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Outline
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NIR pulse

e Introduction

e THz spintronic emitter — applications 15-% T

e Lightwave electronics — coherent
spintronics

T. Seifert, et al. Nature Photonics (2016)

E(t) XUV Transmission at 66+0.5 eV [norm.]
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F. Siegrist et a!., Light-wave dynamic control of magnetism,
Nature 571, 240-244 (2019)
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Novel spintronic Photonic THz applications
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Few cycle pulse

Ultrafast Spintronics




Ultrafast trigger

Free THz B-field trigger

e Photoconductive switch,
1ps rise time, 0.2 Tesla

Wang et al. JAP

e Free THz pulse (organic
crystals)

~1Tesla |

C. Hauri et al. Nature Photon
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e Stanford accelerator

Ch. Back et al. Science
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Ultrafast trigger
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Strip line THz B-field
trigger
e Switching GdFeCo
(FM)
(Berkeley group)
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Ultrafast trigger
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H
i

100 pm

dc current

* Thin-film preparation Ta(8 nm)/CoFeB(5 nm)
* Lithography of the structures
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Ultrafast trigger

« Pump probe spectroscopy Ta(8 nm)/CoFeB(5 nm)
 Plus Spin-Orbit Troque

™

— Raw data
u,H=145mT ; I =40 mA

— Background

TRMOKE signal (a.u.)

0O 200 400 600 800 1000
Time t (ps)

dc current

CoFeB (5nm
dc current

. Wittrock et al., IEEE Transactions on Magnetics, 53 (2017). .
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Ultrafast trigger
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« Spin-Orbit Troque: Antidamping
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S. Wittrock et al., IEEE Transactions on Magnetics, 53 (2017).
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Ultrafast trigger
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« SSPW In
Ta/CoFeB 5nm

* 0.6 THz freqguency

STRMOKE Signal (a.u.)

[EEY

dc current

CoFeB (5nm

Oscillation frequency (GHz)

dc current

-10 -5 Q 2 10

12.10.2023 SPICE THz Spintronics Markus MZnzenhern



Ultrafast trigger
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Ultrafast trigger
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Frequency [THZ]

D.. = 280 meV-A’

| I |

0 1 2 3 4 5 b
Eigenmode number n=kd/ Depth in Fe

llya Razdolski,Alexey Melnikov et al, Nature Commu. 8 (2017)
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Zeitaufgeldste Spektroskopie
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Simulation der Spinwellen in einer 50 nm dicken Schicht
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e Stehende Spinwellen:
Perpendicular standing
spin-wave mode (PSSW)

‘_

M. Djordjevic, Phys. Rev. B 75, 012404 (2007) o ..IIII..II::III”I 68 p—_:

G. Eilers,Phys. Rev. B 74, 054411 (2006) LSS ot Rk e e L
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Photo excitation of spin waves: theory Wisenlac, St 1455

» Simulation of the laser pulse excitation — spin-wave on the
picosecond and nanometer time scale
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Photo excitation of spin waves: theory

t=0 ps
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* also: microscopic model for ultrafast demagnetization
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FePt optical writing a storage media
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Carbon overcoat (3nm) Sio, (6nm)
Carbon!
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HGST storage

‘ Loy 5ST FePt thin film,
media, He= 2.4T
A ".'*. J@J' ; )

l=150 mT
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FePt optical writing a storage media
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Writing using the helicity of light:
O'_

10 mW FePt (AgCu) granular recording media
Beamwaist 15 pm
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FePt optical writing a storage media
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FePt optical writing a storage media
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Ill

Fe (bcc) FePt L1, “noble meta
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E; Fermi level
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Density of states Density of states
Large electron A Enerey A Energy
specific heat
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FePt optical writing a storage media
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}L NES()/EEX

Spin scattering

Spin-orbit coupling:
VIIXES SDIN-UD dNJ SDIN-UOWT/] S{JLeS
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FePt optical writing a storage media
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* Coupling of electrons and spins

A Energy

Temperature T,

>
Occupation
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FePt optical writing a storage media
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NESO/EEx

A

A Energy

Temperature T

>
Occupation
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Thermal model of ultrafast demagnetization
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Magnetization dynamics with magnetic fluctuations
dm. ror

—=ym xH ,l+——mxmxH
dt 7/ eff( el ) m

Include stochastic fluctuations of the spin system by a Fokker-Planck equation

7
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Thermal model of ultrafast demagnetization __ :
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Magnetization dynamics: Landau-Lifshitz-Bloch equation
m, o and H g, are coupled to electron t

