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Few questions awaiting answers
- What is a physical system?
- What is a model (in physics)?
- What is expected from a model?

-/ What are the means to validate a model?

- What is the strategy for building a model?
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Modelling - research and debate

- What is a physical system?

The systems under investigation are complex:
- more than one constituent in the system
- the constituents cannot be considered as independent

Experimental characterization is challenging
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Modelling - research and debate

- What is a model (in physics)?
> 4 Describe as faithfully as possible the system under investigation
Define the physical quantities of interest

An idealized version of a system, simple enough so that
it can be solved but no too simple to preserve essential physics

Model 1 Model 2
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Modelling - research and debate
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- What is expected from a model?

Analysis of the solution leads to increased understanding of a
phenomenon or process, which can lead to radical improvements
and knowledge progress.

- What are the means to validate a model?
Comparison with experiments and other models (it makes sense ©)

- What is the strategy for building a model?
Solve the appropriate equations, either analytically or numerically.
— this allows to calculate the physical quantities of interest.

Atomistic spin dynamics and Micromagnetics European School of Magnetism Liege 2025 —_



- What is the strategy for building a model? « Step by step, iteratively

withrigor and cical thinking

Remove
irrelevant parts

Solve simplified
problem

no

e Hard but most of the time

collective work - literature, GNU
General Public License, github, openscience

Simulate

numerically

Works sometimes
or too slow

Improve
understanding of
computation

works

Better
simulation

h 4
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Congratulations! You're
done!
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Outline L .
-/ Atomistic spin dynamics

= Formalism
= ||fustrations : alloy GdFe, Fe nanodot, AOS [Tb/Co] multilayers
- Micromagnetism
= Formalism
- l | = Macrospin limit
= [llustrations
- Micromagnetism and spin related phenomena
adb = Formalism
= |llustrations
- Conclusions

Liliana Buda-Prejbeanu Atomistic spin dynamics and Micromagnetics European School of Magnetism Liege 2025




c\x."<
a O e 7{&+L\(01‘0k‘”"

(

/

b/e,Stéck" #87.

-_?

F?d o

Liliana Buda-Prejbeanu Atomistic spin dynamics and Micromagnetics European School of Magnetism Liége 2025



Hierarchy of models in magnetism: space & time

few

- T : RX, TEM, AFM - crystalline structure, composition
primitive -

cells ab |n|t|o calculatlon topography, defects, ustructure

MFM, MOKE, NV - magnetic domain structure

many other techniques

K(T), Aex(T)

828 VSM, SQUID, XMCD - hysteresis loops M(Happ), M(Vapp)
ol TR-MOKE: real time signals ‘
few _ = Real time resistance measurements
LU atomistic models & =
o
><
LL

<M>
—_—

<um micromagnetic mOdels Champ appliqué / 50 100 :;:} 200 250

Champ appliqué

ultra-fast fast rare events (slow)
fs pSs ns Us h year time scale

atomistic LLG umicromagnetic LLG kinetic Monte Carlo, minimum energy path,
statistical approaches,...
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Main “ingredients” in magnetism & spintronics

Typical interactions Special role of the spin

exchange magnetocrystalline anisotropy
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charge + spin

Spin dependent transport
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Atomistic spin dynamics

Formalism : atomistic spin model is a discrete description of magnetism (each atom possess a
localized magnetic moment or spin); the time evolution of a single atomic spin given by the
phenomenological Landau-Lifshitz-Gilbert equation

ds; Vi

=—————|85; XB; + 1;8; X (S; X B;)]
dt (1+A%) l l Al | l l

Landau LD, Lifshitz EM (1935) Theory of the
dispersion of magnetic permeability in
ferromagnetic bodies. Phys Z Sowietunion 8:153

Gilbert TL (1955) A Lagrangian '

formulation of the gyromagnetic equation of Lev D. Landau Evgeny M. Lifshitz Thomas L. Gilbert

the magnetic field. Phys Rev 100:1243. : - .
https://doi.org/10.1103/PhysRevB.100.1235 Department of Theoretical Physics - I Argonne National
National Scientific Center - Kharkiv Laboratory
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Atomistic spin dynamics

’)/.

