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MicroMagnetic.jl is an open-source Julia package for micromagnetic and atomistic simulations. Using the features of
the Julia programming language, MicroMagnetic.jl supports CPU and various GPU platforms, including NVIDIA, AMD,
Intel, and Apple GPUs. Moreover, MicroMagnetic.jl supports Monte Carlo simulations for atomistic models and im-
plements the nudged-elastic-band method for energy barrier computations. With built-in support for double and single
precision modes and a design allowing easy extensibility to add new features, MicroMagnetic.jl provides a versatile toolset

for researchers in micromagnetics and atomistic simulations.
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1. Introduction

Micromagnetics!'-?!

is an effective tool for studying mag-
netic structures and phenomena at the micrometer scale. With
the fast development of high-performance computation, mi-
cromagnetic simulations have been applied in various tech-
nological applications, such as magnetic recording media,
magnonics, >* magnetic sensors, and spintronic devices.>~"]

Micromagnetic simulation packages typically use two
primary numerical methods: finite difference methods
(FDM)8! and finite element methods (FEM).®! The FDM
approach, as implemented in packages such as OOMME,[!*]
MuMax3,!'" and fidimag,['?! offers simplicity in implemen-
tation and computational efficiency. The FEM, as employed in
Magpar,!3! Nmag!!'¥l and Commics,!"! provides more flexi-
bility in handling complex geometries at the cost of increased
computational complexity and setup efforts.

The rapid development of graphics processing units
(GPUs), especially Nvidia’s GPUs, has extensively promoted
the development of high-performance computing. GPUs’ par-
allelization capabilities have accelerated micromagnetic simu-
lations. For example, MuMax3!'!! uses Nvidia GPUs to speed
up the micromagnetic calculations.

121 and

The micromagnetic  packages fidimag!
magnum.np!'® are developed using the high-level language
Python, which provide a uniform post-processing toolchain.

Similarly, Julia’s design prioritizes high performance and ease
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of use, making it well-suited for scientific tasks. Moreover,
JuliaGPU!'"] reuses Julia’s existing CPU-oriented compiler to
generate code for the GPU, allowing a subset of the language
to be directly executable on the GPU. JuliaGPU initially sup-
ported only NVIDIA hardware accelerators via CUDA. How-
ever, with GPUCompiler.jl and LLVM, Julia’s capabilities
extend to various hardware platforms, including AMD, Intel,
and Apple M-series GPUs.

MicroMagnetic.jl is an open-source Julia package de-
veloped under the MIT license and designed for micromag-
netic and atomistic simulations. MicroMagnetic.jl can be in-
stalled directly using Julia’s package manager Pkg. Using
the KernelAbstractions.jl!'8! library, MicroMagnetic.jl facili-
tates the creation of heterogeneous kernels for various back-
ends within a unified framework.

MicroMagnetic.jl is built on a modular framework, allow-
ing others in the micromagnetic community to easily integrate
new physics modules. Currently, the micromagnetic module in
MicroMagnetic.jl supports only the finite difference method.
In the future, we plan to incorporate a finite element imple-
mentation. Additionally, we will expand the atomistic module
to include more lattice structures and enable direct parameter
input from first-principles calculations. Finally, we are prepar-
ing to introduce a visualization interface to allow users to view

simulation results in real time.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Design

Multiple dispatch in Julia enables dynamic method se-
lection based on argument types, enhancing code flexibil-
ity and extensibility. In MicroMagnetic.jl, we define vari-
ous types to make use of multiple dispatch. For example,
the FDMesh stores the discretized grid information since we
have used FDM to discretize the micromagnetic energies. Fig-
ure 1 shows the basic structure of MicroMagnetic.jl, which
mainly contains three parts: standard micromagnetics, atom-
istic simulations, and additional tools like LETM, MFM and
post-processing tools.

Listing 1. An example of the function-based interface: users
can pass their own defined functions to MicroMagnetic.jl.
function circular_Ms(x,y,z)
if x"2 + "2 <= (50 nm)"2
return 8.0e5
end
return 0.0
end

set_Ms(sim, circular_Ms)

M Energies: exch, dmi, ... ‘

Micromagnetic

‘ Drivers: SD, LLG, STT, SOT ‘

MicroMagnetic.jl H Atomistic

Additional tools

’ NEB, Eigenvale method

Monte Carlo
Fig. 1. The basic structure of MicroMagnetic.jl.

