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Switching with inverse Faraday effect

- helicity-dependent a"_optical all-optical Writing of an FePt nanoparticle
switching demonstrated in many recording medium

materials
& ot

John et al., Scientific Reports 7, 4114 (2017)

- strong influence of heating, switching
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(Kazantseva et al., Europhys. Lett. 86, %
27006 (2009)) ’u,ﬂ]'d N’ior;:l

- due to inverse Faraday effect: t ‘
circularly polarized light induces '

magnetization in a sample
(Battiato et al. PRB 89, 0144413 (2014))

- what about antiferromagnets?
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Inverse Faraday effect in CrPt
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- CrPt: antiferromagnet with two sublattices 0.00
- IFE quantified by first priciples calculations .
(Berritta et al., Phys. Rev. Lett. 117, 137203 _0.05
(2016)) T_
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photon energy w / eV
IFE constants Cr moment direction
parallel and antiparallel to k-vector of

the light. Red line indicates difference.
- lattice and spin moments
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Inverse Faraday effect in CrPt

- CrPt: antiferromagnet with two sublattices
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- IFE quantified by first priciples calculations
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(Berritta et al., Phys. Rev. Lett. 117, 137203 _0.05 ‘-7 -
(2016)) '|I__
S; = 0.05
0.00

longitudinal

photon energy w / eV
IFE constants Cr moment direction
parallel and antiparallel to k-vector of

the light. Red line indicates difference.
- IFE leads to staggered induced moments

:
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Inverse Faraday effect in CrPt

(2016))
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- perpendicular IFE very small
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Modelling ultrafast spin dynamics in CrPt

- induced magnetic moments from DFT
calculations via:

K|7=E(W)V/
c

(t)

Mind =

- add to the existing moments:
Bi = P+ Ping,  Si— Si+AS;

H= — ) Jj(Si+AS)-(S;+AS))
(i)

— ) d.SE —4dpSiS;,

- induced moments couple via exchange
interaction with neighbouring spins

- dynamics via stochastic LLG equation

two-temperature model:

Cel Tel = G(Tph - T6|) + P(t)7
Cph 7.-ph = G(Tel - Tph)
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time-dependence: fiing ~ €~ t/7
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Equation of motion

stochastic Landau-Lifshitz-Gilbert equation

S;i= — (IT;Y% S; x H;(t) precession
_(1+O;2)u5 Si % (Si x Hi(t)) dissipation
with H;(t) = _% + Ci(t) fluctuations | spin dynamics

and (¢;(t)) =0, (Cin(0)Gu(t)) = 0;0,00(t)2ckp T s /.
a: quantifies coupling to the electronic/phononic heat bath

- numerical integration of the stochastic o Toomp  Tsm Tore
LLG equation : ¥ - gi
(Lyberatos et al., J. Phys. C5, 8911 (1993)) | 3 °| —o— total |
- simulation of 102 spins possible Sl | gl o
- statistical average in the canonical g 4 lT
ensemble - T R e
2l
© realistic dispersion relations; non-linear l Yl
prozesses; critical behavior methods o =T T
. . . . Temperature [K]
® classical approximation; large numerical
effort Donges et al., PRB 96, 024412 (2017)
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Statistics of the switching process
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Dannegger et al., PRB 104, L060413 (2021)
- switching process can be stochastic due to heating
- deterministic switching observed e.g. for | = 6GW/cm2,T = 200fs

- perpendicular switching also possible for lower intensities
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Exchange-enhanced switching dynamics

FePt

~J

Dannegger et al., PRB 104, L060413 (2021)

in the ferromagnet FePt swiching is linear

in CrPt we find an elliptical switching path

dynamics exchange-enhanced and driven by precessional torque

very fast, time scale < 500fs

23.2.2022 Spin dynamics in antiferromagnets: from THz to ultrafast switching Ulrich Nowak, Universitat Konstanz 10



Spin dynamics in antiferromagnets: from THz to ultrafast switching

Martin Evers, Hannah Lange, Andreas Donges, and Uli Nowak
University of Konstanz, Germany

In collaboration with:
S. Tauchert, M. Volkov, D. Ehberger, D. Kazenwadel, P. Baum, University of Konstanz

A. Book, W. Kreuzpaintner, LMU Miinchen

Topics:
- ultrafast spin dynamics in AFMs

- ultrafast transfer of spin angular
momentum into the lattice

- spin lattice dynamics o -

23.2.2022 Spin dynamics in antiferromagnets: from THz to ultrafast switching Ulrich Nowak, Universitat Konstanz 11



Laser-induced ultrafast spin dynamics
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- following a fs laser pulse magnetisation can break down on a time scale of
some hundred femtoseconds and recover on a ps time scale

(Beaurepaire et al., PRL 76, 4250 (1996))
- the phenomenological three-temperature model gives an idea of the energy flow

- flow of angular momentum remains an open question

- coupling between microscopic degrees of freedom (spin, electrons, lattice)
hardly understood
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Ultrafast generation of phonons
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S. Tauchert et al., Nature 602, 73 (2022)

- time-resolved electron diffraction delivers structural dynamics and atomic
motions with picometer and femtosecond resolutions in space and time