[S; X B; + 1;S; X (§; X B;)] B; = — + {;

precession term relaxation term

Y; - gyromagnetic ratio

A; - Gilbert damping is a coupling of the spin to the electronic system and lattice (loss of energy)

Hamiltonian: H = — Z]US * S Zk (S; - ug)* — ZHLS Bapp +

i<j

exchange term an/sotropy term Zeeman term dipolar
magnetostriction

Thermal field: ((i>=0’ ((in (0)619 (t)) — 25”5 05(1:) Aj kBTeHl

Vi

* correctly simulate the static and dynamic proprieties of ferrimagnetic and antiferromagnetic
materials as alloys of transition metals (TM) and rare — earth elements (RE)
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Atomistic spin dynamics : link with first principle computation
ab-initio calculation [ 2l atomistic models

» Spin moments per layer > Temperature dependence of K, and M,
.y, (Fel)=276 Sanyals ing wi
s ) B lecture > K, scaling with M,
T=0K » g (Fe2)= 2.49 g > Curie temperature T,

* M (Fe_bulk)=2.2 yg .
> Layer-resolved K. and . in Fe/MgO structures » Temperature dependence of dead layer thickness
== JySi-S Z K (i - ug)?

MgO interface

i<j
(IR
~
“ “w oL s
Bulk Fe—

Wt&

50x107% 1.0¢107%
k, (J per atom)

MgO interface

VAMPIRE

imulation vampire.york.ac.uk
s/ /wwviesp o Ibrahim et al . Phys. Rev. B (2022)
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Atomistic spin dynamics
Bulk Fe bcc structure

@ atomistic - 1,00
fit to M(T) Callen-Callen law
- 0,95
2c>
_ » 0,90 -
2 E )
= | @
= 04- T =1079K . G 0,85+
_ - ¥
02 p=035 § 0,80 - ° K/Ko
o ] ]
. .. VN e — | 3.04
Uniform uniaxial anis: K, = 1.0e-24 J/atom 00 ) 0754 —— [M_(T)/M_(0)]
Exchange constant: J = 7.05e-21 J/link 0 200 400 600 800 1000 1200 1400 1600 0 50 10 15 200 250 300
M= 2.2 Yy Temperature (K) Temperature (K)
. 1,00 + —~ 1,00
Model: introduce K, for Fe 1ML & Fe 2L - 3
198 + S 0,95
Q 0'96'_ § 0,90 -
% 0,94-_ Eg 085
; 0,92 2 os0]
LT,w 0904 —— Fe 1ML = el
= ps] oAV S 33
Fe 1M|. —> B bulk ém 0704~ [MslML+2ML(T)/MslML+2ML(0K)] )
Fe 2ML 0,86 - 5 o K (T)/K,(OK)
T T T T T T T T T T T T 0,65 T T T T T T T
Bulk Fe— 0 50 100 150 200 250 300 0 50 100 150 200 250 300
K (bU|k) =0 Temperature (K) Temperature (K)
u |

M, of Fe 1ML decreases more rapidly

" M, of Fe 2ML behaves as Fe bulk Ibrahim et al . Phys. Rev. B (2022)




Atomistic spin dynamics : finite size Fe;0, nanoparticle

12 nm octahedral single crystal magnetization dynamics at 300K
magnetite Fe;O, nanoparticle S
My

—_—
=
1 |

i i [% 9 q,“wW’

R

- -0 ) {NMA!‘ :fﬂ{ \‘Hﬂ lldrh T\
ST I

v" Fluctuations of different magnetization components between 8 minima along [111]

crystal directions due to the cubic magnetcrystalline anisotropy REL Evans Springer (2018)
== R.F.L £vans springer
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Atomistic spin dynamics : bulk ferrimagnets

Static proprieties of amorphous GdFe Alloys $ VAMPIRE
— media of magnetic hard disks

vampire.york.ac.uk

62 500 spins & periodic boundary conditions (fcc) https://vampire.york.ac.uk/

Gd=sFers 2.5 C?dXFe.loo_x . 1400
Z__ e 1200 }
E . Total # - 00 s
%’3 2\ ffi 800 |
% D_ ' i—i ; 600
%’i :-g 400
] 3 200 }
S 20 0 , ,
0 100 200 300 400 500 600 0 200 400 600 800 1000 1200 0.0 0.2 0.4 0.6 0.8 1.0
Temperature (K) T [K] Amount of RE (z)
v The model allows to reproduce experimental observations
— validation of the model calibration Ostler et al . Phys. Rev. B (2011)
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Atomistic spin dynamics- static properties [Th/Co] layers