The micromagnetic parameters provided by the user in-
clude material properties, discretization details, and sam-
ple shapes. To provide users with maximum flexibility, al-
most all set functions in MicroMagnetic.jl can accept func-
tions as parameters, as designed in Nmag,!'¥ FinMag!!! and
ﬁdimag.m] For instance, the set _Ms function can be used to
set the system’s saturation magnetization. Moreover, it also
can be used to define shapes. In Listing 1, we have defined
a round disk, beyond which its saturation magnetization is 0.
This cell-based approach enables users to define spatial pa-
rameters, offering maximum flexibility.

In addition to defining shapes using set_Ms function,
MicroMagnetic.jl provides basic shapes and boolean opera-
tions to create regular shapes and their combinations, similar
to MuMax3. Supported basic shapes in MicroMagnetic.jl in-
clude planes, cylinders, spheres, boxes, and torus. Figure 2
shows the boolean operations, including the union ’+’, the

s

difference *—’ and the intersection ’x’ between a torus and a

rotated box.
Listing 2. The Stoner—Wohlfarth model using the high-level interface
sim_with.

using MicroMagnetic

args= (
task = “relax”,
mesh = FDMesh(nx = 4,ny = 4,nz = 4),

Ms = leb6,
A=1le—11,
Ku = 5e4,
axis = (1,1,0),

stopping_dmdt = 0.05,
H_s = [(i*5mT,0,0) foriin —20:20] )

sim_with(args)

(a) Torus + box

(b) Torus — box (c) Torus * box

Fig. 2. The boolean operations of a torus and a rotated box: (a) the union
’+’, (b) the difference *—’, and (c) the intersection .

Beyond the low-level API, which includes functions like
set _Ms, we provide a high-level interface called sim_with
to simplify the setup and execution of micromagnetic simula-
tions. This interface allows users to encapsulate all relevant
micromagnetic parameters into a NamedTuple or Dict,
which can then be passed directly to sim_with. Listing 2
illustrates the use of sim_with for calculating the Stoner—
Wohlfarth model. In this example, the external field H is var-
ied using the _sweep suffix (or _s for short). This _s syntax
can similarly applied to other parameters, such as Ms, Ku, A,
D, task, and driver, enabling the simulation to iterate over
different values for these parameters. This approach provides
the flexibility needed to explore a wide range of micromag-
netic scenarios, including the computation of hysteresis loops
and the investigation of parameter-dependent phenomena.

3. Micromagnetics

In the continuum theory, the magnetization M (r) is used
to describe the average moment density over a local volume,
and the total micromagnetic energy E is a function of the mag-
netization M. The effective field H.¢ is defined as the func-
tional derivative!!]

1 OE

Hy———— 2%
eff .U/QMS Sm’

ey

where m = M (r)/Mj is the unit vector of the magnetization
with M the saturation magnetization.
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3.1. Exchange energy

In the continuum limit, the isotropic exchange energy can

be written as!®!

_ 2
Een = [ A(Vm)ar, @)

where (Vm)? = (Vmy)? + (Vmy)? + (Vm;)?. Therefore, the
effective field for exchange interaction is
2A
HoMs
Taking into account the standard 6-neighbors, the exchange

H = Vim. 3)

energy density of cell i reads!!"!

wi= Y 4y ) )
JEN; ij

where N; denotes the set of 6 neighbors, A;; represents the
exchange coefficient between cells i and j, and A;; is the dis-
cretization step size. A;; = A for the uniform exchange con-
stant. MicroMagnetic.jl also supports the spatial exchange
constant, i.e., cell-based exchange constant A; for cell i. Un-
der this scenario A;; = 24;A;/(A; +A;).1'% Consequently, the
corresponding effective field can be computed as Hex; =

—1/(1oMs)(dwi/dm;), yielding
2

Y Ay )
ij .
M; JEN; Aizj

Hex,i =

3.2. Magnetostatic energy

In micromagnetics, the magnetostatic energy, also re-
ferred to as demagnetization energy, is defined as

Ea= -5 [ Ha(r)-M(r)av. ©®)

where Hy denotes the demagnetizing field. Employing FDM,
the demagnetization energy can be approximated as!®!
0
Ed%%Z|Vi‘M(’l",’)'N(7"i,’I’j)-M(’l"j), (7)
i,j

where |V;| = AcAyA; represents the cell size, and the demag-
netization tensor N (r;,7;) is a 3 x 3 matrix.[>”! This tensor
exhibits symmetry properties and is solely dependent on the
distance between r; and 7}, denoted as N;—; = N (r; —r;) =
N (r;,r;). Consequently, one arrives at a discrete convolution
for the demagnetizing field

H,; = *Zijij 3
j

which represents a cell-average field. The computation of the
demagnetizing field can be sped up using FFT techniques. [*!]
The details of these techniques are clearly illustrated through
discrete Fourier transforms.?”) Each demagnetization field
calculation typically requires three forward Fourier transforms
and three inverse Fourier transforms. However, by using the
magnetic scalar potential, the three inverse Fourier transforms

can be reduced to one.[?3!

