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Artistic depiction of a spin wave. Credit: Demie Kepaptsoglou



Motivation

Exchange   
 

Spin   

Domains & domain walls

Magnetization  


Topics from this school



Motivation

Exchange   
 

Spin   

Domains   

Magnetization reversal 
processes

Topics from this school



Scales of magnetism

Electronic  

Localized    

Magnetic  

Geomagnetic  

Time-scales across orders of magnitude

Domains      



Scales of magnetism

”Device 

Atomistic 

From continuum to discrete and back again

Electronic 



Scales of magnetism

”Device 

Atomistic 

From continuum to discrete and back again

Micromagnetics

Atomistic Spin Dynamics

Electronic 



Spin models
Energy cost from a reference state

Exchange energy: 
The cost of changing the angle between magnetic moments. 

Heisenberg exchange interaction (EA = EC)

Anisotropy energy: 
The cost in energy related to rotating the magnetization 

Magnetocrystalline anisotropy: Microscopic origin (spin-orbit coupling) 
Shape anisotropy: Magnetostatic origin (dipole-dipole interactions)

Antisymmetric exchange: 
Direction of angle matters (EA <> EC)  

 
Dzyaloshinskii-Moriya interaction (SOC + lack of inversion symmetry)

A

B

C



Spin models
More on exchange interactions

Direct exchange 

Overlapping wave-functions.  
Strong but short-ranged

Super-exchange and double-exchange 
 

Typically insulating systems 
Mediated through non-magnetic ions 

Antiferromagnetic 

Super: Kanamori-Goodenough 

RKKY exchange 
Localized electrons interact through  

conduction electrons 

Long ranged 
Oscillatory

JRKKY / cos 2kFR

R3
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Spin models
Terms of the Hamiltonian

A

B

C
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Spin models
The zoo of interactions

Hiex = −1
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Higher order terms, 
 

Multi-spin interactions, 
 

Spin-lattice couplings…



Spin models
The effective Hamiltonian

The Heisenberg Hamiltonian 
 

With added terms depending on system 
 

Warning: Beware of conventions!

H = �
1

2

X

i 6=j

Jijmi ·mj + ...

Model limitations: 

- Magnetic moments with fixed length 
- Constant interaction strengths

Real materials:  

- Magnetic moments can vary 
- Configurational dependent interactions

A. Szilva et al. Rev. Mod. Phys. 95 035004 (2023)
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Micromagnetism
The magnetisation density

A µm3 cube of Fe contains ~ 1011 atoms: 
Too costly for an atomistic method

Domain wall width of Fe: 
~  60 nm

Smooth, continuous  
magnetisation density

Consider the energetics and dynamics of 
the magnetisation density instead



Micromagnetism
Energy from moments to density

Hiex = −1

2

�

i �=j

Jijmi ·mj

<latexit sha1_base64="7cXrXe4TziYZ8EWo81PrOtdi0r4="></latexit>

Eex =

∫

V

A(→m)2dV

A  
is the 

micromagnetic 
exchange stiffness

A ∝
1
Vc ∑

j

J0jr2
0j

Unit: energy/length

Fe: ~20 pJ/m 
Co: ~30 pJ/m 
Py: ~10 pJ/m



Micromagnetism
Other contributions

Magnetocrystalline 
anisotropy

Uniaxial:

Cubic:

Dzyaloshinskii- 
Moriya interactions

Bulk-like:

Interfacial:

Magnetostatic (dipole) interactions

Bulk and surface contributions to U

Weak but long-ranged!



Micromagnetism
From energy to dynamics, via fields

Heff(r) = −
1

μ0Ms

δE
δm(r)

Conservative dynamics:

dm
dt

= − γ0m × Heff

With added dissipation: Landau-Lifshitz equation



Micromagnetism
Case study I: Skyrmions and current driven dynamics

Skyrmions

S. Mühlbauer et al. Science 323 915 (2009) X.Z. Yu et al. Nature  465 901 (2010)) A. Fert et al. Nature Nano.  8 152 (2013)

Current driven dynamics



Micromagnetism
Case study II: Spin Torque–Generated Solitons

Spin torque oscillator

S. M. Mohseni et al. Science 338 6125 (2015) Y. Zhou et al. Nat. Comm.  6 8193 (2015)Y. Zhou et al. Nature  547 428 (2017)

Magnetic solitons



Micromagnetism
Case study III: Magnetic hopfions

F. N. Rybakov et al. APL Mater. 10 111113 (2022) F. Zheng et al. Nature 623 718 (2023)

Simulations of hopfions in FeGeHopfions



This page is intentionally left black.



Atomistic Spin Dynamics
Back to the Heisenberg Hamiltonian

H = �
1

2

X

i 6=j

Jijmi ·mj + ...

