


Magneto- thermo- dynamics applications
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OUTLINE

Introduction: some fundamentals for thermal modelling

1. Stochastic atomistic dynamics and Landau-Lifshitz-Bloch
(LLB) micromagnetics

2. Scaling of temperature-dependent parameters: Domain
wall width and skyrmion radius increase with temperature

Reciprocal magneto-thermodynamics effects:

1. Spin-Seebeck effect.
Motion of domain walls and skyrmions in thermal gradients

2. Giant localized spin-Peltier effect for ultrafast domain
wall motion in antiferromagnets



Introduction: Atomistic/micromagnetic approach:

*Atomistic spins (localized classical magnetic moments p —

in the Heisenberg description with J and on-site anisotr.d), f 1 1

o)) defines coupling to thermal bath A R tcoal

Characteristic timescale is determined by exchange (fs-ps) ¢ Q&4 \ ﬁﬁ f
K [raiariine
cev - HD

‘Micromagnetic units (averaged magnetisation, Ms(T)), A(T),
K(T)
The temperature in this case is included twice:

=The damping a contains already thermal averaging: o(T) b ay =
=Langevin dynamics defines different trajectories Si = 1 S x H, (1) - 7 S; X (S x H, (1)
Characteristic timescale is determined by applied field /anisotropy (ps- +a’ l+a’
ns) Stochastic fields are added
<h;(t)>=0 < by (&) >= 808y —— kuT/¥

l]l



Role of thermal fluctuations in magnetism

At the microscopic (atomistic) level:

Thermally excited spinwaves are responsible for

’ t " temperature-dependence of macroscopic properties
CUEY S L\ )L ) and for thermal magnetisation reversal via the
R ‘ &‘i ’ spinwave instabilities.
3 X . . .
PR\ YO —r—— —— At more macroscopic (micromagnetic) level
v s ¥ a 1 / t e Thermal fluctuations are responsible for
\_ N J X . . . . .
‘/v L " dispersion of trajectories and a random walk in a
, complex energy landscape
Atomic Micromagnetic units _
Spins, S (macrospins), M eEventually energy barriers could be overcome

with the help of thermal fluctuations leading to
magnetisation decay.



Hierarchical multi-scale approach

(| Ab-initio calculations
u,J, k,d atomic

— e |  Parametrised cells
y < Hamiltonian

Discrete(atomistic)models
Ms(T), K(T), A(T), D(T,)a(T)

K(T) x m* i 1
o.=3 (uniaxial anisotropy) ” : =
=10 (cubic anisotropy) JEETEFIDEE MIOEIE S

DFT —> atomistic(Heisenberg) Hamiltonian —> micromagnetics (LLB)

N. Kazatseva et al Phys. Rev. B 77 (2008) 184428



Micromagnetics with the Landau-Lifshitz-Bloch (LLB) equation

For non-constant or high temperatures
and though the phase transition

Easy m»:isi ,/r
X ¥ f/if‘L:* Efth g T#0 = |M| # const
E“' \ T t"
N 1
dm . [ [ Mx H ]]
dt m |
T
L_(l—mz)m T <T¢ ﬂl:)t(l_—)
Hgff = H _|_ H;il _|_ Ja EIHT mES 2 - ?}TG
— T—G—1—|—Em)111 T 2 Tc _22;\

ay = —
Temperature —dependent micromagnetic parameters M(T), K(T), A(T), D(T) =3 To

D.Garanin PRB 55 (1997) 3050 classical derivation
D.Garanin Physica A 172 (1991) 470;  P.Nieves, ...0.C.-F. PRB 90, 104428 (2014) Quantum derivation



From atomistic to micromagnetic approach: exchange stiffness

’ t 1 Generalized Micromagnetic exchange
- Heisenberg
(A M D Il JA JA ) 5 2 2
—== % . om
i ‘e X H=-23305¢S) - E=A (aij mpa +(%j dv
3 & 4 b3 25 v |\ OX oy OX
ANG YIS /
$ R\¢ & L 1( Takes into account crystal
S, -
; 5] .- structure _iz v ov N2
‘h ? Zr” \ J \ \ ) Can be long-range 4,(0K) = Vi, £ IOj(an)
f J
Atomic Micromagnetic units B _l ., _970 . ,
Spins, S (macrospins), m Sow = Z;D” [Siij] Eom ZDJ [mZVm (m V)mZ]dS



From atomistic to micromagnetic approach: Temperature-
dependent spin wave spectrum

2x10°
N—
“é K=(0,0,8) o(1/s) | Due to the averaging over thermal
ey 1.2x10 fluctuations, the longwave length
, spinwaves are temperature-dependent
1x10°- 131
8.0x10
k=(0,0,16)
137
k=(0,0,32) 4.0x10 A (T ) . A(O) m 2—¢&
0 |  ghecei
0.0 5.0x10" 1.0x10™ 1.5x10™ :
o (sy X 35
k=(0,0,K)

D(T) = D(0)m?~°
o(K) =y,(H +% k cos(ak) +%sin2(ak))

due to spin-spin correlations

UAwitia. ... O.C.-F... PRE 82 (2010) 054415 Material-specific, depends on number of neighbors, crystal structure etc.