- THz fields compress electron pulses to < 100 fs duration

- electron diffraction of a single-crystalline Ni layer on Si membrane reveals the
epitaxy and distinct Bragg spots

- when laser pulse hits the sample (2 2 0) spot decays by ~ 1.5 % with a < 500 fs
time constant indicating the ultrafast population of phonons
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Ultrafast generation of polarized phonons: idea and theory

How can we detect the phonon angular momentum?

o © © SROR S o © °

e © © e & 8 ,@‘
cee | ®0g | o9

S

- idea: develop a model for local phonon excitations of the lattice with finite angular
momentum L = heyy = mAr x p

- number of local excitation corresponding to a demagnetization of 50 %

- molecular dynamics simulations using LAMMPS: free Ni crystal with 500000
atoms

- calculate and analyze diffraction patterns

- broadaning of (200) and (020) peaks different = anisotropy indicates chiral
character of phonons
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Ultrafast generation of polarized phonons: idea and theory

How can we detect the phonon angular momentum?
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- idea: develop a model for local phonon excitations of the lattice with finite angular
momentum L = heyy = mAr X p

- number of local excitation corresponding to a demagnetization of 50 %

- molecular dynamics simulations using LAMMPS: free Ni crystal with 500000
atoms

- calculate and analyze diffraction patterns

- broadaning of (200) and (020) peaks different = anisotropy indicates chiral
character of phonons
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Ultrafast generation of polarized phonons
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S. Tauchert et al., Nature 602, 73 (2022)

- after laser excitation time-resolved electron diffraction shows an anisotropy of the
(normally equivalent) Bragg peaks within less then a ps
- this indicates a transfer of angular momentum from the spin system into the

lattice within less then a ps
- this is not an ultrafast Einstein-de Haas effect (Dornes et al., Nature 565, 209 (2019))
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De- and remagnetization times in FMs and AFMs
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- toy models for a FM, a layered AFM and a £ 100 ]
cubic AFM are compared 3 5. !
- all model parameters identical except sign of
exchange constants ¢ °
- simulation of sLLG equation . . .
FM IAFM cAFM

- even then thermal dynamics is quicker in
AFMs

type of magnetic order

23.2.2022 Spin dynamics in antiferromagnets: from THz to ultrafast switching Ulrich Nowak, Universitat Konstanz 17



Spin dynamics in antiferromagnets: from THz to ultrafast switching

Markus WeiBenhofer and Uli Nowak
University of Konstanz, Germany

In collaboration with:
S. Mankovsky, S. Polesya, H. Lange, H. Ebert, LMU Miinchen

Topics:
- ultrafast spin dynamics in AFMs

- ultrafast transfer of spin angular
momentum into the lattice

- spin lattice dynamics

23.2.2022 Spin dynamics in antiferromagnets: from THz to ultrafast switching Ulrich Nowak, Universitat Konstanz 18



Multi-scale modelling in magnetism

- goals: understanding spin structures and dynamics, involving
- time scales from femtoseconds to years
- length scales from electronic to sample size
- temperatures from zero up to the Curie temperature
- opto-magnetic effects, charge currents, rapid heating

© Landau-Lifshitz-
g Bloch equation
£ spin models and
Landau Lifshitz .

Q . equation Thiele
g time _ equation
% depgggent molecular _ _

dynamics micromagnetism
2 first
o principles

| calculations

electrons spins, atoms continuum theory  quasi particles
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Spin-molecular dynamics

Hamiltonian for spin and lattice degrees of freedom

H(S,r,p) = ZJS S+’Hs,Sr+Z +ZV(fu)

spin- Iattlce
spin Iattice

equations of motion

: oH . oH . OH
ri=—2=— Pi= % Si:lsix_
8p,- 8!’,‘ Ms 35,’
- no heat bath — microcanonic ensemble
- open problems:
- expression for spin-lattice coupling
- determination of the parameters
- see also:
Strungaru et al., PRB 103, 024429 (2021)
Hellsvik et al., PRB 99, 104302 (2019)

ABmann et al, JIMMM 469, 217 (2019)
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Spin lattice interactions from first principles

spin-lattice Hamiltonian

Hum= 3 5SS - T S A 3 3 s

IN NN ij,o,B Kk, ij,o,B kv
041 @ |D-‘Z:]1| @ |]Ll;(;”=7| 10
- fully-relativistic scheme treats 0.2_. ° L5
changes spin configuration plus ° ¢ . o
atomic positions eually 00le ® 3 e®%eg o, ¢ © Sgigo
- closed expressions for the 3|z 0.051 T | e | Jda=m) 10,05
spin-lattice coupling parameters =
up to any order =
. . %) ® o o © ® o0 ®
- even in bcc Fe leading term for 000% 8@ cal80o8 o o9 o80lel (o
angular momentum transfer is a 0.051 | o) o) 10.05
DMI-type interaction emerging
due to the symmetry breaking o
distortion of the lattice. 0.00] : te ?."‘q..? e 0@ 00 000,00
- Mankovsky, Polesya, Lange, 1 2 31 2 3
WeiBenhofer, Nowak, Ebert, submitted Tij(k) /at Tij(k) /Qat
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