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Ultrafast-Light-Driven Demagnetization

and THz Radiation in a Nutshell
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THz Driven Antiferromagnets

SPINTRONICS

Spin pumping gathers speed

Coherent spin pumping from an antiferromagnet into a

metal occurs at ~400 gigahertz Science 368, 160 (2020)
— 30 !
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Inan antiferromagnet (AF), terahertz irradiation excites magnetization dynamics at high frequencies because ' o
of additional exchange energy involved with the relative canting between the two spin directions. SF HFM o
“ (%}
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Terahertz radiation input Voltage Terahertz radiation emission An applied 7 ’
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Spin pumping Spin torque driven magnetization dynamics L
Terahertz radiation pumps spin currents into Charge currents are converted to spin current through
adjacent metals, which get converted into charge spin Hall effects. Injection into antiferromagents can D SF
currents and concomitant charge voltages excite magnetization dynamics that can drive Fig. 2. Inverse spin Hall effect in MnF/Pt. ISHE signal obtained in MnF /Pt for sample 3 at f = 395 GHz
through Spil’l Hall effects. terahertz emission. (A) left- and (B) right-handed circularly polarized microwaves and for sample 2 at f = 240 GHz microwaves
with both (C) left- and (D) right-handed circular polarization. A monotonous signal background has been
subtracted from all spectra (26). Three distinct features are observed at 240 GHz: The LFM at pgH = 0.8 T,
Na.fu re 5781 70 (2020) the SF transition resonance at ugH = +9.73T, and the QFM resonance at pgH = +12.37T. Onlyn the HFM
. and the SF resonances are observable for 395 GHz at ugH = +4.70 and +9.15 T, respectively, within the
SC|ence 3681 160 (2020) available field range. !
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Theories of Laser-Driven Magnets Rarely

Calculate Emitted Radiation that is Measured

PHENOMENOLOGICAL
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Ultrafast spin dynamics in inhomogeneous systems:

FIRST-PRINCIPLES <> TDDFT

SCIENCE ADVANCES | RESEARCH ARTICLE

CONDENSED MATTER PHYSICS
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Ultrafast-Light-Driven Antiferromagnets:

Experiments and Movies from QME+LLG+Jefimenko

Nat. Phys. 17, 389 (2021) Jungfleisch Lab
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Ultrafast-Light-Driven Mn;Sn: Pumped Spin and

Charge Currents and Emitted Radiation

PRB 107, 174421 (2023)
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Spin and Charge Pumping and Radiation from

Lindblad QME + LLG + Jefimenko Equations
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Crash Course on Spin Pumping

Charge Pumping

An Adiabatic Quantum
Electron Pump

M. Switkes," C. M. Marcus,™* K. Campman,? A. C. Gossard?

Science 283, 1905 (1999)
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Simplest Example of Spin Pumping: 1D Tight-Binding

Chain with a Single Precessing Classical Spin

PRB 79, 054424 (2009)

MOTTO: "In teaching, writing, and
research, there is no greater clarifier than
a well-chosen example.”
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Exact Solution for Pumped Spin and Charge

Currents in the Rotating Frame

PRB 79, 054424 (2009)
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High Harmonics in Spin Pumping from Ferromagnets
or Antiferromagnets with Spin-Orbit Coupling

0
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Crash Course on Rashba SOC in Solids
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Spin Pumping from Co/Bi,Se; Interface via

First-Principles Floquet-Keldysh Green Functions

PR Materials 4, 121201(R) (2020) 1 Nano Lett. 17, 5626 (2017)
(8) LeftCulead  BiSes;(1QL) Co(5 ML) Right Cu Lead A(E; ko, ky’ z) = —_TIm [G’kH (E; 2, Z)]

n=0 (b) (d)

(b) Left Pt Lead

[ Ty AN 1 e € P &
;\.g—\ _ [k . T s s

P TSNS TR

(C) Left W Lead

D. Ralph talk 2016: "Theorists - Can you calculate the |
effective spin mixing conductance for a

ferromagnet/TI interface?”
TABLE 1. The effective SMC g}, extracted from pumped spin

currents ILS‘ in Fig. 2 via Eq. (4). in the units of 10*® m

Y X

E-Ef=0eV E-Ef=0.05¢V E-Ef=-035¢eV

Heterostructure gfgz (w/0 SOC) g?fi (SOC)
Cu/Co/Cu 0.7721 0.7721
Pt/Co/Cu 14142 03866 9
W/Co/Cu 0.4191 02476 o
Cu/1QL-Bi,Se;/Co/Cu 04721 01716 o
Cu/6QL-Bi,Se;/Co/Cu 0.0002 0.0074 O
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Spin Pumping from Antiferromagnetic Insulator MnF,

via First-Principles Floquet-Keldysh Green Functions

motivated by exp: Science 368, 160 (2020)
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Magnonics with Annihilation of Magnetic DWs

in Experiment and LLG Simulations

LETTERS g
PUBLISHED ONLINE: 30 JANUARY 2017 | DOI: 10.1038/NPHYS4022 phySICS Topalbgicvﬂ SO].itOl'JS