From atomistic to micromagnetic approach:
temperature-dependent domain wall width, skyrmion size etc.

: 1. 1.
A(T) < m*8, K(T) o« m3 Koxm?, Axcm!®,Dux m!®
J.V |
104 | | | metastable states -”
| Domain wall z-axis | AR _ e " a0 K
c
S ;
S 05- <25} e
N = T=400 K
o = Mo+ ]
= 8 P e --)
% = I)‘ as computed =
£ 0.0 .‘? AP -7
o = in Ret [-l]” - ‘
I 220 A~
(—EU o -
o 054 stable states
pd v
y . (a) H, ~0mT
T=500K, & = 32.2nm . 4 4 . A
-1.0- ow . 1.2 1.4 1.6
- | T T T T ; Reduced DMI parameter d
0 20 40 60 80

X position
. . . Temperature-dependent skyrmion radius
DW width increases with temperature P P y

R. Moreno, ..0.C.-F. et al PRB 94 (2016) R.Tomasello, --O.C.F. et al PRB 97 (2018) 0604402
104433



Motion in thermal gradient
(spin-Seebeck effect)

* Energy minimization due to scaling of magnetic parameters:

(Exchange and anisotropy energies are minimized in the hot region,
magnetostatic and DMI energy —typically in the cold region

e.g. Epy = 4#VAK —mD  Kopp = K — - oM?
* Entropy (free energy ) S is maximum in the hot region

e Spin currents move from hot to cold

* Other effects: (spinwave emision by DW and interaction,
changing of DW character (Bloch->Neel), going from in-plane to out-of plane etc.)



Skyrmions in thermal gradients

Pt/FeCo/Ir
Multilayeres
(5 repetitions)

HM/single-layer FM Multilayer
K «m3 K o« m?®
Ao mtS Ao ml7
D &x m!® D x m?

Competition between magnetostatic energy and all other energies




Neéel domain wall in thermal gradient

(Entropic motion, FeCoB parameters, perpend anisotropy ) A@) «m!7
50-5K

150-5K




domain wall in thermal gradient
(Magnonic motion)

Neé

50-5K

300-5K




domain wall in thermal gradient
(Full calculations)
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Domain wall is bent and is attracted by the heat spot




Self-consistent magnetisation and temperature dynamics

AT = C“Vl/dt (e.g. magnetisation dynamics under spin-Seebeck)

I Reciprocity? self-consistent treatment?

dM/dt = AT —(e.g.hysteresis heating)




Self-consistent magnetisation and temperature dynamics
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Self-consistent magnetisation and temperature dynamics

AT = C“Vl/dt (e.g. magnetisation dynamics under spin-Seebeck)

I Reciprocity? self-consistent treatment?
dM/ dt = AT —(e.g.hysteresis heating, magnetocalorics)

Two derivations: quantum (denstity

T - - H . . . . .
e+ 4 aj, (m - Hop )+@, mXx (mxHefr) matrix) or repciprocity pr|nC|p_Ie
dt m? Electron (Metals) or phonon (insulators)
bath
. Yo Mgjo . Ya M . ]
A =—7r—") a, = P. Nieves,.. O.C.-F. PRB 94 (2016) 04409
Cu C
The heat (Q) dynamics occurs in the same timescale as The change of the temperature occurs for:
the magnetisation dynamics fs-ps for longitudinal * lrreversible processes
changes and ps-ns for transverse changes * Ultra-fast processes



20 nm Magnetite nanoparticle under ac-field-

around 10 mK heat per switch
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‘Self-consistent description of spin-phonon dynamics in ferromagnets’, P. Nieves, D. Serantes, O. Chubykalo-

. Fesenko, Phys. Rev. B, 2016, 94, 014409 _



20 nm Magnetite nanoparticle under ac-field-

around 20 mK heat per switch

0.1 ' ' ' 1 . . .
c /_\ * Diffusion (or conduction)
-] 0.0
e
= 0.1 . _
s S * The interface heat transfer dT/dt= (T-T0)/t
0.5 . Ji
Z 0.0 —*_W
0.5 i) : 310.05 —
-1.0 1 ] Mo heat transfer i
1.0 : 1=2ps
0.5 / ] 310.041 =100 ns ‘ ’
N 0.0 ' -
S s / . o 31003 ]
-1.0 | I:" ; .
< o | ' ' ‘ 310.02 4 — N
£ 0.04 : ' dT.__ =0 \
8 o | 30014 et | - \ 1
=0 ‘ dT 1 ‘“\ “‘“-k k \
.g- 1 Bow 12
=000 : : : ' 31000 40—t 1 T
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‘Self-consistent description of spin-phonon dynamics in ferromagnets’, P. Nieves, D. Serantes, O. Chubykalo-