Signature of the phase transition:
~critical slowing down '

f S=1/2 S=«x
H=3T —o0— —o—
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Outline
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NIR pulse

e Introduction

e THz spintronic emitter — applications 15-% T

e Lightwave electronics — coherent
spintronics

T. Seifert, et al. Nature Photonics (2016)

E(t) XUV Transmission at 66+0.5 eV [norm.]
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F. Siegrist et a!., Light-wave dynamic control of magnetism,
Nature 571, 240-244 (2019)
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Femtosecond pump-probe
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ll

Signal ~
Polarization M(t)
modulation A
«3uJ/Pulse
Probe pulse Pump pulse
* Access to ultrafast the relaxation (40 fs, A=800nm) M. Djordjevic, PRB 75, 012404 (2007)
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Femtosecond pump-probe
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electrons (T,) lattice (T),,)
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el-lat
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- Te'-éfig}al I
Nem Al

Polarization
modulation

«3uJ/Pulse
Probe pulse Pump pulse

 Access to ultrafast the relaxation (40 fs, A=800nm) M. Djordjevic, PRB 75, 012404 (2007)
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Ultrafast: spins
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| 2 2 J__,‘
exchange Interaction

L A ANNOT N
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Ultrafast: spins
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~exchange interaction
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Ultrafast: spins
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~exchange interaction
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~group velocity

Scattering — noncoherent
Superdiffuse to diffussive
transport
M >
perspective, J. Appl. Phys. 120, 140901 (2016) Length (¥*nm)
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Ult afaSt pInS UNIVERSITAT GREIFSWALD ()
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~group velocity

Scattering — noncoherent

Superdiffuse to diffussive
transport

>
Perspective, J. Appl. Phys. 120, 140901 (2016) Length (Nnm)
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~group velocity

Scattering — noncoherent

Superdiffuse
transport

> 0
— ¢,

time

Yy -

>
Perspective, J. Appl. Phys. 120, 140901 (2016) Length (Nnm)
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Spintronic THz emitter
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Ferromagnet

Pump pulse excites T and | electrons
T d—> spbands = become fast

l: d—>dbands = stay slow

Battiato et al., PRL (2010)

= Pump launches spin-polarized current

fs |Ioump Melnikov et al., PRL (2011)
pulse Rudolf et al., NatComm (2012)
Turgut et al., PRL (2013)

How to detect the spin current?
ldea: convert spin current into charge current

Kampfrath, Battiato, Oppeneer, Wolf, Freimuth, Mokrousov, Miinzenberg et al., Nature Nanotech. 8, 256 (2013)
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Spintronic THZ emitter UNIVERSITAT GREIFSWALD /]
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Metal
Inverse spin Hall effect (ISHE):

Spin-orbit coupling deflects electrons
— transverse charge current

O
Spin hall angle y = ZSH
fs pump Oxx
pulse
J o osy - Spin Hall
VA conductivity
— 0, - diagonal
Js conductivity

Kampfrath, Battiato, Oppeneer, Wolf, Freimuth, Mokrousov, Miinzenberg et al., Nature Nanotech. 8, 256 (2013)

Markus Miinzenberg
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Spintronic THz emitter
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Metal
THz pulse E
A T . detector
300um GaP,
fs pump 10fs gate pulse

pulse

= Measure THz emission from photoexcited FM/NM bilayers

Note: just used a pulsed
laser oscillator (10 fs, 80 MHz)
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Spintronic THz emitter
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THz Pt sheet current
0.4

Rise in CoFeB/Pt

~30 fs

Current in Pt layer (arb. Untis)

Time (ps)
Reveals spin transport dynamics with 10 fs resolution
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Spintronic THz emitter
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Fourier transform of time-domain data yields spectrum
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Frequency w/2n (THz)

Gap-free emission from 1-30 THz

T. Seifert, et al. Nature Photonics 10, 483—-488 (2016)
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Spintronic THz emitter
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TeraSpInTec Home Products Insights Contact Q

Your Key to Ultrabroadband Terahertz Spectroscopy

T-Spin spectral amplitude at the detector
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~uoust, low cost, scalable, easy to handle and flexible
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Novel spintronic THz applications
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Single-spin

. Magnetization
relaxation

precession

10-%s 10-1%s 107s

Applications: security, bio scanner, pharmaceutics and food control,
mobile phone, inter-chip wireless, data bit addressing and transfer

Communicationand data frequencies:
3G and LTE: 0.7 to 2.6 GHz 5G: 24.25-27.5 GHz
6G reaches THz frequency: > 95 GHz to 3 THz range
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Novel spintronic THz applications
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Electromagnetic 1 THz