Magnetic domain wall depinning assisted by spin
wave bursts

AND PAUL SUTCLIFFE

Seonghoon Woo'?, Tristan Delaney’ and Geoffrey S. D. Beach™
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DW Annihilation Induces Burst of Spin Waves:

Movie from TDNEGF+LLG

PRB 104, L020407 (2021)
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movie

Marko Petrovic

Simulation of the spin dynamics




Spin Pumping and Torque for Arbitrary M,(t) from Time-

Dependent Nonequilibrium Green's Function (TDNEGF)

OFundamental quantities of NEGF formalism:

density of available quantum states: how are ‘rhose‘sta'res occupied:
G (,t) = —29(15 — ) {{eeo(t), el (t)})  Go(tt) = %(éifaf(t’)ém(tﬁ Man:Body Thaory of
LEquilibrium DM: Steady-State nonequilibrium DM:
1 | 1
Peq = —;_,C/X) dEIm G’ (E)f(E — Er) Puea = gi dE G<(E)

L Time-dependent nonequilibrium DM:

R ooy
pneq(f) — ?G ﬁ(t?t )

=1

ih Zlfq = [HTB, Pneq| + ipzzLR[Hp(f) + I (t)] () = /t; dts [G”(t,t2) 25 (ta, t) — G=(t, t2) X7 (ta, )]

HdNonequilibrium spin density and spin torque:

(8i)cp(t) = Tr[preq(1)[i)(i| ® ] — Tr[pL |i)(i| ® o] Ti(t) o (8i)cp () x Mi(?)
QSpin and charge currents:
I;°(t) = T Tr [6alT, (t) Ip(t) = 2 Tr [T, (t)
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TDNEGF+LLG Unravels Time-Retarded Damping

Because Electron Spin is Always "Somewhat Behind"

TD-NEGF
—

arXiv:2303.17596: Schwinger-Keldysh field theory can small sd exchange interaction between
Preq(t) mimic extended LLG equation with analytical formulas electron spin and localized spins
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DW Annihilation Also Induces Burst of Electronic

Spin Pumping over Ultrabroadband Frequencies

QAdditional burst of electronic spin pumping does not exist in classical micromagnetics, but is captured by
TDNEGF+LLG -> it could also be converted into time-dependent charge current and the corresponding
ultrabroadband THz radiation
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Three Roads to Electron—Localized-Spin

Nonequilibrium Many-Body Problem in Spintronics

THIS TALK: quantum electrons + classical spins

/ PUYSICAL REVIEW 5 9. 134400 2019 Landau-Lifshitz-Gilbert (LLG) equation:
dNL; i ~y
. . — it Gilbert ocunt = —M; x BfT+ \m,; x —= + LT,
Time-retarded damping and magnetic inertia in the Landau-Lifshitz-Gilbert equation df dt LT

self-consistently coupled to electronic time-dependent nonequilibrium Green functions

Requirements for validity of LLG equation:
S—=o0, hi—=0(5xh—1)

So)(t) ® - -- ®|Sn)(E)

so, nature (i.e., decoherence and dissipation)
must kill many-body entangled spin states
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Unreasonable Effectiveness of LLG Equation is

Broken by S=1/2 or S=1 Antiferromagnets
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Ultrafast-Light-Driven NiO: Nonclassical Magnetization

Dynamics, Spin and Charge Pumping, and Ensuing Radiation

NiO is a challenge for TDDFT: oée’\ ot £ 0.8 1/1 =10 31 =20
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Conclusions
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O Electronic spin current pumping by dynamical localized magnetic moments (LMMs) surrounded by
conduction electrons is ubiquitous phenomenon, even at room temperature.

O If conduction electrons are exposed to intrinsic or proximity spin-orbit coupling, concurrent charge
pumping is also generated, while spin pumping cannot be captured anymore by the standard spin-mixing
conductance — instead, use Floquet-NEGF (for single frequency) or time-dependent NEGF (for arbitrary
motion of LMMs) formalisms.

Nonlocal magnetization dynamics in ferromagnetic heterostructures
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diffuse-transport regime only. Strong spin-orbit coupling
immediately at interfaces, for example. requires gener-
alization of spin-pumping and circuit theories beyond
the scope of this review.

O Spin pumping is also operative in ultrafast-light-driven magnets, where laser light generates charge
photocurrents which get spin-polarized and exert torque on LMMs, that in turn pumped additional spin

currents.

0 In the case of Mn3Sn, charge pumping is generated without the need for spin-to-charge conversion

by additional normal layer.
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