBM

The climbing image technique is a modification of the NEBM where the forces of the image with largest energy in
the band, are redefined so this image can climb up in energy along the band to get a better estimate of the saddle point
energy [1,3]. The image with largest energy is chosen after relaxing the band with the usual NEBM algorithm. The
total force on this climbing image is

G{'=-V,E(Y,)|L + V.E(Y,)|,

where the spring force was removed. The climbing image is still allowed to climb down in energy in a direction
perpendicular to the band, thus it is possible that the energy barrier magnitude decreases after applying this technique.

14.2 Vectors

Following the definition of an image in Cartesian coordinates, we mentioned that the number of degrees of freedom
is n X P, where n is the number of coordinates to describe a spin. Accordingly, many of the vectors in the NEBM
algorithm such as the tangents, total forces, etc. have the same number of components, which agree with the spin
components of an image.

For instance, the total force (or tangents, spring forces, etc.) has three components in Cartesian coordinates, corre-
sponding to every spin direction:

G: = (¢, 64, 68, 6 Gl
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14.3 Projections

The projection of a vector into the spin/magnetisation tangent space simply means projecting its components with the
corresponding spin/magnetisation field components. For example, for a vector A associated to the 7 image of the band
(we will omit the (¢) superscripts in the spin directions s and the A vector components)

A=(Ag,...Ap_ 1) =(A20,Ay0, 420, Az 1, Ay 1, . Ay p—1,A; P_1)
the projection P is defined as
PA = (Ps, Ao, Ps,A1,... Ps;,Ap_1,)
where
Ps;Aj=Aj —(Aj-s))s;
with j € {0,..., P — 1}, hence

A= (PA:E,Oa PAy,Oa e aPAy,P—la PAZ,P—l)

14.4 Distances

There are different ways of defining the distance in phase space between two images, d; , = |Y; — Y.

14.4.1 Geodesic

The optimised version of the NEBM [3] proposes a Geodesic distance based on Vicenty’s formulae:

G =) (399) + (09) + . (s4)

where
597 — arctan 2 (‘m(-j) X m<k)‘ m!) . m(k))

This definition seems to work better with the NEBM since the spin directions are defined in a unit sphere.

14.4.2 Euclidean
The first versions of the method simply used an Euclidean distance based on the difference between corresponding
spins. In Cartesian coordinates it reads
= , 1/2
o (7) _ 4(k)
bi=gpl e X [(-s®)]
7=0 ae{z,y,z}

where we have scaled the distance by the number of degrees of freedom of the system (or an image). In spherical
coordinates the definition is similar, only that we use the difference of the azimuthal and polar angles and the scale is
2P.
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14.5 Algorithm

The algorithm can be summarised as:
1. Define a magnetic system and find two equilibrium states for which we want to find a minimum energy transition.

2. Set up a band of images and an initial sequence between the extrema. We can use linear interpolations on the
spherical angles that define the spin directions [4] or Rodrigues formulae [3].

3. Evolve the system using the NEBM dynamical equation, which depends on the chosen coordinate system. This
equation involves:

(a) Compute the effective field for every image (they are in different magnetic configurations) and the total
energy of every image

(b) Compute the tangents according to the energies of the images and project them into the spin/magnetisation
tangent space

(c) Compute the total force for every image in the band using the tangents and distances between neighbouring
images. This allows to calculate the gradient (which uses the effective field) and the spring forces on the
images

(d) Project the total force into the spin/magnetisation tangent space
(e) Use the dynamical equation according to the coordinate system

Early versions of the NEBM did not project the vectors into the tangent space in steps I and II. This leads to an
uncontrolled/poor behaviour of the band evolution since the vectors that are supposed to be perpendicular to the band
still have a component along the band and interfere with the images movement in phase space.
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Fidimag Code

We have implemented three classes in Fidimag for the NEBM:

1. NEBM_Spherical: Using spherical coordinates for the spin directions and Euclidean distances with no projec-
tions into spin space. The azimuthal and polar angles need to be redefined when performing differences or
computing Euclidean distances, specially because the polar angle gets undefined when it is close to the north or
south. It is not completely clear what is the best approach to redefine the angles and when to do this, thus this
class currently does not work properly.

2. NEBM_Cartesian: Using Cartesian coordinates for the spin directions and Euclidean distances with no projec-
tions into spin space. This method works well for a variety of simple system. However, when the degree of
complexity increases, such as systems where vortexes or skyrmions can be stabilised, the spring force interferes
with the convergence of the band into a minimum energy path. For this case it is necessary to find an opti-
mal value of the spring constant, which is difficult since the value depends on the system size and interactions
involved.

3. NEBM_Geodesic: Using Cartesian coordinates for the spin directions and Geodesic distances, with vectors
projected in tangent space. This is the optimised version of the NEBM [3] and appears to work well with every
system we have tried so far. Cartesian coordinates have the advantage that they are well defined close to the
poles of the spin directions.