Ultrafast reversal in Tb/Co multilayers — storage layer in magnetic RAM

750 ‘ ‘ “F ‘ ‘ ‘ ‘ =
4ML Th/ mML Co 3MLTh/mMLCo ~ 4ML Th/ 8ML Co ol 1 ]
C ' ' ' el | ' TN | ' ' < i 1T 1
10 Peap,, S, - ~
- -n-u.n,&& ~ :ﬂ!ﬂfﬁfes - @ Sxbsp 4 - 450 - o I Py -
05 [ Ah’&&&gsaza. 10 \Dg:gf%fgf?i&&wzﬁg U\O\ " - I \o\ 1 \o\
s N n et - T e -
— °e Ja) EQI&.&&.&&U-U‘L‘M A 150 - | | | [ | | I L]
/ ~ : : : : : : : :
S 0sp & 2 4 6 8 10 3 5 7 9 11
/
Pﬂﬁ |~ m - number of Co monolayers
1,0
L e :*:;\,' it w9999 900 il ' ',_, '
. 05 /Xi%({f%ﬁ%ﬁé%}‘%i&&& /o:‘,’,iﬁ,EA/K?:A&%%&QQ\O A/A_A,A/AiAi Anp, b,
% 00 } 8 pooo /D;D/D;D*D\;:.\&Ai*\ O/i/* s ./0/0“”: '\‘*017 A% o, /41#—*4—*{*&& A
o v ’ K %
~ /i i m AL S S m 4 —
m 057 od —o— 4 | [/ ] —o— 37 [ A mixing N4
= A / d O/
~ 1ol /* // —e— 6 11 Wl / . / —e— § 11l A no \_,Q_ .
N b A/.n s g | ¥ /A / d —a—7 —a— soft € o \
2 15 /* —k— 10 i /A e / —r 9 —k— mEdlum 8 / ®
LA A A e ‘ _—o— 1] [ ‘ o alloy ] =
0 300 600 900 1200 0 300 600 900 1200 0 300 600 900 1200
Temperature (K) Temperature (K) Temperature (K)

no soft medium alloy

Interface mixing

v The model allows to finely tune composition, the structure and to explore many possible
combination — prediction and prospection
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Atomistic spin dynamics & 2 Temperature model

\electrons 4 lattlce

D |S; X B; + 1;8; X (§; X B;)]
-8 Tes Tsl
s G
= l ui 9S; \spins
G |
S (G20, (G (0)j0(D)) = 28,;8,05(8) L2
&
D _
: (t) /\ F [_(t_tzo)zl S
oZ e —G[T,(t) — Tyn(®)] + P (1) P(t) = o T2 =
(_ID i at trmTL
— dT h(t) laser heating

Con—o— = GI[Te(£) = Tpn(®)]

—

v Multiphysics coupling : spin dynamics and heat equations

. L. Aviles-Felix et al., Sci. Rep. (2021
— ASD Spintec solver p. (2021

R. Moreno et al. Phys Rev B (2017)
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Atomistic spin dynamics : AOS of MTJ based on [Th/Co] layers

v More than 50 x 50 X 50 exchange coupled spins
v" Heun’s integration scheme (predictor corrector scheme) O ®
v" Parallelization of the solver (CPU, GPU releases) e

Constant pulse duration

Parameters — , —
Initial state {S;}, {Tez, Tph} 1500 - T
l - T, T, Fluence |
—~ 1250 | ey ]
compute {B;} X -muem
O — — = 3.mJ/cm
v 5 1000 - — — = b, mJ/cm2 .
integrate N coupled LLG g
l o 190F
=
. . )
integrate heat equations {Tel, Tph} — 500}
250
Test ? 0,1

solution {S;}, {Te,, Tph}
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Atomistic spin dynamics : AOS of MTJ based on [Th/Co] layers

1800

“lE =40 mdiem?® _‘
1500

1200

.900

- 600

50fs laser pulse

- 300

Time (ps)

10— 1ML Tb/3ML Co

[Tb,/Co,]

% a0 60 80
Fluence (mJ/cm?)

v Mechanism of reversal : transient ferromagnetic state linked
to the difference of demagnetizing time of Th and Co.
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v" Key role of the material parameters (e.g. damping)
v" Extracted diagrams to be compared with experiments

20
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Atomistic spin dynamics : AOS of MTJ based on [Th/Co] layers

TCE deposition
E-beam litho mask

Cr deposition

Lift-off

TCE dry etching
StackIBE etching

Pt electrode lithography
Pt electrode dry etching

Resistremoval

Accuflo deposition

Accuflo etching mask
lithography

Accuflo dy etching

Accufloreduction
by dry etching

TCE deposition

Topelectrode
lithography
Cr Deposition

Lift-off

TCEdry
etching

O
e
~
| |}
—
| |
~
| |
292
O
=

A. Olivier et al., Nanotechnology (2020)
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TMR_max: 74 %

100 nm

RA:112.0 Q x um?

TMR [%]
8 B8 8

=== Re-deposition
- Series resistance

0 100

200 300 400 500 600
RxA [Q x um?]