3.3. Dzyaloshinskii-Moriya energy

In the continuum limit, the Dzyaloshinskii—-Moriya inter-
action (DMI) energy density wqm;i is associated with the so-

called Lifshitz invariants, which are terms in the form

w_ dmj  dm
L =m; It —m; o ©)
The form of DMI energy density varies depending on the sym-
metry class. For bulk DMI found in materials such as MnSi >4
and FeGe, ®! corresponding to symmetry class T or O, the ex-

pression is given by!!6-26]

Wami = DL + LY + 1Y) =Dm- (Vxm). (10

The associated effective field is

Hymi = — (V xm). (11)

For a thin film with interfacial DMI or a crystal with symmetry

class Gy, the energy density is[?°]
Wami = D(LE + L) = D (m-Vm, —m.V -m), (12)

and the effective field is

2D om om

Hdmi:_,uoiMs(e}vXW—exXaiy). (13)

For a crystal with symmetry class D, the DMI energy density
is given by[?%! wyp; = D(L,g) +L§§> ), resulting in the effective

field

2D om om

Hdmizfm(eyXTy*exXW). (14)

Although the effective fields for different symmetries differ,
the numerical implementation can be unified as follows:

1 €ij X Mm;
Djj———— 15
oM j;’\’f Yoo (15)

Hypi ;= —
where D;; represents the effective DMI constant and e;; de-
notes the DMI vectors. For bulk DMI, e;; = #;;, where #;;
is the unit vector between cell i and cell j. For interfacial
DML, e;; = e; X #ij, i.e., e;; = {—e,, ey, e,,—€,0,0} for the
6 neighbors N; = {—x,+x,—y,+y,—z,+z}. For the symme-
try class Dy, one has e;; = {e,,—e,,—ey,e,,0,0}. If the
cell-based DMI is provided, the effective DMI constant can
be computed as D;; = 2D;D;/(D; + D;).!'¢!
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3.4. Interlayer exchange interaction

In multilayer systems, indirect exchange interactions
across ferromagnetic layers can occur in addition to the in-
tralayer exchange interactions. The interlayer exchange inter-
action can be either symmetric (RKKY-type) or antisymmetric
(DMI-type).[>7?8] The energy density for the RKKY interac-
tion is given by

Wrkky = _Jrkkymi smgj, (16)

where Jyky is the coupling constant between layer i and
layer j. The sign of Jiy depends on the thickness of the
spacer layer. Similarly, the energy density for the interlayer
DMI is

Wami-int = Dinc - (i x mj), (17)
where Dj, is the DMI vector. The effective fields for the

RKKY and interlayer DMI interactions are

_ 1 Jrkkym' L 1 Dint ey
HoMs A 7 TN oMy A, 7
where A; is the thickness of the cell.

(18)

i

4. Atomistic spin model

The fundamental assumption of the atomistic spin model
is that each lattice site possesses a magnetic moment denoted
by us. For metallic systems with quenched orbital moments,
this magnetic moment primarily arises from its spin angular

momentum, expressed as!>!

n=—gupS = —hyS, (19)

where up = efi/(2m) denotes the Bohr magneton, with e (> 0)
the electron charge, ¥ = gug /A (> 0) the gyromagnetic ratio,
and g = 2 the g-factor. The magnetic moment can freely ro-
tate in the three-dimensional space while maintaining a con-
stant magnitude. Hence, the atomistic spin model is also re-
ferred to as the classical spin model.!*°! Various interactions
occur between magnetic moments, including exchange inter-
action H.x, anisotropy interaction H,y, dipolar interaction Hgq,
Dzyaloshinskii-Moriya interaction Hgni, and Zeeman inter-

action H,. The total Hamiltonian is the summation of these
31]

interactions!
H= Hex + 7'[dmi + Hd + 7'[am + Hz~ (20)
The effective field H.¢ can be computed from the total Hamil-
tonian H
1 oH
Heyp=———-—, (21)
Us dm

where m = p /U is the unit vector of magnetic moment .
In general, parameters in the atomistic spin model can be es-
tablished through two methods:3?! either via ab initio density
functional theory calculations or determined experimentally.

