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Ultrafast-Light-Driven Demagnetization 
and THz Radiation in a Nutshell

• ~100 times smaller than THz from F/NSO
• invariant under sample turning by 180o around M 

Nat. Phot. 10, 483 (2016)

inverse SHE
Edelstein effect:

PRL 120, 207207 (2018)

AHE: PR Appl. 12, 
054027 (2019)

skew-scattering: Adv. 
Mater. 33, 2006281 (2021)
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THz Driven Antiferromagnets

Nature 578, 70 (2020)

Science 368, 160 (2020)

Science 368, 160 (2020)
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Theories of Laser-Driven Magnets Rarely 
Calculate Emitted Radiation that is Measured

JPCM 29, 224001 (2017) 

Boltzmann+Helmholtz equations

Vlasov+LLG equations

PHENOMENOLOGICAL

Superdiffusion+LLG equations

N
ature 571, 240 (2019)

FIRST-PRINCIPLES         TDDFT⇔

MICROSCOPIC⇔HAMILTONIAN-BASED
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Ultrafast-Light-Driven Antiferromagnets: 
Experiments and Movies from QME+LLG+Jefimenko

Nat. Phys. 17, 389 (2021)

APL 115, 182402 (2019)

Jungfleisch Lab
unpublished
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Ultrafast-Light-Driven Mn3Sn: Pumped Spin and 
Charge Currents and Emitted Radiation

PRB 107, 174421 (2023)

far-from-equilibrium Mn3Sn: eigenenergies and 
eigenstates are far away from their equilibrium 
counterparts, so the Lindblad operators must be 

defined in instantaneous eigenbasis to bring 
current to zero in the long-time limit

Poynting vector 
flux-based analysis
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Spin and Charge Pumping and Radiation from 
Lindblad QME + LLG + Jefimenko Equations

PRB 107, 174421 (2023)
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Crash Course on Spin Pumping

Science 283, 1905 (1999)

robust and ubiquitous
effect in magnetic 
heterostructures, 

even at room 
temperature 
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Charge Pumping Spin Pumping

J. Phys. Mater. 2, 025004 (2019)



Spin and charge pumping in THz spintronicsSPICE-SPIN+X Seminars, Online 2023 

Simplest Example of Spin Pumping: 1D Tight-Binding 
Chain with a Single Precessing Classical Spin 

t tt

Δ
ω

Lead Lead
t

. . .. . .
t

Ub





Sample

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
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Spin current pumping from 
a single precesing spin 

Charge current pumping from 
a single precessing spin

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

J. Phys. Mater. 6, 045001 (2023)

Floquet-Keldysh Green’s functions

J. Phys. Mater. 6, 045001 (2023)
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Crash Course on Rashba SOC in Solids 

1D:

2D:
G/WS2
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Spin Pumping from Co/Bi2Se3 Interface via 
First-Principles Floquet-Keldysh Green Functions

PR Materials 4, 121201(R) (2020)

D. Ralph talk 2016: “Theorists – Can you calculate the 
effective spin mixing conductance for a 

ferromagnet/TI interface?”

Nano Lett. 17, 5626 (2017) 

Bi
2S

e 3
 s

id
e

Co
 s

id
e



Spin and charge pumping in THz spintronicsSPICE-SPIN+X Seminars, Online 2023 

Spin Pumping from Antiferromagnetic Insulator MnF2 
via First-Principles Floquet-Keldysh Green Functions
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motivated by exp: Science 368, 160 (2020)
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Magnonics with Annihilation of Magnetic DWs 
in Experiment and LLG Simulations

IEEE Trans. Magn. 46, 1556 (2010)

prior simulations of DW annihilation are 
based solely on classical micromagnetics

The treatment of solitons as point-like objects breaks down 
when the solitons come close together. If solitons collide at 

high speed, then the scattering behavior can be very 
complicated, the only certainty being the conservation of 
topological charge. Thus if a soliton and antisoliton collide, 

they may annihilate and the energy emerge as wave-like 
radiation - the field pattern is generally complicated and 

can only be found numerically 
Short-wavelength exchange-dominated SW burst  

after two DW annihilates drives motion of a third DW 
by exerting a force comparable to H~10 Oe
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DW Annihilation Induces Burst of Spin Waves: 
Movie from TDNEGF+LLG

Total topological charge 
(i.e., chirality or winding number) is conserved 

during collision of two magnetic DWs

PRB 104, L020407 (2021)

Spin waves in LLG classical picture


movie

Marko Petrovic

Simulation of the spin dynamics
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Spin Pumping  and Torque for Arbitrary Mi(t) from Time-
Dependent Nonequilibrium Green’s Function (TDNEGF)

Fundamental quantities of NEGF formalism:

Equilibrium DM:

density of available quantum states: how are those states occupied:

Time-dependent nonequilibrium DM:

Steady-State nonequilibrium DM:

Nonequilibrium spin density and spin torque:

Spin and charge currents:
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TDNEGF+LLG Unravels Time-Retarded Damping 
Because Electron Spin is Always “Somewhat Behind”

⇒

small sd exchange interaction between
electron spin and localized spins 

⇒
PRB 99, 134409 (2019)

it always takes a finite 
time for flowing spin of 
conduction electron to 
react to the motion of 
classical localized spins

 

nutation due to magnetic inertia for a single classical spin 
surrounded by electrons with no spin-orbit coupling

 

spatially and time-dependent Gilbert damping for many collinear 
classical spin surrounded by electrons with no spin-orbit coupling

arXiv:2303.17596: Schwinger-Keldysh field theory can 
mimic extended LLG equation with analytical formulas 
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DW Annihilation Also Induces Burst of Electronic 
Spin Pumping over Ultrabroadband Frequencies

Additional 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  

alternative to using 

PRB 104, L020407 (2021)
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Three Roads to Electron―Localized-Spin 
Nonequilibrium Many-Body Problem in Spintronics

quantum electrons + quantum localized spins mapped to bosons quantum electrons + quantum localized spins 

Requirements for validity of LLG equation: 

THIS TALK: quantum electrons + classical spins 

Landau-Lifshitz-Gilbert (LLG) equation:

arXiv:2303.17596

arXiv:2306.13013

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 

Néel state is not the true ground state

LLG is unreasonably effective in spintronics and magnonics, 
but it does not apply to S=1/2 and S=1 antiferromagnets

https://wiki.physics.udel.edu/phys813/Lectures:

impurity 

log negativity entangled mixed state

arXiv:2303.17596
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Ultrafast-Light-Driven NiO: Nonclassical Magnetization 
Dynamics, Spin and Charge Pumping, and Ensuing Radiation
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NiO is a challenge for TDDFT: 
Nano Lett. 18, 1842 (2018)

proximity SOC≠0

unpublishedupper Hubbard band

lower Hubbard band

U=8, Rashba SOC=0

U=2, TI SOC=0
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Conclusions

 Electronic spin current pumping by dynamical localized magnetic moments (LMMs) surrounded by 
conduction electrons is ubiquitous phenomenon, even at room temperature.

 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. 

 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. 
 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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