The following diagram shows how the code is structured:
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NEBMBase

G

VTK: VIK

band

climbing image : NoneType, int
distances

dof : int

energies

files_convert_f : NoneType
gradientE

initial_images

integrator

interpolations : NoneType
iterations : int

k : float

last Y

mesh

n_band

n_dofs_image
n_dofs_image_material : NoneType
n_images
n_images_inner_band
n_spins

name : str

ode count : int

sim

spring force

t : float, int

tablewriter : DataSaver
tablewriter_dm : DataSaver
tangents

Sundials_ RHS()

compute_distances()
compute_effective_field_and_energy()
compute_maximum_dYdt()
compute_norms()
compute_polynomial_ approximation()
compute spring force()

compute tangents()

create tablewriter()

generate initial band()
initialise_energies()
initialise_integrator()

relax()

run_until()

save_VTKs()

save_npys()

‘F

NEBM Cartesian

NEBM Geodesic

band
gradientE
ode_count : int

band
gradientE
ode_count : int

NEBM Spherical

Sundials RHS()

compute_distances()
compute_effective_field_and_energy()
compute_spring_force()
compute_tangents()

generate_initial band()

initialise energies()

nebm step()

Sundials_RHS()

compute_distances()
compute_effective_field_and_energy()
compute_spring_force()
compute_tangents()

generate_initial band()

initialise energies()

nebm step()

band
files_convert_f
gradientE

compute_distances()
compute_effective_field_and_energy()
compute_spring_force()
compute_tangents()

generate_initial band()
initialise_energies()

nebm step()

There is a fidimag.common.nebm_tools module with common functions for the NEBM classes:

fidimag.common.nebm_tools

\

——> cartesian2spherical
spherical2cartesian
compute_norm

interpolation_Rodrigues_rotation
linear_interpolation_spherical
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15.1 Arrays

In fidimag we mainly use Numpy to define the NEBM vectors. When calling one of the NEBM classes, we have to pass
a sim object with the specification of the magnetic system which has associated a mesh with n_spins. According
to the coordinate system, we set the do f variable. For instance dof = 3 for Cartesian coordinates. Consequently, we
define the number of degrees of freedom perimage n_dofs_image = dof % n_spins, thusif the NEBM class
was specified with n__images, the total number of degrees of freedom for the band is n_band = n_dofs_image
* n_images.

As explained in our discussion about the NEBM, we set up band, gradientE, tangents and spring_force
arrays whose length is n_band. The order is the same than how we defined the images, thus the Numpy array, when
using Cartesian coordinates to describe the spins, looks like

band = [ s(0)_{x,0} s(0)_{y,0} ... s8(0)_{z,n_dofs_image-1}
s(l)_{x,0} s(1)_{y,0} ... s(l)_{z,n_dofs_image-1}
s (n_images—-1)_{x,0} ... s(n_images—-1)_{z,n_dofs_image-1}

and similarly for the other vectors since they follow the same order of the spins. This band array is passed to the
Cython codes to compute the NEBM forces. Notice that we can easily redefine this array into a (n_images,
n_dofs_image) shaped Numpy array using

band = band.reshape (-1, n_dofs_image)

so every row is a different image. We can even take the inner images (no extrema) and use the same piece of code
since n_dofs_image does not change.

15.2 Cython Codes

Most of the calculations are made using C code through Cython. The files for these libraries are located in fidimag/
common/neb_method/. Every library has a . c file, a . h header file and a . pyx Cython file (it can differ in name
from the C files) which is compiled using Fidimag’s setup . py file.

For example, there is a base module with common functions for every NEBM class called nebm_1ib.c

nebm_lib.c
\
—-—> compute_effective_force_C
compute_norm
compute_spring_ force_C
compute_tangents_C
cross_product
dot_product
normalise
normalise_images_C

Its corresponding header file * " nebm_1ib.h contains the prototypes of these functions. The Cython file that link
some of these functions to the Python code is called nebm_clib.pyx and can be called from the fidimag.
extensions.nebm_clib library:

fidimag.extensions.nebm_clib

\

—-—> compute_effective_force
compute_tangents
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The other . pyx or . c files use some of the nebm_1ib.h functions. They are separated according to the coordinate
system used in the NEBM calculations. The following diagrams show the Cython functions for these libraries and the
C files used to define them:

nebm_cartesian_lib.c

nebm_cartesian_lib.h

nebm_cartesian_clib.pyx
fidimag.extensions.nebm cartesian_clib

\

——> compute_dYdt
compute_effective_force
compute_spring_force
compute_tangents
normalise_images
project_images

nebm_geodesic_lib.c

nebm_geodesic_lib.h

nebm_geodesic_clib.pyx

fidimag.extensions.nebm_geodesic_clib

\

—-—> compute_spring_force
geodesic_distance

nebm_spherical_lib.c
nebm_spherical_lib.h
nebm_spherical_clib.pyx
fidimag.extensions.nebm_spherical_clib
\
-—> compute_spring_force
normalise_images

Every library has its own compute_spring_force, which is taken from the nebm_11ib. c file, since the spring
force depends on the coordinate-system-dependent distance definition. For the Cartesian and spherical coordinates,
the distance functions (Euclidean distances) are not exposed in the Cython file, as in the code for Geodesic distances.