L) David Salomoni’s PhD

300

250

200

150

- 100

diameter [nm]

E



Atomistic spin dynamics : AOS of MTJ based on [Th/Co] layers

FeCoB1.3nm/ [Tb(0.6nm)/Co(1.4nm)]s

O,

Liliana Buda-Prejbeanu
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-2000 -1000 0 1000 2000 }
Field (Oe)

0

Number of 50 fs Laser Pulses

v" Reproducible helicity independent AOS with single shot:
- MTJ 100nm large with a TMR of 50%

- field free

- 50fs laser pulses, 5.5 mJ/cm?
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Atomistic spin dynamics and Micromagnetics

Importance of continuous
exchanges between experiments
and theory/modelling:

v Validation
v" Calibration
v" Accurate /reliable prediction
v" Feed / challenge the models
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QOutline

Liliana Buda-Prejbeanu

- Micromagnetism
= Formalism
= Macrospin limit
= [llustrations

Atomistic spin dynamics and Micromagnetics

European School of Magnetism Liege 2025



Micromagnetism

quantum mechanics micromagnetism bulk
N AN N
s ~ 4 N 7 N
Atomic Nanoscopic Mesoscopic Macroscopic
Scale Scale scale Scale
1A 1 nm 10 nm 100 nm | 1 um 10 um
Individual Nanoparticles Thin films Micrometric structures
spins Clusters Sub-um structures
Ultra-thin films
Co (hcp) L, 1, e<lpum

L
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Micromagnetism : the beginning

& hypothesis

Classical theory of continuous ferromagnetic material

1907 P. Weiss / mag
1963 - W. F. Brown Jr.

Continuous functions (space & time) -

netic domains

1937 Landau-Lifshitz / domain walls

 magnetizaton M (r, t)
field H(r,t)

energy EM(r,t))

Magnetization — constant amplitude vector |M(r, t)|=M;

Thermal effects- temperature dependent parameters

MS (T), Aex (T)r Ku (T)

Liliana Buda-Prejbeanu Atomistic spin dynamics and Micromagnetics

Very large number of
individual spins

Continuous media
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Micromagnetism: Gibb’s free energy

Exchange interaction
magnetic order (T<1,)
parallel alignment of spins

short range interaction but very strong

Magnetocrystalline anisotropy
easy axis and hard axis

Impact of the crystal symmetry
Local interaction

Zeeman coupling
Externally applied field
Local interaction

Magnetostatic interaction
Maxwell’s equations
long range interaction

Liliana Buda-Prejbeanu
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J Ay (Vm(r, ) dV

Q

J K, [1 — (uy - m(r, t))2] dv
Q

—,uOMSf m(r,t) - Hyp, (1, t) dV
Q

1
_E‘uOMsf m(r,t) - Hp(r,t)dV
Q
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Micromagnetism : magnetic stable state

Magnetization distribution: minima
M(r,t),= M;m(r,t) r € Q |
im(r, t)|=1

energy

Gibb’s free energy:

Space of configurations

Etotar = f [gex T ég + Eqpp T SD] av
Q

Magnetic stable state = minimum of the Gibb's free energy functional
0Etotqi(m) =0

62Etotal (m) >0

m - m+ém < variational principle
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Micromagnetism . static equilibrium equations

v" Possible thus to find the magnetic stable states

om
Brown's equations | (m X Hepp) = 0,V 1 € Q 5, —OVres

| |

om
SEiprq = —HoMs f (m x Hgpp) - 66 dV|+ 24, f (m X %) .60 dS
Q) S

1 5Et0tal
MOMS 5m

Effective field: Hepr = — =H,y +Hg+Hp+ Hgyy, +Cm

LLJA. Hubert, R. Schafer Magnetic Domains
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Micromagnetism : dynamic equation

Equation de Landau-Lifshitz-Gilbert + more interactions

om om dm
— = —Yo(m X H (m X —) (—)
macrospin
Space & time dependence . - .
m(r,t),r € Q Experiments Simulation

E - S =
$#=200nm ¢ =500 nm & =200 nm g
e=15nm e=30nm e=15nm

\J/

Space of conﬁgumtzons

v" Magnetization trajectory between two magnetic states
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Macrospin: micromagnetic limit if the exchange interaction is infinite
Circular magnetic tunnel junction pillar: polarizer m, /insulator (MgO) / CoFeB (m)

m is supposed to be uniform in each point of the CoFeB and have coherent dynamic.