Bi = − ∂H
∂mi

Effective magnetic field:

dmi

dt
= −γmi ×Bi − α

γ

mi
mi × (mi ×Bi)

Landau-Lifshitz-Gilbert 
EOM:



Monte Carlo methods
Ground states and thermodynamics

Initial configuration

Pick random spin in lattice and flip it 

Calculate the ΔE and probability P

Accept if ΔE<0 or r<P for r=#rand

Calculate observables

P = e
ΔE
kBT



Monte Carlo methods
Real-life minimisation example

H = − ∑
<i,j>

Jσiσj

Ising Hamiltonian

σ = + 1 = ↑

σ = − 1 = ↓

Initial configuration

Pick random spin in lattice and flip it 

Calculate the ΔE and probability P

Accept if ΔE<0 or r<P for r=#rand

Calculate observables

J = + 1

<i,j> = your nearest neighbours



Atomistic Spin Dynamics
Back to the Heisenberg Hamiltonian again..

H = �
1

2

X

i 6=j

Jijmi ·mj + ...

Bi = − ∂H
∂mi

Effective magnetic field:

dmi

dt
= −γmi ×Bi − α

γ

mi
mi × (mi ×Bi)

Landau-Lifshitz-Gilbert 
EOM:

Dissipation rate:  
Gilbert damping ⍺



Atomistic Spin Dynamics
Temperature and Stochastic ODE

Magnitude of fluctuations 

hbfli,µ(t)i = 0, hbfli,µ(t)b
fl
j,⌫(t

0)i = 2D̃�µ⌫�ij�(t� t0)

Langevin dynamics: Fluctuating field

i.e. white noise

D =
↵

(1 + ↵2)

⌘

µBm

<latexit sha1_base64="DMhl7qKk/0PhtpiZUEGffYv6gfo=">AAAB8HicbVDLSgNBEJyNrxhfUY9eFoPgKeyKqBchxIvHCHlJsoTZSW8yZGZ2mekVQshXePGgiFc/x5t/4yTZgyYWNBRV3XR3hYngBj3v28mtrW9sbuW3Czu7e/sHxcOjpolTzaDBYhHrdkgNCK6ggRwFtBMNVIYCWuHobua3nkAbHqs6jhMIJB0oHnFG0UqPXUB6O+pV671iySt7c7irxM9IiWSo9Ypf3X7MUgkKmaDGdHwvwWBCNXImYFropgYSykZ0AB1LFZVggsn84Kl7ZpW+G8XalkJ3rv6emFBpzFiGtlNSHJplbyb+53VSjG6CCVdJiqDYYlGUChdjd/a92+caGIqxJZRpbm912ZBqytBmVLAh+Msvr5LmRdm/KvsPl6VKNYsjT07IKTknPrkmFXJPaqRBGJHkmbySN0c7L86787FozTnZzDH5A+fzB0DEkA0=</latexit>

⌘ = kBT

dmi

dt
= ��mi ⇥ (Bi + bi(T ))� ↵

�

mi
mi ⇥ (mi ⇥ (Bi + bi(T ))

Stochastic Landau-Lifshitz equation on Gilbert form



Atomistic Spin Dynamics
Some examples of dynamic measurables



Atomistic Spin Dynamics (or Monte Carlo)
Phase diagrams

Thermodynamic measurables 
bcc Fe:

Magnetic state stability 
Pd/Fe/Ir(111)

3.6.B–Tphase diagram
We summarize the information of the transition temperaturesTc, á ñT Q ,1 and á ñT Q ,2 in aB–T phase diagram
which is shown infigure 8(a) for the case of frustration of exchange (JDFT), wherewe plot themean topological
charge á ñQ as contour lines. In total we identifiedfive different phases. At low temperature three ordered phases
occurwith increasingmagnetic field: spin spiral, SkX and FMphase. At higher temperatures ( á ñT Q ,1) the system
shows a transition into the intermediate region, with a non-zero topological charge á ñQ . In contrast to a
previously reported phase diagram [32], we find critical temperatures which depend on themagnetic field.Here,
wefind a decrease of the critical temperature with increasingmagnetic field in the regionwith a spin spiral
ground state.When the FM state is lowest in energy, the critical temperatures increase with increasingmagnetic
field.With further increase of the temperature, the topological charge vanishes and the systembecomes PM. The
critical temperature of this transition to the PM state can be defined as the position of the peak of the heat
capacity (Tc) or the broad peak of the topological susceptibility ( á ñT Q ,2).