15.3 Geodesic distances code

Based on the aforementioned NEBM algorithm, the class initialise the NEBM calling the following methods in this
order:

1. generate_initial_band # Using linear interpolations or Rodrigues rotation,,

—formulae

\

——> nebm_tools.cartesian2spherical ——> nebm _tools.linear_interpolation_spherical
# or

nebm_tools.interpolation_Rodrigues_rotation

2. initialise_energies # Fill the energies array
3. initialise_integrator # Start CVODE
4. create_tablewriter # To pass data into .ndt files per every iteration of the_

—lIintegrator

The linear interpolation function requires that the input array is in spherical coordinates.
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To relax the band, we use CVODE, as specified in step 3., using the cvode.CvodeSolver (or cvode.
CvodeSolver_OpenMP) integrator. The integrator requires a Sundials_RHS function that is called on every
iteration, which is the right hand side of the Y /97 dynamical equation. Correspondingly, this function calculates the
NEBM forces as

Sundials_RHS
\
——> nebm_step

|

--> compute_effective_field_and_energy # Gradient = - Eff field
Which we compute for every image

=

using the sim class

compute_tangents

\

—-—> nebm_clib.compute_tangents
nebm_cartesian.project_images
nebm_cartesian.normalise_images

compute_spring_force

nebm_clib.compute_effective_force
nebm_cartesian.project_images (G) # Project effective (total) force

Project tangents

HH HH W W

Using Geodesic distances

nebm_cartesian.compute_dYdt # Add the correction factor to fix
# the spins length to 1

Many methods come from the Cartesian Cython library nebm_cartesian since the Geodesic class uses Cartesian
coordinates to describe the spins. If a climbing image was specified as an argument for the class, we compute its
modified force in the compute_effective_force method.

The function that iterates the integrator is the relax method. On every iteration, we compute the difference
with the previous step using a scaled Euclidean distance. The definitions of this process are specified in the
compute_maximum_dYdt method from the nebm_base class. According to the magnitude stopping criteria
specified in the st opping_dYdt argument of relax, the iterations of the integrator will stop if the difference with
the previous step is smaller than stopping_dydt.

15.4 Cartesian and spherical coordinates code

These classes follow the same process than the Geodesic distances code. The main difference is that in the
nebm_step process, the projections are not performed and the distances are computed using the scaled Euclidean
distance.

15.4.1 Spherical

For spherical coordinates, the vectors are smaller, with n_dofs_image = 2 * n_spins, where

band = [ theta(0)_{0} phi(0)_{0} theta(0)_{1} ... phi(0)_{n_dofs_image-1}
theta(1)_{0} phi(1)_{0} theta(l)_{1} ... phi(l)_{n_dofs_image-1}
theta (n_images-1)_{0} ... phi(n_images-1)_{n_dofs_image-1}

The Sundials_RHS function does not include the correction factor since spherical coordinates have implicit the
constraint of fixed length for the magnetisation. When computing distances or differences, it is necessary to redefine
the angles, but it is not completely clear the optimal way of doing this.

15.4. Cartesian and spherical coordinates code 87




	Installation Instructions
	Ubuntu
	Other Linux
	OS X
	All systems
	OOMMF

	Run fidimag inside a Docker Container
	Setup Docker
	Setup fidimag docker container with Jupyter Notebook
	Start Notebook on container
	Detach the docker image (to run in the background)
	Show active Docker containers
	Stop a docker container
	Explore the docker container / run Fidimag from (I)Python
	Mount the local file system to exchange files and data with container
	Explore Jupyter notebook examples with the Docker container
	Use smaller docker containers

	Fidimag: A Basic Simulation
	Meshes
	Creating the Simulation Object
	Adding Interactions (and specifying material parameters)
	Relaxing the Simulation

	Inspecting the data
	Structure of (spatial) m array
	Plotting m (spatial)
	Plotting m (average)

	Micromagnetic standard problem 4
	Problem specification
	Simulation

	1D domain wall
	Problem specification
	Simulation

	Spin-polarised-current-driven domain wall
	Problem specification
	Simulation functions
	Simulation

	Isolated skyrmion in confined helimagnetic nanostructure
	Problem specification
	Simulation
	References

	Spin-polarised current driven skyrmion
	Spin wave propagation in periodic system
	Core equations
	Interactions
	Landau-Lifshitz-Gilbert (LLG) equation

	Extended equations
	Stochastic LLG equation
	Spin transfer torque (Zhang-Li model)
	Nonlocal spin transfer torque (full version of Zhang-li model)
	Spin transfer torque (current-perpendicular-to-plane, CPP)

	Monte Carlo Simulation
	Nudged Elastic Band Method (NEBM)
	NEBM relaxation
	Vectors
	Projections
	Distances
	Algorithm

	Fidimag Code
	Arrays
	Cython Codes
	Geodesic distances code
	Cartesian and spherical coordinates code