4.1. Exchange interaction

The classical Heisenberg Hamiltonian with the nearest-
neighbor exchange interaction is expressed as

Hex:—ZJijmi~mj, (22)
(i.J)

where (i, j) denotes a unique pair of lattice sites i and j, and
the summation is performed once for each pair. The exchange
constant J;; characterizes the strength of the exchange interac-
tion. A positive J;; favors the ferromagnetic state because the
Hamiltonian [Eq. (22)] is minimized when the magnetic mo-
ments m; and m; are parallel, while a negative J;; leads to the
antiferromagnetic state. The effective exchange field at site i
can be computed as

1
Hex,i = — Z J,-jmj. (23)
Hs i)

4.2. Dzyaloshinskii-Moriya interaction

In a more general form, the Hamiltonian of Heisenberg

exchange [Eq. (22)] can be extended to!?!

Hex = — Y. m] Jiym,, (24)

(i.j)
where j,-j = {Ji’;v} with i, v = x,y,z is the exchange tensor.
The diagonal part jl-‘}iag results in the isotropic exchange inter-

action [Eq. (22)]. Therefore, the exchange tensor j, j can be
decomposed into three parts

~

A Ad' /\‘
Jij =T+ T+ T (25)
where the traceless symmetric anisotropic exchange tensor fll? g
is defined by

N N
Ty =5 Jiy+T)) — T3, (26)

ij
and the antisymmetric exchange matrix tensor is given by
sa_ 1o 5 5T
= 5(Jy=T5). @7
Hence, the contribution to the Hamiltonian [Eq. (24)] from jj}‘
can be recast into

Hami = Y, Djj- (mi x my), (28)
(irJ)
_ Zy VZ _ _ VX Xy
where Df; = Ji7 —J}, ij =J5 —J5, and Df; = I — U5

This antisymmetric exchange interaction was first studied by
Dzyaloshinskii (1958)*3 and Moriya (1960).1** In general,
the DMI can arise from the spin—orbit interaction and the vec-
tor D lies parallel or perpendicular to the line connecting the
two spins. The parallel case D;; = D#;; corresponds to the
bulk DMI and the perpendicular case D;; = D#;; X e corre-
sponds to the interfacial DMI if both spins are located in the
xy-plane.® The effective field of DMI can be computed as

1 dHami

1
I ami :—ZD,-jxmj. (29)

Hypii = —
Hs ()
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4.3. Dipolar interaction

The dipolar interaction is a long-range interaction. The
Hamiltonian for the dipolar interaction between magnetic mo-
ments p; and p1; is

(30)

Holg \~ 3(mi - #ij)(my; - #i) —mi-m;
TS Tij
where r;; is the distance between the two magnetic moments.
Therefore, the corresponding effective field can be computed

by

= s - 3P ) =y
7 i

€2y

Similar to the micromagnetic case, the calculation of dipolar
interaction can be sped up using FFT.

4.4. Anisotropy

In the presence of anisotropy, a magnetic moment tends
to align along some preferred direction. Many physical ef-
fects can lead to an anisotropy, for instance, magnetocrys-
talline anisotropy can arise from the interaction between the
local crystal environment and atomic electron orbitals. 3!
The simplest form of the anisotropy is the so-called uniaxial

anisotropy, and its Hamiltonian is given by
Han = —KZ(mi “u)?,
i

where the unit vector w is the easy axis and the constant K
represents the anisotropy strength. The corresponding effec-
tive field due to the uniaxial anisotropy is

2K
Han.i = —
U

S

(m;-u)u. (32)

Some materials, such as nickel, have a cubic crystal structure,
which gives them a different form of anisotropy called cubic
anisotropy. The Hamiltonian of cubic anisotropy is given by

Hep =K Y (m} +my +m?). (33)

By using the identity m?2 + m§ + m? = 1, it is straightforward
to see that the Hamiltonian [Eq. (33)] is equivalent to the form

HEy = —2K: Y (mim] +mm? +mims). (34)
i

4.5. Zeeman energy

The effective field of a magnetic moment in the presence
of an external field H, is H, itself, which also can be seen
from the Zeeman energy defined as

H, = _.uvszmi'Hr (35)

5. LLG equation

The dynamics of magnetization or magnetic moments
is governed by the Landau-Lifshitz—Gilbert (LLG) equation,
which can be derived using the Lagrangian formulation with a
Rayleigh’s dissipation function: ¢!