Wave/\/\/\/\/\/\ 1 THz

VRVRY, > = 10%2 Hz
S = (1ps)!
300 um <~ (1ps)

THz window

Electronics Photonics (lasers)

Biophysical and medical Novel THz sources bridge
sensing thue THz gap
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Spintronic THz emitter
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Spintronics Electronics

W Hoppe, ] Weber, S Tirpanci, O Gueckstock, T Kampfrath, G Woltersdorf
ACS Applied Nano Materials 4 (7), 7454-7460
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Fundamental properties of the charge-to-spin
conversion

Test for spintronic device optimization
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Fundamental properties of the charge-to-spin
conversion

Test for spintronic device optimization
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Fundamental properties of the charge-to-spin
conversion
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‘ NanOsc samples
Laser chip
Direct study of the THz emission
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Fundamental properties of the charge-to-spin

conversion . . _ S
Q Test for spintronic device optimization
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Spintronic THz Emitters with
diverse nonmagnetic Layers,
Bi Alloys, and layer
thickness gradient

New Bi alloys

FM: CoFeB
NM: Pt, W, Ru, Au, PtBi, AgBi

External magnetic

field: 10mT

Femtosecond laser Generated THz pulse

(40fs, 810nm)

ﬂ
s 2%
\

I | s

I,.r"’
dnM

dFM

Tristan Joachim Winkel, Tahereh Sadat Parvini, Finn-Frederik Stiewe, Jakob Walowski, Farshad
Moradi, Markus Miinzenberg, arXiv:2307.02232
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External magnetic :

Spintronic THz Emitters with Femtosecond laser ~ Leld: lmT Generated THz pulse
diverse nonmagnetic Layers, (40s. 810nm) |
Bi Alloys, and layer H
thickness gradient S
)
FM: CoFeB V J

NM: Pt, W, Ru, Au, PtBi, AgBi

Tristan Joachim Winkel, Tahereh Sadat Parvini, Finn-Frederik Stiewe, Jakob Walowski, Farshad
Moradi, Markus Miinzenberg, arXiv:2307.02232
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External magnetic

Spintronic THz Emitters with field: 10mT

Nonmagnetic Layers (NM):

Femtosecond laser Generated THz pulse
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NanOsc samples
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‘ NanOsc samples
Laser chip
Direct study of the THz emission

X3:W-Ta(5nm)/NiFe (3nm)/Pt(2nm)
X6:W (5nm)/NiFe (3nm)
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Pt: Ta/ CoFeB/ W reference
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fs pump pulse  optical control plus: Spin Torque Nanooscillators
(SHNOs) based on vortex oscillators
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Optical control plus: Spin Torque Nanooscillators
(SHNOs) based on vortex oscillators
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aser beam

THz beam

Terahertz Field Confinement in Nonlinear Metamaterials and Near-Field Imaging
by George R. Keiser and Pernille Klarskov
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Terahertz Field Confinement in Nonlinear Metamaterials and Near-Field Imaging
by George R. Keiser and Pernille Klarskov
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Tyler L. Cocker, Dominik Peller, Ping Yu, Jascha Repp & Rupert Huber
Nature volume 539, pages263—-267 (2016)
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Development of a superresolution —\/\(w
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The spintronic THz emitters: Towards high spatial resolution
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The spintronic THz emitters: Towards high spatial resolution
T
QLPU\gQ

Imaging a Au test aperture

F.-F. Stiewe et al. Appl. Phys. Lett. 120, 032406 (2022). innoFSPEC | HIKE | plasmatis
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The spintronic THz emitters: Towards high spatial resolution
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The spintronic THz emitters: Towards high spatial resolution
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The spintronic THz emitters: Increase of the resolution by x100!
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Spintronic THz superresolution spectroscopy
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The spintronic THz emitters: Towards high frequency resolution
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The spintronic THz emitters: Towards high frequency resolution
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The spintronic THz emitters: Towards high frequency resolution

Thickness dependence — Polyethylene (PET)
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Development of a superresolution —\/\p—
THz spectro-microscopy Cerasiviark

innoFSPEC | HIKE | plasmatis

The spintronic THz emitters: Towards high frequency resolution

Absorption characteristics for color additives
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Jldentification and characterization of various plastics using THz-spectroscopy”, T. Kleinke, F.-F. Stiewe, T. Winkel, N. Geist, U. Martens, M.
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Spintronic THz superresolution spectroscopy
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Magnetic THz imaging
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Spintronic THz superresolution spectroscopy
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Magnetic THz imaging

Frequency = 1.5 THz ampl. (a.u.)