LLG equation
~ :
—y OaDLV(m X (m X mp)) SN 12 C B Ty SPin Transfer Torques
m ﬁ damping-like field-like Slonczewski terms
¢ §¢ ¢ 0 o
_ 0 the effective field includes
Hepp = T Iy T contributions due to the anisotropy,
KMz + Mg, + Happ demagnetizing and applied field
0
m, =|0 the spin current polarization is parallel
1 with the out-of-plane direction
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Macrospin: micromagnetic limit if the exchange interaction is infinite

in —Pri oc YoH
Holstein anakoff <_t> = —icloy + (wp — wg)(2lc|? = 1)] Wy = Taé’g
transformation : prec
5 Wy = YoHk
oc _ 12 _ 2 14 a?
m, — im,, ( t) ac(1 —lc|?)|[wy + (wp — wr)(2lc|* = 1)] VoM.
Cc = damp wp =
v2(1 +my,) ] 3 1+ a?
c
— = ilawp; + wgL]C an v
m, +im ( t) __Yo %L
oo y FL Wpy T
V2(1 +my,) ;
¢ 2
<_t> = —|wpy, — awFL](l — Iclz)c Wy = Yo arLV
DL 1+a?

Liliana Buda-Prejbeanu Atomistic spin dynamics and Micromagnetics

L4 Timopheev et al. Phys Rev B (2017)
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Macrospin: micromagnetic limit if the exchange interaction is infinite

dc
FT —icloy — (awpy, + wp) + (Wp — w)(2]c]? - 1)]
w
—ac(1—|c|?) [wH + (% — pr> (wp — wg)(2]c|? - 1)]
0 = YoHapp
c =pe*? bl
_ YoHg
- YK =11 g2
. w
Power equation 6_22 = 2« [(UH + (ﬂ — CUFL) + (wp —wg)(2p — 1)] (1-pp _ YoMs
a P71+ a2
a
d¢
SHELLRWIE N - = —lwn — (awp, + wpp) + (wp — wg)(2p — 1)] __Yo apV
dt “pL 1+ o’ Mo

v’ Stability analysis around the equilibrium state p.; — peq + op
v' Extraction of the critical lines, draw state diagrams
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Macrospin: micromagnetic limit if the exchange interaction is infinite

5 o
s

> Happ
State “up”m = (0 0 1) stableif:
V=0 |Happ> _(HK_MS) |
aDLV aFLV2>
V+0 |H +< - — (Mg —Hg) >0
T >
State “down”m = (0 0 —1) stableif: > Hypp

V=0 |Hypp < +(Hx—Ms) |

aDLV aFLVZ
V#0 Happ+<au0 - >+(MS—HK)<0

arp; negligible
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Macrospin: micromagnetic limit if the exchange interaction is infinite

6=0°
R(€2)
- 5000  Antiparallel state
0.5¢
: - | 4500
Experimental stability V-H
. . — ' 4000
diagrams of 80 nm diameter = *
MTJ at room temperature = 3500
3000
-0.5+

2500 Parallel state

L) Strelkov et al. Phys Rev B (2017)

Liliana Buda-Prejbeanu Atomistic spin dynamics and Micromagnetics European School of Magnetism Liége 2025 —



Macrospin: micromagnetic limit if the exchange interaction is infinite

Mesurements Simulation

04
ﬁ 02
H 00

> =
q’ N
(0]
g 2
= 2 02
> m o
i e -04 AP

S ¢p S 02
o = N \
g 2
° = -02
> 2

i -04

" 02 -01 0 01 02 -02 -01 0 01 0.2 ) 02 00 02 02 00 02

oH(T) oH(T)
HoH (T) HoH (T) K 1

v The model pointed out the necessity to add a new term to the crystalline anisotropy:

Ex = —Ki(uy - m)* — K, (u;, - m)*

v The macrospin model is simple but enables a straightforward analysis
L) Strelkov et al. Phys Rev B (2017)
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Macrospin: micromagnetic limit if the exchange interaction is infinite

Joule heating changes the temperature during the operation

CE=_Q(T_T°)+F 04
E 0.2
' 173] & °°
My(T) ap,(T) _ 1_ (1) | 8 o2
My, a - T Q
s0 DL,0 _ C > 04
d -0.c - -
K,(T) = K, [MS(T) -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 06 0.8
u
o Hip ()

L) Strelkov et al. Phys Rev B (2017)
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Macrospin: micromagnetic limit if the exchange interaction is infinite
Simulation

Z
1.0 4.5 0.0

Mesurements

b
R m}[ Jos

1880

Voltage (V)
Voltage (V)

Voltage (V)
Voltage (V)

-06

-1600 -800 0 800 1600 2400

400 -200 O 200 400 600
H (Oe) H (Oe)

Voltage (V)

v' Sample dependent features

S

-4000 -2000 0O 2000 4000

08 : :
-4000 -2000 0 2000 4000

H (Oe) H (Oe)
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- Micromagnetism
* Formalism
= Macrospin limit
= |llustrations
- Micromagnetism and spin related phenomena
= Formalism
= |llustrations
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Micromagnetisme