88777 :fymxHeff+ oam X 88777 (36)

The LLG equation (36) can be cast into the Landau—Lifshitz
(LL) form
am Y Y
ot Tro2 et ™ T gn

In practice, we need to use the LL form of the LLG equa-

m X (m X Heff) . (37)

tion [Eq. (37)] for numerical implementation. In MicroMag-
netic.jl, to solve the LLG equation, we have implemented the
adaptive Dormand—Prince method, a member of the Runge—
Kutta family of ODE solvers.”] Note that the typical Runge—
Kutta method does not conserve the magnitude of magnetiza-
tion. Therefore, a projection onto a unit sphere is taken after
each successful step to enforce the constraint |m| = 1.

5.1. Spin transfer torques

The discovery of giant magnetoresistance (GMR) shows
that the resistance of a ferromagnetic conductor depends on its
magnetization configuration. This suggests an interaction be-
tween the conduction electrons and the magnetization, which
changes its electric conductivity. In the opposite direction, the
flow of an electric current will affect the magnetization dy-
namics. Indeed, conduction electrons transfer the spin angular

t.138) Interest-

momentum to the magnetization of a ferromagne
ingly, Zhang and Li found that**! most of the physics on the
interplay between the magnetization dynamics of local mo-
ments and the spin-polarized transport of itinerant electrons
can be captured mainly by the s—d model. The extended LLG
equation with spin transfer torques (Zhang—Li model) is given
by[39]

am

d
W = —meHeﬁ+amX£

ot
—(u-V)m+Bmx (u-V)m)]. (38)

Here, the parameter w is defined as

gPug . Pgupa’ .
= =— 39
u 2eMSJ 2ell, J (39)

where g is the Landé factor, tp denotes the Bohr magneton,

e (> 0) represents the electron charge, M; stands for the satu-
ration magnetization, P is the polarization rate of the current,
and j denotes the current density. The B term indicates the
strength of nonadiabatic spin transfer torques, which is very
important for the domain-wall motion.
In multilayers, the current flows perpendicular to the
plane, which corresponds to the Slonczewski torque
am

d
W = _meH—FamXﬂ

ot
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—aym x (m X p) —bym X p, (40)

where p is a unit vector indicating the current polarization di-
rection.

Although the physical origins of spin—orbit torque (SOT)
are entirely different from spin transfer torque, the equation
can still describe the mathematical form of SOT (40). There-
fore, in MicroMagnetic.jl, we have implemented Eq. (40),
where the user needs to provide parameters ay and by to de-
scribe different physical processes.

Moreover, note that —(u- V)m =m x [m x (u-V)m],
so all the torques in the extended LLG equations (38) and (40)
begin with m x. Therefore, these torques can be incorporated
into the effective fields Hg, which also simplifies the code

structure. 140

5.2. Thermal effects

When the spin system is connected to a thermal reservoir,
the effect of temperature can be modeled by adding a stochas-
tic field £ to the effective field Hg in the standard LLG equa-
tion (36), forming the stochastic LLG (SLLG) equation. The
thermal fluctuation is assumed to be a Gaussian white noise,
i.e., the thermal noise £ obeys the properties

<€> =0, <€:4 €;> = 2D6ij6uw 41)

where i and j are Cartesian indices, u# and v indicate the mag-
netization components, and (-) represents the average taken
over different realizations of the fluctuating field. The constant
D = akpT /(yus) denotes the strength of the thermal fluctua-
tions. For the micromagnetic case, D = atkgT / (1oM;yV;) with
Vi the volume of the cell. The SLLG equation can be solved
using numerical schemes.!??! Alternatively, an effective field
can be incorporated into existing integrators:

20tkgT
ey | 4
§&=n UoMyVidt’ (42)

where 7 is a random number following a normal distribution
with a mean of 0 and a standard deviation of 1.