300 1.0
0.75
250 -
- Lo0s50
200 - 0 95
150 - 0.0
025
100 -
050
>0 & 075
0 L i . 1.0

0 100 200 300 400

12.10.2023 SPICE THz Spintronics

x-position (um)
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MOKE THz

Frequency = 1.5 THz ampl. (a.u.)
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Spintronic THz superresolution spectroscopy
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e Magnetic spectral imaging in the frequency domain
e Local spin current effects

« Mapping local THz dynamics in antiferromagnets * Magnetic spectral imaging of
a domain wall
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Spintronic THz superresolution spectroscopy
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* Magnetic spectral imaging in the frequency domain
* Local spin current effects
* Mapping local THz dynamics in antiferromagnets

a) vt m¥ b) * Magnetic spectral imaging of
' frequency = 1.0 THz ampl. (a.u.) a domain wall
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F.-F. Stiewe, T. Winkel, T. Kleinke, T. Tubandt, H. Heyen, L. Vollroth, U. Martens, C. Mdller,
J. McCord, J. Walowski, M. Minzenberg, AIP Advances 12, 095010 (2022).
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Outline
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NIR pulse

e Introduction

e THz spintronic emitter — applications 15-% T

e Lightwave electronics — coherent
spintronics

T. Seifert, et al. Nature Photonics (2016)
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F. Siegrist et a!., Light-wave dynamic control of magnetism,
Nature 571, 240-244 (2019)
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Lightwave Spintronics — Attosecond dynamics
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Laser-induced demagnetization

Beaurepaire et al. PRL 76, 4250 (1996)
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Nobel Prize in Physics 2023 to Pierre Agostini, Ferenc Krausz and Anne LHuillier UNIVERSITAT GREIFSWALD /70
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“for experimental methods that generate attosecond pulses of light for
the study of electron dynamics in matter”
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Lightwave Spintronics — Attosecond dynamics
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How to access fundamental interactions?
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Spin S, exchange J

Go to attoseconds!
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Probe the coherence!
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Probe the coherence!
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Few cycle pulse




Few cycle pulse

Attosecond Coherent Spintronics



Lightwave Spintronics — Attosecond dynamics

Few cycle light pulse, Pump
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Lightwave Spintronics — Attosecond dynamics
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For ferromagnets we need attosecond x-ray dichroism:

=

Norm. intenstiy
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Attoseconds:
Martin Schultze, TU Graz
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X-Ray Magnetic Circular Dichroism

3
0 _
— H
S,
: AY
)
E M, |+s
> M, I-s
L
= E
5 St S!
= A EF
<§ DOS
3 - L .
| | | | | | | | H
58 60 62 64 66 68 70 72 N
Energy [eV] M,
M s

12.10.2023 SPICE THz Spintronics Markus Miinzenberg




Lightwave Spintronics — Attosecond dynamics

UNIVERSITAT GREIFSWALD /] )
Wissen lockt. Seit 1456 N 5/

Ni M, ; edge XMCD for different delay t;, t,, t;
E | Wavelength (nm)
R 22 21 20 19 18 17
St St | ' ' ' @ T0.85
E
505 F 0.8- O
L @ 0.80
k5 a
S 0.4- 3
A g L0.75 =
5 o 3
- c —_
H — 0.0 : L
3 % S B
_ L. - 0.70
~0.4 -
M3 |+S B 1 1 1 1 1 1 1 1 - 065
M2 -5 58 60 62 64 66 68 70 7

Photon energy (eV)

12.10.2023

SPICE THz Spintronics
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Optically Induced Spin Transfer (OISTR):
coherent spin motion
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DOS [states/eV/spin] F. Siegrist et al., Light-wave dynamic control of magnetism,
Nature 571, 240—244 (2019)
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Optically Induced Spin Transfer (OISTR):

Fluence NIR = 2 x 1012 W cm-2 Ab-initio theory by trDFT:

COher‘ent spin motion Sangeeta Sharma MBI Berlin
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! / ab-initio theory:
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Few fs step like decay with Pt interface (resolution 310 as)

XUV Transmission at 66+0.5 eV [norm.]
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NIR pulse

e Introduction

e THz spintronic emitter — applications :g% e O m—

Thanks et

e Lightwave electronics — coherent
spintronics

XUV Transmission at 66+0.5 eV [norm.]
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F. Siegrist et &!., Light-wave dynamic control of magnetism,
Nature 571, 240-244 (2019)
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