As a last step, we calculate theB–T phase diagramwhen only an effective exchange parameter is taken into
account (Jeff)which is shown infigure 8(b). Themagnetic structures of the different ground states do not differ
from the ones infigure 1, the different regimes overlap at low temperature and theB–T phase diagram shows
again five phases (spin spiral, SkX, FMphase, intermediate region, PMphase). However the critical temperatures
are reduced by a factor of roughly 2, compared to the case, when frustration of exchange is included (see
figure 8(a)). Furthermore, themaximumof topological charge is not in the SkX phase as in the case for a full set
of exchange coefficients, but in the intermediate regionwith amagnetic fieldwhich stabilizes a FMground state.

4. Conclusion

Wecould show, that at low temperatures, the critical temperature from the long-range ordered phase to an
intermediate region decreases in the case of a spin spiral ground state and increases in case of a FMground state
with increasingmagnetic field.We showed that the pairwise creation of SkD andASkD are good quantities to
study the critical temperatures and chiral excitations. In the ordered phases, both the SkD andASkDdistribution
are created at the same rate. In the intermediate region, the SkD increases faster than the ASkDwhich results in a
net topological charge. Atfixedmagnetic field, in a certain temperature range, SkD andASkD is created
asymmetrically which yields a net topological charge even atmagneticfields without a SkX ground state.We
showed, that the critical temperatures are increased by roughly a factor of 2, when frustration of exchange is
taken into account. In addition, wefind that themaximumof topological charge is in the SkX lattice phase for

Figure 8.B–T phase diagramof Pd/Fe/Ir(111). In (a) the full set of exchange constants ofDFTwhich include the frustration and (b)
only an effective exchange parameter is taken into account. Five different phases are identified (shaded for guidance): spin spiral
region (blue), SkX region (red), FMphase (green), intermediate region (gray) and PMphase. The contour lines show the number of
net topological charge.
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M. Böttcher et al. New J. Phys. 20 103014 (2018)



Atomistic Spin Dynamics
Magnons

Ck(r− r′, t) = 〈mk
r (t)m

k
r′(0)〉 − 〈mk

r (t)〉〈mk
r′(0)〉

Sk(q, ω) =
1√

2πN

∑

r,r′

eiq·(r−r′)

∫ ∞

−∞
eiωtCk(r− r′, t)dt

Spatial and temporal correlations

Fourier transform -> Dynamic structure factor

mi(t)

Compare with scattering experiments

Animation: Sean Kelley/NIST

Alternative: Linear spin-wave theory



Atomistic Spin Dynamics
Showcase I: Magnon softening in Fe/W(110)

Spin-polarized electron energy loss spectroscopy  
(SPEELS) 

 
1 Fe ML on W(110) 

First ever spin wave monolayer measurement

Significant softening compared to bulk Fe 
Why? Unclear

J. Prokop et al. PRL 102 177206 (2009)

Density functional theory  
+  

Atomistic spin dynamics

Softening captured.  
Why: Antiferromagnetic next-nearest neighbours

A. Bergman et al PRB 81 144416 (2010)



Atomistic Spin Dynamics
Showcase III: Spin-orbit assisted switching

Current driven dynamics: 
Spin transfer torques (STT) 

Spin orbit torques (SOT)

Example: Fe3GeTe2 nano-flakes

R. Cardias et al. Nano Lett. 25 11979 (2025)A. Mea et. al JPCM 35 025801 (2023) 

J. Phys.: Condens. Matter 35 (2023) 025801 A Meo et al

the LLGS form in equation (1) by setting BSTT
PT =−αGBSTT

RT .
In this case the action of the STT is always mixed (containing
precessional and relaxational components) and dependent on
the magnitude of the Gilbert damping thus complicating the
interpretation of the effect of the spin torque in simulations
and experiments.

The strength of the STT terms BSTT
RT,PT depends on the injec-

ted areal current density je (A m−2) and at the micromagnetic
level can be expressed as [1, 23–25]:

BSTT
RT =

!ηje
2e(1+λm · p)Msd

(13)

BSTT
PT = βSTT

!ηje
2e(1+λm · p)Msd

= βSTTBRT, (14)

where η is the spin polarisation λ is the spin torque asym-
metry often taken as λ= η2 MS is the saturation magnetisa-
tion and d the thickness of the free layer (FL). The degree of
non-adiabaticity of the system [9, 26] is defined by the βSTT is
a factor that determines the strength of the precessional torque
field BPT in relation to the relaxation torque field BRT. It has
been found that in spin vales a trilayer structure where two fer-
romagnets are separated by a non-magnetic metal BPT is negli-
gible. On the other hand in magnetic tunnel junctions (MTJs)
where the non-magnetic metal of the pin valve is replaced
by an insulator BPT can be as large as BRT or even stronger.
Typical values of STTs fields are 0.0001–0.2 Tesla for typ-
ical current densities and device geometries. The reformula-
tion of spin-torques as effective magnetic fields now allows a
straightforward comparison with other magnetic fields such as
coercivity providing an intuitive understanding of their relat-
ive strength and importance.