5.3. Cayley transform

The dynamics of magnetization evolves on a sphere S2.
Thus, there exists a 3 x 3 rotation matrix Q such that!*!]

m(1) = Q(1)m(0), (43)

where Q(0) = I is the identity matrix. Notice that the LLG
equation (including the spin transfer torques) can be rewritten
as

d

a—T = f(m) x m = skew[f]|m, (44)
where f = y(H.i; +am x Heg)/(1+ o) for the LLG equa-
tion and the contribution of spin transfer torques is fy =

[(B—a)T+(1+aB)m x71)]/(1+a?) with T = (u-V)m.
The skew operator is defined as

0 —X3 X2
skew[z]=| x3 0 —x |. (45)
—X2 X1 0

Therefore, the LLG equation becomes

= = skew[£1Q(1). 46)

Equation (46) can be further reformed using the Cayley trans-
form, which is defined as

1\ 1
Q= <I2(2> (I+29), 47)
where {2 = skew[w]. The factor of 1/2 in the Cayley trans-
form can be changed to other nonzero numbers. Taking the
derivative concerning time on both sides of Eq. (47) yields
(1/2)2(Q +1I) = (I -102)Q. Noticed Q +1I =2(I —
%Q)_l, one obtains the decaying equation4?]

22 _

1 1
F— [, F|—--0QF(? 4
i S[2.F] - 0F2, (48)

where F' = skew [ f]. In MicroMagnetic.jl, we make use of the
vector form of Eq. (48), which reads

dw 1 1

—=f—=(wx —(w- . 49

=t swx )+ g e 49)
Equation (49) can be integrated using the normal integration
algorithms such as Runge—Kutta without worrying the con-
servation property.[*! It’s worth mentioning that the absolute
value of @ will always increase for a nonzero f. Therefore,
restarting procedures are necessary to prevent |@| from be-
coming very large.[*3]

6. Steepest descent energy minimization

A prevalent task in micromagnetics is finding the local
energy minima states, for instance, calculating the hystere-
sis loops. The energy minimization process can be achieved
by directly solving the LLG equation with a positive Gilbert
damping. However, the steepest descent methods combined
with step-size selected using Barzilian—-Borwein rules have
been proven a much more efficient way to find the local en-

44,45

ergy minima.***) The MicroMagnetic.jl implementation of

the steepest descent method uses the following update:

My + My

> X [my X Hege(my)],  (50)

Myt = My — T
which preserves the modulus of m, i.e., mi ; = m7. Equa-
tion (50) explicitly gives

2 2

T T,
(1 +Zkfk2)mk+l =(1- Zksz)mk_fkgk’ G
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where f, = my X Heg and g = my, X (my, X Hegr). The step
size T can be chosen using Barzilian—Borwein rules

i i i i
| LiSio1 Sk o XiSke1 Y

U =5 — T = ; ; (52)
YiSi 1 Yk YiYi_1 Y

where sy =my —my_; and Y1 = gr — Gk—1-

7. Miscellaneous

In MicroMagnetic.jl, we provided a Markov chain Monte
Carlo implementation for the atomistic spin model. The im-
plemented Hamiltonian includes exchange interaction Hex,
anisotropy interaction H,,, Dzyaloshinskii-Moriya interac-
tion Hgmi, and Zeeman interaction H,. The parallel scheme
for the Metropolis algorithm relies on the relative positions
within the lattice. For example, in a cubic lattice when consid-
ering only nearest neighbor interactions, we can divide sites
into three classes based on the remainder of their positions
(i+ j+ k) modulo 3, and each class can be run in parallel.

The nudged elastic band (NEB) method is a chain method
to compute the minimum energy path (MEP) between two
states. Initially, a chain comprising multiple images, each rep-
resenting a copy of the magnetization, is constructed, and then
the whole system is relaxed. The two end images correspond-
ing to the initial and final states are fixed, representing the en-
ergy states specified by the user. The system, encompassing
all free images, undergoes relaxation to minimize the total en-
ergy, akin to relaxing a magnetic system using the LLG equa-
tion with the precession term deactivated. A notable distinc-
tion lies in the effective field: in the LLG equation, it stems
from the functional derivative of the system energy concern-
ing magnetization, whereas in NEB, the effective field of each
image additionally incorporates the influence of its adjacent
neighbors (i.e., images n — 1 and n+1). The so-called tangents
describe this influence: only the perpendicular part of the ef-

fective field is retained when relaxing the entire system.[4®!