(

—

mxu H_

)— O:;V[ﬁ’: X (ﬁ’z X U,

—

H,

|

Liliana Buda-Prejbeanu

p=-V
H, =
% £ =
i
A\ O
l+a ) —=-
R
false

| i

eq ? Eeq \

Atomistic spin dynamics and Micromagnetics

Defining the problem
-geometry description
-material parameters
-nitial conditions
(time & space)

State characterization
-magnetic charges
-magnetostatic field
-fields & energy terms

] LLG time integration

- amplitude conservation

[l Check equilibrium criteria

] Stable state- numerical solution

European School of Magnetism Liege 2025
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Micromagnetisme
D Finite difference

approximation (FDA
QG primion (D4

micro3D

&= [Pl |
v e
i

m u m ax3 -regular mesh

-restrictive geometry
W.F. Brown Jr (1965)
Schabes et al., (1988)
Berkov et al.

Bertram et al.

Donahue et al.

Miltat et al.

Nakatani et al.

Toussaint et al.
Scheinfein et al.
J.-G.Zhuetal.............

MAGNUM:

Liliana Buda-Prejbeanu Atomistic spin dynamics and Micromagnetics

D Finite element method
(FEM / BEM)

magpar
nmag

M A ﬁ N “ Mfe

-irregular meshes
-adaptive mesh refinement
Fredkin & Koehler

Fidler & Schrefl

Hertel & Kronmuller
Ramstocketal. 0 e

+++++++

FastMag
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Micromagnetisme

@MM

Tomorrow’'s micromaghnetic simulations

Cite as: J. Appl. Phys. 125, 180901 (2019); doi: 10.1063/1.5093730
Submitted: 24 February 2019 - Accepted: 25 April 2019 -

Published Online: 10 May 2019

J. Leliaert™®

and J. Mulkers®<!

AFFILIATIONS

Department of Solid State Sciences, Ghent University, 9000 Chent, Belgium
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Atomistic spin dynamics and Micromagnetics

GPU

Name Release FE/FD capable? Free? References
LLG 1997 FD No Commercial 29
micromagnetics
simulator
OOMMEF 1998 FD No Free 27
micromagus 2003" FD No Commercial 30
magpar 2003 FE No Free 31
Nmag 2007 FE No Free 32
GPMagnet 2010 FD Yes Commercial 26
FEMME 2010 FE No Commercial 33
tetramag“ 2010 FE Yes Commercial 34
finmag* 2011 FE No Free 35
Fastmag 2011 FE Yes Commercial 36
Mumax 2011 FD Yes Free 37
micromagnum 2012 FD Yes Free 38
magnum.fd* 2014  FD Yes Free 39
magnum.fe 2013 FE No Commercial 40
mumax” 2014 FD Yes Free 41
LLG 2015 FD Yes Commercial 29
micromagnetics
simulator v4.
(Grace 2015 FD Yes Free 42,43
OOMME (GPU 2016 FD Yes kFree 44
version)
fidimag 2018  FD No Free 45
COMIMIcs 2018 FE No Free 46

European School of Magnetism Liege 2025 e



Micromagnetisme

Numerical discretisation

i=1LN |

€

} H,=\H,,

N — total number of mesh nodes

e : -orthorhombic cells
-infinite prisms

- dots, wires, platelets, ...

. e.g. thin films

Liliana Buda-Prejbeanu Atomistic spin dynamics and Micromagnetics European School of Magnetism Liége 2025 -



Micromagnetisme

Liliana Buda-Prejbeanu

Finite Difference Aproximation (FDA)

A [+ & [1- @, (7)) ]- “
|

odV

magnetic
charges

Taylor expansion

2
i1, )= mli. )+, +~ 2, )02+ O
D ox 2 ox
: . .o Om,. | 10°m,.
m(f—laj)zm(w)—;(w)hx+5 v (7. /), + O(h))
(i,j+1) ! §
b ' e ) ) mli+1, 7 —m(f—l,j
e % (1D (I,J)'—-'-('+1,J)+--——- ( )% )
b . o _mli+L j)=2mli. j)+mli—Lj
(i.i-1) S

1 he accuracy is dependent on the Taylor expansion order !
o M. Labrune, J. Miltat, IMMM 151, 231 (1995).