. Fesenko, Phys. Rev. B, 2016, 94, 014409 _



Two interacting nanoparticles

time (us)
0.50 O.:l5 1.00
8 : . .. .
@ ge—— * Nanoparticles release heat in intrawell and interwell processes
6 1?003 A_ i o~ ‘-_'.‘.’.'_'.'.'.'.’.'_'.'.‘.'_'.'.'.'.'_'.'.'.'.'.'.'.'.'.’:
010) = = == E d
g | o s
;_E' 41 I e  The intrawell heat release may be even higher
<] (Y
- I—— ..'..':.F
—]  Importance of dynamics and precession
LR e
— T % ’._/a/"/.
E 4- KN .'//°/ Q‘N
’Z ) " = >
2 &v&“"’"‘r/ % b
e i Wk IR C. Mufioz-Mendez, ...0.C.-F. PRB 102, 214412 (2020)




Domain wall motion by spin-Seebeck
effect

»
o 0
O\
o

D. Hinzke and U. Nowak

:"'-._domain wall motion Phys. Rev. Lett. 107, 027205 (2011)

magnetization

% magnonic spin current
) i ——

space coordinate x

X cooler —____hotiend

The opposite effect:
moving domain wall (vortex, skyrmion etc.) produces heat dynamics?
The answer is YES! How much?

The effect is GIANT, ULTRAFAST and LOCALIZED in AFM



Spin-Peltier effect for moving magnetic
structures

The approach is equivalent to Rayleigh function for m(t)

do fa_%(d_m)zd\,
14

dt dt




Spin-Peltier effect for moving magnetic
structures

The approach is equivalent to Rayleigh function for m(t)

do aMs(d_m)Z
dt~f y \dt v

* Any moving object should produce a change of
temperature

* The effect is cuadratic in magnetisation (AFM)



1D stationary moving domain wall

L 5 Estimations:
NC o Permalloy
—— Ms=1T
K C =108J/Km?3
1T —I T2 U2 V=500 m/s
A=50nm
0(x,t) = 2tan™?! (exp [x _thD =0.01

Temperature (energy) profile accompanying AT =0.4 mK
moving domain wall

aM.v x + vt
tanh ( )

T(x,t) =T,
(x,t) 0+yCA A

R.Otxoa, ...0.C.-F.
Comm.Phys. 3, 31 (2020)



1D stationary moving domain wall

Estimations:
Permalloy With thermal diffusion:
Eﬂsz(l)lj/K 3 or_ 92T N aM v? 1
= m —_— =
H1Ta EEE——T T2 (2 V=500 m/s ot 0x? ]/CAZ cosh? lx -ZVt]
A=50nm
X+ vt =
0(x,t) = 2tan™1 (exp[ D a=0.01 2aM v?
A T(x,t) = DA (x + vt)
Temperature (energy) profile accompanying AT =0.4 mK Y
moving domain wall D=10* m?/s
W n=0.01 <<1 diffusion-dominated motion, heat is
aMv X+ vt - i
T(x,t) = Ty + CSA tan ( - ) Is rapidlly delocalized.
K VA g Otros, .0.CF

n= D Comm.Phys. 3, 31 (2020)



1D stationary moving domain wall

Estimations:
Permalloy With thermal diffusion:
Eﬂsz(l)lj/K 3 or_ 92T N aM v? 1
= m —_— =
H1Ta EEE——T T2 (2 V=500 m/s ot 0x? ]/CAZ cosh? lx -ZVt]
A=50nm
x + vt =
0(x,t) = 2tan™1 (exp[ D a=0.01 2aM v?
A T(x,t) = DA (x + vt)
Temperature (energy) profile accompanying AT =0.4 mK Y
moving domain wall D=10* m?/s

N=0.01 <<1 diffusion-dominated motion, heat is

X+ vt : :
T(x,t) =T, % anh ( ) Is rapidlly delocalized.
A vA
R.Otxoa, ...0.C.-F.

n= D Comm.Phys. 3, 31 (2020)




Atomistic model of Min,Au antiterromagnet

Jarm_1=-396 Kz 180 Neel domain wall moved by current (SOT field)