8. Verifications and performance

8.1. A magnetic moment under an external magnetic field

The LLG equation is nonlinear. The simplest case is the
precession motion of a magnetic moment under an external
magnetic field. Assuming the external field is along with the
z-axis and the initial state is mo = (1,0,0), then we have

my(t) = cos(¥H,t)/ cosh(a¥H.t),
my(t) = sin(¥H,t)/cosh(ayH,t),
mg(t) = tanh(ayH.t), (53)

where 7= 7y/(14 a?). Figure 3 shows the precessional motion
of the macrospin under an external magnetic field where the
(dashed) lines represent the analytical prediction [Eq. (53)].

The macrospin will align with the external field after dissipat-
ing its energy.

1.04 sesesesasessesssesesessososese
—m, my -—m,
0.5+
g
04 ﬁ‘;"“”\.,"
—0.54
* MicroMagnetic.jl

0 0.5 1.0
Time (ns)

Fig. 3. The precession motion of a magnetic moment under an external
field with H, = 1 x 10> A-m~!. The parameters used are damping con-
stant & = 0.5 and gyromagnetic ratio y = 2.21 x 10> m-A~.s~ 1.

The analytical results provided by Eq. (53) enable us to
evaluate the performance of different integration algorithms.
We compared the classical Runge—Kutta method with projec-
The abso-
lute error of the precessional motion at = 1 ns for both ap-

tion and one utilizing a Cayley transformation.

proaches is depicted in Fig. 4, with the absolute error defined
as |my, —m|. The Cayley transform version performs much
better than the projection method for the classical Runge—
Kutta scheme.

10—25 B
—
g 10—5.0 i
5]
)
= -7.5
= 10 1
0
o)
< 10—100 |
RungeKutta
-*- RungeKuttaCayley
10-125 |
10L13 10L12 IOLH

Time step (s)

Fig. 4. The absolute error of the precession motion of a magnetic moment
under an external field at # = 1 ns. A small damping o« = 0.05 is used.

8.2. Domain-wall motion under currents

A few exact spatiotemporal solutions for the LLG equa-
tion have been reported in the literature. One example is a 1D
head-to-head domain wall driven by STT under an arbitrary

time dependence function u = u(t)>>47]
@ Bu) , _ (raun
= rana FT T are) 0

where 7, is the domain wall center, ¢ is the domain wall tilt
angle, and A = \/14/7 is the width of the domain wall.

To validate MicroMagnetic.jl against the analytical solu-
tion [Eq. (54)], we apply a time-dependent current represented
as u(t) = upe " cos(wt) to the system in our simulation,
where b =5 x 108 s™! and @ = 2 x 10? s~! are employed. We
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conduct simulations with the parameters specific to permal-
loy: the saturation magnetization My = 8 x 10> A-m~!, the
exchange constant A = 1.3 x 10~'! I.-m~!, and an effective
anisotropy K = 1 x 10° J-m—3. We maintain a fixed damping
constant o = 0.1 throughout the simulations while varying 3.
As depicted in Fig. 5, the comparison between the domain-
wall tilt angle ¢ obtained using MicroMagnetic.jl and the an-
alytical equation (54) demonstrates a strong agreement.

—B=0 —B=01 —B=02
0.25 1
. . | /.c::.\//\\’/’s—“
‘\ [ ° o000y
\‘ i o\. o *ecccsettttto0ss00e
. ! Reos®
—0.257 \ /
S * MicroMagnetic.jl
L%
0 5 10

Time (ns)

Fig. 5. A comparison between the simulation and the analytical solution
[Eq. (54)] for the motion of a head-to-head domain wall.

8.3. Equilibrium distribution of a nanoparticle

As shown in Ref. [22], we consider a nanoparticle with
an effective uniaxial anisotropy along z-direction and its en-
ergy density reads

u=K(1—nd). (55)

In the equilibrium state, the probability distribution function
(PDF) Peq(m;) satisfies Peg(m;) o exp[—uV /(kgT)]. Hence,
we have

1
Peq(mz) = - e ~x(1-m)

Z ) (56)

where y =KV /(kgT)and Z= [ e~ x(1-m) dm, is the partition
function. Assume the volume V of the particle is V = 2.8 x
1072 nm?®, My = 1.42x 10° A'm~' and K = 7.2 x 10° J-m .
We obtain Z = 0.428 for T = 300 K. Figure 6 shows the equi-
librium probability distribution Pq(m;) of a nanoparticle at
T =300 K, where o = 0.1 is used in the simulation.