Atomistic spin dynamics and Micromagnetics
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Micromagnetism and spin related phenomena : DMI and domain walls

Measurements Pt/ Co/ AIO

400-
£ 3001 #ﬁ'«fﬁ“
g 200+ t
= 1oo- &
00'.0——1}?“& 20 30 1'2 4102 5o 1) Chiral exchange Dzyaloshinskii-Moriya
Current density (x 10 A/m’) 2) Spin polarized current /Oy (Spin Hall effect & Rashba effect
Miron et al, Nature Mater. 10, 419 (2011)
+  spin orbit torques
2D (om, om om, om om
H — z z _ X __ y A
o () TR ( ox ooy’ X oy ] (Ej = 7/0CFLJapp[m X(UJ XZ)]
SOT
+ Q/OCDL‘]apprn A [m R (UJ X 2)]
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Micromagnetism and spin related phenomena : DMI and domain walls

. 1.00

0.80
0.80
040
0.20

-0.20
040
-0.60
-0.80
-1.00

A. Thiaville et al., EPL, 100 (2013)

Liliana Buda-Prejbeanu

average magnetization
o
o
o
(o]

000 005 010 015

no DM Large DM=2.0 mJ/m?

No field

wuQot

—=— |ongitudinal
—e— transverse

0.20

DM (mJ / m?)
O. Boulle et al, Phys. Rev. Lett (2013)
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Micromagnetism and spin related phenomena : DMI and domain walls

W71
DMI o
350 - - @ 0.0006J/m’ e i
* - 0.0010 J/m’ e ]
300 9 0.0020 I/m’ @ ° -
’UT L 9 i
'S 250 ) ]
£ - K . x _
2 200 | ° x X ]
O °,~ * *
2 Sk
O 150 o * L o o o i
2 100 90° ]
| S
50 @ ]
0 - . | . 1 . 1 | | | ) ) ) .

0 50 100 150 200 250 300 350 400 450
J_ (10" x AIm®

app

J=200e10 A/M2 —g

&;x— a |

-1.00 -075 050 -025 000 025 050 075 100

v' DMI+SOT : the key to explain the fast current induced DW motion in these materials
v' DW velocity ~ J_

Liliana Buda-Prejbeanu

Atomistic spin dynamics and Micromagnetics
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Micromagnetism and spin related phenomena : skyrmion Hall effect

DARPA
Thin film of Pt/ Co / MgO

Measurements Simulations
120—— > La0f T %] 6.7x101t A m?2 6.7x101t A m?2 2.9x10%" Am?  6.7x101 A m?
100} l,\EA’é%e?ata 120} e Sim.wio. disorder -] v .

Y Sim. w. disorder

— 80 + 4 — 100+ ‘L 1
‘» ‘n 80t 0
E 60 1 E -}(
> > F
40+ g
: i A
20F
0 L L L L L L L 0 o
0 1 2 3 4 5 6 7 01 2 3 456 7 8 91011
J (10" Am?) J (10" Am?)
70 . . . . . , . . . . . .
60} 1 407 9 g 0 © 0 o 1® ‘_L*H“
Lo )
ol —k— 1
. 30t —x— | 1
< 20p ! : 1 e X J &_/

I I
% 30t 1 % 20

o j ’ 10# B 200 NM  s—
I

0

1 1 1 1 1 O 1 1 1 1 1 1 1 —_
0 20 40 60 8 100 120 0 20 40 60 80 100 120 140 1 frame =1ns
v (ms™?) v (ms?)

v SOT current driven motion of the skyrmions
depends strongly on the pinning
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Micromagnetism and spin related phenomena : SOT MRAM
AlOX

SPOT

v’ Bipolar switching

v’ Very short pulse < 250ps
v Reversal by nucleation/propagation of DW

Liliana Buda-Prejbeanu

00 = 260x10%0 A/m?

1.0
37061
05} N
- \/’\\_/
N 380e10
£ 0.0
V y
260e10
-0.5
' 250e10
10 1 . 1 . 1 .
0.0 0.2 0.4 0.6 0.8
time (ns)

m
;
100 D75 050 025 000 025 050

m, T L] |

Z
-100 075 050 -025 000 025 050 075 100

Atomistic spin dynamics and Micromagnetics
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Micromagnetism and spin related phenomena : SOT MRAM

0.4 Loy 1
: . 0.2+ O\O“k QOO%;}:‘L 100nm T T T T T T T T T T T 1000
i 0.0 o, | 9 m
100nmeo £ X* % 50nm 'b‘w 6
2501 02| R 750
\ 0.4 30nm 1 | |
4 1 1 & 5¢
200 - o 0% -25 0 25 50 & °
*) x (nm) 2 3 \ 2
~ o . - 1500 3
e 50nm o %o S‘O 4+ ) =
*} 5nm°\0\ 15nm © o )
L ATl B S S
100 | %\g\% 29 m - S e
* * 2 ] \ ] \ ] \ ] . 1 . 1
! . ! - 0 20 40 60 80 100
2.5 3 0 L 35 4.0 dot size (nm)
3,,, (102 A/m?)

v" DW reversal mechanism if nanopillar size > 30nm
v Critical current varies linearly with nanopillar size
v Writing energy ~20fJ  E,, =1kQ-(250uA)*-300ps = 20 f)