3.3. Spin-transfer torque in atomistic models

In atomistic models compared to micromagnetic calculations
the situation becomes slightly more complex due to the dis-
crete nature of atomistic spins, the explicit localisation of spin-
tronic effects on the atomic scale at interfaces [15] and high
temperatures where the saturation magnetisation MS tends to
zero causing a divergence in the effective field. Here the satura-
tion magnetization and thickness are poorly defined and so we
can reformulate the effective STT field at the atomistic level.
In the micromagnetic limit the effective volume of action V is
assumed to be defined by the film thickness d, typically 1–2
nanometres thick and over a device area A. Considering the
micromagnetic case in equation (13) we have a total moment
M=MSV film thickness d and current density je through an
interfacial area A and acting over a volume V. We can refor-
mulate equation (13) equivalently as:

BSTT
RT =

!ηje
2e(1+λm · p)Msd

=
!ηjeA

2e(1+λm · p)MsV
, (15)

where the volume of action V =Ad. Moving to an atomistic
description we now have:

BSTT
RT =

!ηjeA
2e(1+λm · p)NµS

, (16)

where N= V/Vat is the number of atoms µS is the local atomic
moment with atomic magnetic volume Vat defined within its
unit cell as:

Vat =
a3

Nuc
, (17)

where a is the unit cell size and Nuc is the number of mag-
netic atoms per unit cell for example Nuc = 1 for simple cubic
Nuc = 2 for body-centred cubic and Nuc = 4 for face-centred
cubic crystals. The effective volume V relevant for spin-torque
effects is important as it determines the strength of the spin-
torque field. The localisation of spin-torque effects is a com-
plex topic and strongly material dependent [27, 28], and cor-
rectly parameterising the atomistic description of spin-transfer
torque requires an assumption of how far incident spin currents
penetrate into a ferromagnet. The two simplest approximations
here that the currents penetrate the entire thickness of the fer-
romagnetic layer (assuming a thin film of a few nanometres),
or that the spin current is absorbed in an interfacial monolayer.
In the latter case we can compute the effective volume straight-
forwardly considering a single atom per unit cell at the inter-
face, so that A= a2 and N= 1, such that:

BSTT
RT =

!ηjea2
2e(1+λm · p)µS

, (18)

with the equivalent expression for the precessional torque
magnitude. This expression avoids the divergence in the
micromagnetic form as the magnetisation tends to zero near
the Curie temperature and is suitable for atomistic simulations.
Finally when considering temperature effects from the atom-
istic approach the spin-transfer torque field acting on all spins
is temperature independent in this formalism and depends only
on the effective angular momentum transfer from the incom-
ing spin current.

3.4. Spin-orbit torque fields

Spin-orbit torques (SOT) can be described by using an analog-
ous formalism to spin-transfer torque, where p is replaced by
the spin polarisation unit vector σ.σ represents the direction
of the polarisation of the spin current induced by the flow of
electrons in a non-magnet and it is perpendicular to the elec-
tron flow. In our case we discard the component of σ that is
normal to the interface between the non-magnet and the mag-
net as it would yield negligible spin accumulation.

The expression for the field for SOT is:

BSOT = BSOT
PT (σ−αGm×σ)+BSOT

RT (m×σ+αGσ) . (19)

4

<latexit sha1_base64="MA0SzjyJBRZltb5v9iWPja44+zQ="></latexit>

BSHE
PT = �SOT

~je✓SH
2eMSd

= �SOTB
SHE
RT

Can also act on magnetization gradients

D.C. Ralph and M. Stiles 
JMMM 320 1190 (2008)

(a)

(b)

Figure 3: Ground-state spin configurations of armchair-edged nanoribbons made from single-
layers of FGaT (a) and FGeT (b), both with approximately 18 Å in breadth.
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Summary and conclusion
Versatile tools for many different applications

Selection of codes
oommfmumax3

Micromagnetic simulations
Magnetization density 

Micrometer scale 
Minimisation 
Domain walls 

Dipole-driven dynamics 
GHz regime

Selected reference 
"Magnetism and Magnetic Materials" 

by J.M.D. Coey

Atomistic Spin Dynamics 
Localised moments 

First-principles exchange interactions 
Thermodynamics 
Phase diagrams 

Correlations 
Exchange magnons and spin waves 

Selected reference 
”Atomistic Spin Dymamics -  

Foundations and Applications”  
by O. Eriksson et al.
Selection of codes

UppASDVampire

Spirit Spilady Thank you!

https://tinyurl.com/uppasd-book

https://github.com/UppASD/UppASD
https://tinyurl.com/uppasd-book
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