14
04 — Analytical
. o MicroMagnetic.jl
o
&
0
2
—24
—31
—1.0 —0.5 0 0.5 1.0
m

z

Fig. 6. The equilibrium probability distribution Peq(1n;) of a nanoparticle
at 7 =300 K.

8.4. Monte Carlo simulation

Besides directly solving the stochastic LLG equation, in
MicroMagnetic.jl, we can also use Monte Carlo to compute
the M—T curve. For the atomistic model with z nearest neigh-
bors, the relation between exchange constant and 7; reads

7 3keTe

ot (57)

where € is a correction factor and for 3D classical Heisenberg
model & ~ 0.719.18] Figure 7 presents the calculated average
magnetization m and magnetic susceptibility y as functions of
temperature, using the Monte Carlo method with a cubic mesh
of size N = 30 x 30 x 30. The magnetic susceptibility is com-
puted as

(58)

The critical temperature 7, ~ 431 K, determined for J = 300kg
using Eq. (57), is indicated by the dashed vertical line in Fig. 7.
It can be observed that the temperature corresponding to the

maximum value of y closely matches the theoretical predic-
tion.

1.0
L0.10
& 0.5 L0.05
0 0
0 100 200 300 400 500 600
T (K)

Fig. 7. The simulated temperature-dependent magnetization and suscep-
tibility using Monte Carlo methods.

8.5. Standard problem 4

Micromagnetic standard problem 4 is a benchmark de-
signed to validate the accuracy of micromagnetic simulations.
The system under study is a thin film of permalloy with di-
mensions of 500 nm in length, 125 nm in width, and 3 nm
in thickness. Standard problem 4 consists of two parts. The

first part involves relaxing the system from an initial uniform
state mg = (1,0.25,0.1), where the system’s energy is itera-
tively minimized until the change in magnetization falls below
a specified threshold, ultimately forming an “S” state. After
achieving the “S” state, the next step is to apply an external
magnetic field H = (—24.6 mT,4.3 mT,0) and observe the
resulting magnetization dynamics. Figure 8 shows the evolu-
tion of the average magnetization as a function of time after
applying the external magnetic field, using both OOMMF and
MicroMagnetic.jl. The results demonstrate a strong agreement
between the calculated magnetizations from both methods.
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1.0+

\ —m, —m, —m,
0.5

g 01 AT T

—0.51
—1.01

0 0.5 1.0

Time (ns)

Fig. 8. The calculation of the standard problem 4 using OOMMEF (lines)
and MicroMagnetic.jl (dots).

8.6. Performance

In micromagnetic simulations, the most time-consuming
component is typically the computation of the demagnetizing
field. Despite being accelerated by FFT, this calculation still
dominates the total simulation time. To evaluate the perfor-
mance of MicroMagnetic.jl, we compared it with MuMax3.
Figure 9 presents the performance comparison between the
two, using an N X N x 1 system. The results indicate that on
the NVIDIA A800 GPU, both MuMax3 and MicroMagnetic.jl
achieve throughput rates of up to 1000 million cells per sec-
ond, with MicroMagnetic.jl performing similarly to MuMax3.

1200

G \

E 1000

E M‘
8001

)

s 600

o

)

g 400 T

= --MuMax3

£ 2001

MicroMagnetic.jl

6000 8000 10000

N

2000 4000

Fig. 9. The throughput of MuMax3 and MicroMagnetic.jl on an NVIDIA
GPU (A800 SXM4 80 GB). The system size is N x N x 1, and demag-
netization, exchange, and Zeeman interactions are considered. The Henu
integrators are used for testing.

9. Summary

In conclusion, MicroMagnetic.jl has been introduced as a
Julia package designed for micromagnetic and atomistic simu-
lations. With support for CPU and various GPU platforms, re-
searchers can efficiently explore magnetic structures and phe-
nomena at the micrometer scale. MicroMagnetic.jl’s open-
source nature and ease of extensibility are intended to foster
collaboration and innovation, inviting developers to contribute
code and expand its functionality. MicroMagnetic.jI’s design
maximizes user flexibility, making it a versatile toolset for re-
searchers seeking advancements in the study of magnetic ma-
terials and devices.

Program availability

MicroMagnetic.jl is an open-source Julia pack-

age licensed under the MIT license, and it can be
installed  directly Julia’s  package
Pkg. is available on GitHub at

https://github.com/MagneticSimulation/MicroMagnetic.jl and

through manager,

The source code

in the Science Data Bank at
https://doi.org/10.57760/sciencedb.j00113.00138.
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