Liliana Buda-Prejbeanu Atomistic spin dynamics and Micromagnetics European School of Magnetism Liege 2025
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Micromagnetism and spin related phenomena : SOT MRAM + heating

4 60 nm

- Key elements:
Interfaces HM/FM and FM/Ox
— perpendicular anisotropy — binary states & memory stability
— Dzyaloshinskii-Moriya interaction

Spin orbit torques — to switch between the two stable states

Liliana Buda-Prejbeanu Atomistic spin dynamics and Micromagnetics European School of Magnetism Liége 2025



Micromagnetism and spin related phenomena : SOT MRAM + heating

Intrinsic issues

.

v Parameters sensitive to temperature — Ki(T), My(T), A.,(
v Impact on the magnetization dynamics

v Impact on the operation of the storage layer

Develop appropriate modelling approach

coupling : current

— temperature — magnetization dynamics

/

-

Electric solver

J app (1‘, t)

COMSOL

N

Joule Heating

T(r,t)

3D

AN

LLG + SOT h
M(]app (r,t), T(r, t))

micromagnetic model

Liliana Buda-Prejbeanu

E. Grimaldi et al, Nature Nanotechnology (2020)

Atomistic spin dynamics and Micromagnetics

European School of Magnetism Liege 2025

m....

52




Micromagnetism and spin related phenomena : SOT MRAM + heating

constant T=293 K

Writing with current == Joule heating

Liliana Buda-Prejbeanu

Free layer

BW Channel

Atomistic spin dynamics and Micromagnetics

on the boundaries

1400 nm

European School of Magnetism Liege 2025
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Micromagnetism and spin related phenomena : SOT MRAM + heating

Full structure MTJ Equivalent MTJ
Jx (A/m?) J (A/m?)
Xlon - 7X1012
|||||||||||||||||||||||||| ﬂ ﬂo
325
T (K)

295

Liliana Buda-Prejbeanu Atomistic spin dynamics and Micromagnetics

t=1ns

TiN
/ equivalent

material
CoFe

European School of Magnetism Liege 2025
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Micromagnetism and spin related phenomena : SOT MRAM + heating

Material parameters follow Callen-Callen laws FeCoB

Mo (A/m) 1.09e6

AT=30 K
. ;
Spontaneous magnetization el Ko (Jm3)  1.25e6
Mg the value at OK My(T) = Mg [1 (T—) ] 7 o variation Agx, (Jim) 15611
it C
T — critical temperature . 1
b 1
: p 2.5
p
gn;ggte::;;y staliine K(T) = K, [MS (D 16 % variation q 1.7
Mso Te (K) 750
interface & bulk C
DMI (J/m?)  1.5e-4
M (T)]? Hapyp (T) 0.06
: A (T)=A [ > o
Exchange stiffness . o | Mj 11 % variation
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Micromagnetism and spin related phenomena : SOT MRAM + heating
T(t) Ms(T(1))

325 le6
== Fitting
= Simulation
320 4 / 11114
315 4 g
z 5 1.10 1
w 3104 2
= o £
- Japp = 1% 1012 A/m? 30 =
# t; = 0,1ns c
300 A 2
tf = 1,117.5 5 1081
295 4 =
L 1.07
290 T T T T T T r
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 ! ' ! ! . : ! !
time (ns) 0.00 0.25 0.50 0.75 1.00 1.25 150 1.75
time [ns]
Fitting parameters : ¢, t',T,, u and ¢t depend on the
simulation conditions
350 1" — simulation

- Fitting R A

-+ T, t;<t<ts
T =4 VE7°

+293 t>t 2407

B Japp = 1 x 1012 4/m?
k t - t ti = %I,)lns
tr = 220,1ns
Given current pulse —T(t)—> fitting — micromagnetics ; 1 = = s
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<Mz

J =09 x 1012 A/m?

1.00 A1

0.75 1

0.50 1

0.25 1

0.00 1

—0.25 1

—0.50 1

—0.75 A

—1.00 1

T R

=== Torr
— Ton

0.0

0.5

1.0 15 2.0 2.5
time [ns]

<m,>

J =12x10'% A/m?

1.00 A1

0.75 A1

0.50 1

0.25 A1

0.00 A1

—0.25 A

—0.50 A

—0.75 A

—1.00 +

=== Torr
— Ton

T ——————————————————————

Atomistic spin dynamics and Micromagnetics

1.0 15 2.0 2.5
time [ns]
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Modelling - take home messages

- Model versus Reality
-/ Validity of the model

- Utility of the model

-/ Critical thinking on numerical solutions

A solver gives always a solution!

Atomistic spin dynamics and Micromagnetics
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