Jem=+115 Kg

q_' X V. M. T_ S. Barthem et al. Nat. Comm. {2013)

M. Jourdan et al. J. Phys. D (2015)

One biaxial (basal plane) Anisotropy Atomistic dynamics
| isotropi s ___ TV & W & & LG
Two perpendicular anisotropies Si = =S x H(t) =S x (S§; x H,(t))
1+« 1+«

(uniaxial and cubic)

The uniaxial anisotroii >>others



Domain wall velocity and width in MnAu
i(t) = 3 Hsol A= (1-d(*/3)"”

<
Q

Velocity [Km/s]
s

RN

() Atomistic Sim. _ S O Atomistic Sim.
1D model + LT | — 1D model + LT

%fm 001 002 003 004 005 800" 001 002 003 007 005
Hso [T] Hso [T]

v’ Velocity increases up to 40 km/s (limited by spinwave
emission)

. . . R.Otxoaq, ...0.C.-F.
v Domain width decreases down to 4 nm (relativistic effect) Comm.Phys. 3, 31 (2020)




Domain wall velocity and width in MnAu

: — 1 2 g2y 12
) q(t) = CEHSD& A=Ay (1—4q(t)*/vg) Mn,Au
Vg | ' V=40 km/s
: A=5nm
— 40
= a=0.001
§ I ; VA .
> 35¢ | n=7F= 4 Localized heat wave
g
s ol _ AT =0.7K
-' O Atomistic Sim. [ O Atomistic Sim. | -
— I ‘ Huge effect!
| D model + LT S -
%f ............................ ] (? I,D mc?del +,LT , .1 2 order of magnitude larger than in
00 001 002 0.03 0.04 0.05 00 001 0.02 0.03 004 005 nanoparticle with coherent rotation
Hso [T] Hso [T] 3 orders of magnitude larger than
for FM DW
v’ Velocity increases up to 40 km/s (limited by spinwave
emission) 40 nm/ps (ultrafast timescale)

. . . R.Otxoaq, ...0.C.-F.
v Domain width decreases down to 4 nm (relativistic effect) Comm.Phys. 3, 31 (2020)




Current |

Two temperature modsl

dT. _. . a*T
E’E — a2 — TE - T kg

+ QE—B{I:- f}

dl; _. . Ton—T
ph - _ge—phl:.,TE - Tph_} + ph .

'
T 'm

R.Otxogq, ...0.C.-F.
electrons Comm.Phys. 3, 31 (2020)

phonons
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Distribution of heat along the track

Heat is accumulated in the
Center of the track (where
Hqop is maximum

- - — 1500

AT, [K]
09 _
1000 With 4 cycles only phonon
temperature has reached 1 K
nm

e

MN=2

N=3

MN=4

0 ATpa [K]

0 50 100 150 200 250 300
Time [ps]

00— 561500

DW Track [nm)]
—————




AFM DWs “charge” and “discharge” during the collision

Total Exc. Energy [keV]
T e

Hso

E(vs) =

Ey

\/1 — ('US/C)Q}

DWs Charging Inelastic
N .~ Collision
N\

Eex A

Time

R.Otxoa, ...0.C.-F.
Comm.Phys. 3, 31 (2020)




Topology-selected AFM domain walls annihilation

O ®
Q=-V,0 Topological charge tt727oNN Il \n=>7 711
. ) — 41 Ql=q2 Q1=-Q2
¥ : ) -“ bl ) ollision = 'ﬂ
) fteeil e
E—_— Q=1 - \
D QLJ %H*Ff T}) - : Time= N

R.Otxo0a, ...0.C.-F. Phys. Rev. Research 3, 043069
(2021)

Only if Q1+Q2=0 domain walls can annihilate



AFM domain walls collision

Q1=Q2

Ql1=-Q2

Elastic collision Inelastic collision

60 %4 O |
4| -1
B Z
£ £
= =
4>r é
Hso [mT] 0 02040608 1 12 14 16 I8 2 Hso [mT] 0 020406 08 1 1214 16 18 2
Track [prm]

Track [prm)]

R.Otxo0a, ...0.C.-F. Phys. Rev. Research 3, 043069 (2021)



Energy release during AFM DWs collision

Qtopo [ueV/ps] fjdyn [ueV/ps]
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Messages

Magneto-thermo-dynamics: reciprocal phenomena

Change of temperature -> magnetization dynamics
Change of magnetization -> temperature dynamics

This manifests in many magneto-thermo-dynamical phenomena:
which use one or the other part
(spincaloritronics vs. magnetocalorics etc)

Spin Seebeck effect: domain wall is moved towards hot region,
Skyrmions —it depends.

Spin Peltier effect: ultrafast ultrathin domain wall dynamics
is accompanied by a localized heat wave
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