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Quantum classical approach to spin and charge pumping and the ensuing radiation in terahertz
spintronics: Example of the ultrafast light-driven Weyl antiferromagnet Mn3Sn
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The interaction of a femtosecond laser pulse with magnetic materials has been intensely studied for more than
two decades in order to understand ultrafast demagnetization in single magnetic layers or terahertz emission
from their bilayers with nonmagnetic spin-orbit (SO) materials. However, in contrast to well-understood spin and
charge pumping by dynamical magnetization in spintronic systems driven by microwaves or current injection,
analogous processes in light-driven magnets and radiation emitted by them remain largely unexplained due
to the multiscale nature of the problem. Here we develop a multiscale quantum-classical formalism—where
conduction electrons are described by quantum master equation (QME) of the Lindblad type, classical dynam-
ics of local magnetization is described by the Landau-Lifshitz-Gilbert (LLG) equation, and incoming light
is described by classical vector potential, while outgoing electromagnetic radiation is computed using the
Jefimenko equations for retarded electric and magnetic fields—and apply it to a bilayer of antiferromagnetic
Weyl semimetal Mn3Sn, hosting noncollinear local magnetization, and SO-coupled nonmagnetic material.
Our QME+LLG+Jefimenko scheme makes it possible to understand how a femtosecond laser pulse directly
generates spin and charge pumping and electromagnetic radiation by the Mn3Sn layer, including both odd and
even high harmonics (of the pulse center frequency) up to order n � 7. The directly pumped spin current
then exerts spin torque on local magnetization whose dynamics, in turn, pumps additional spin and charge
currents radiating in the terahertz range. By switching on and off LLG dynamics and SO couplings, we unravel
which microscopic mechanism contributes the most to emitted terahertz radiation—charge pumping by local
magnetization of Mn3Sn in the presence of its own SO coupling is far more important than standardly assumed
(for other types of magnetic layers) spin pumping and subsequent spin-to-charge conversion within the adjacent
nonmagnetic SO-coupled material.

DOI: 10.1103/PhysRevB.107.174421

I. INTRODUCTION

Laser-induced ultrafast demagnetization [1,2] and the
ensuing THz spin transport and electromagnetic (EM)
radiation—from a single magnetic layer [3], or in contact
[3–9] with an additional layer (Fig. 1) of a nonmagnetic
(NM) material hosting strong spin-orbit coupling (SOC)
effects—are central phenomena in femtomagnetism and THz
spintronics. Besides fundamental interest in ultrafast coupled
charge and spin dynamics in systems where moving hot
electrons interact with localized magnetic moments (LMMs)
[10,11], far-from-equilibrium magnets are also of great inter-
est for spintronics applications. For example, magnetization
of a single layer of such material can be reversed [12] on
subpicosecond timescale for digital memory applications, in
contrast to standard current-driven switching via spin torque
in near-equilibrium magnets which takes much longer ∼100
ps time. In addition, driving bilayers by low-cost and low-
power femtosecond laser—where ferromagnetic metal (FM),
or a metallic or insulating antiferromagnet (AF), is attached to
a nonmagnetic SO material—has opened new avenues [4,7–
9] for highly efficient table-top emitters of ultra-broadband
1–30-THz EM radiation. Conversely, other THz solid-state
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emitters, such as standard ZnTe crystal, rely solely on physics
related to electron charge and deliver emission spectra with
substantial gaps [7] and with low peak intensity [8], even for
∼100-µm-thick crystals. The usage of magnetic multilayers
also makes it possible to tailor properties of spintronics THz
emitters within a desired frequency range such as to enhance
[9] the THz signal at the lower THz frequency range (0.1–0.5
THz).

Despite more than 20 years of intense studies [1], the
underlying physics of laser-induced demagnetization is still
under scrutiny, with one of the main puzzles being different
paths for angular momentum transfer [13] and their interplay
to produce ultrafast time evolution of magnetization. In ad-
dition, it is widely believed that laser-induced magnetization
dynamics generates primarily [14] spin current [4,7,8]. The
spin current then has to be injected [15] into the adjacent
nonmagnetic layer to be efficiently converted into transient
charge current as the source of THz radiation. The experi-
mentally explored mechanisms of spin-to-charge conversion
include the inverse spin Hall effect [4,7,8] from the bulk SOC
of nonmagnetic layer, interfacial SOC [16], and interfacial
[17] or bulk [18] skew-scattering by impurities.

While pumped (term used to signify current generation in
the absence of any bias voltage [19–22]) spin currents by a
laser-driven magnetic layer, with short attenuation length of
∼10 nm [23], have been observed experimentally [23,24],
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FIG. 1. Schematic view of a bilayer comprised of a layer of
noncollinear Weyl AF Mn3Sn of thickness dMn3Sn = 2 MLs, and
nonmagnetic SO material (such as Pt) of thickness dPt = 1 ML. The
magnetic layer is modeled by quantum TB [Eq. (1)], while its LMMs
are described by classical Heisenberg [Eq. (5)] Hamiltonians, and the
second layer is modeled by a quantum TB Hamiltonian including the
Rashba SOC. Both MLs of Mn3Sn are assumed to be irradiated by a
femtosecond laser pulse of 800-nm center wavelength, as illustrated
on the left. The dynamics of its LMMs is animated in the movies
during_laser_pulse.mp4 and after_laser_pulse.mp4 in the
SM [60]. The pulse and/or the dynamics of LMMs generate in-
terlayer (IMn3Sn→Pt and ISα

Mn3Sn→Pt) and intralayer (IMn3Sn, ISα

Mn3Sn, IPt

and ISα

Pt ) charge (I) and spin (ISα ) currents. The time-dependent
charge currents and densities determine, via the Jefimenko [49,50]
equations [Eqs. (19) and 20], emitted THz radiation [Figs. 7(a)–7(c)]
illustrated on the right, as well as high harmonics of the center
frequency �0 of the laser pulse in the emitted EM radiation in
higher-than-THz range [Figs. 7(d)–7(f)].

microscopic mechanisms behind them and their relation (or
even necessity [14]) to demagnetization remain heavily de-
bated [14,25]. For example, optically excited hot electrons
[14] become spin polarized by a magnetic layer to com-
prise spin current in the so-called “superdiffusive mechanism”
[14,26–28], whose flowing out of the FM layer then con-
tributes to demagnetization. Conversely, the cause and effect
are reversed in the so-called “dM/dt mechanism” [25,29,30],
where demagnetization is due to excitation of magnons which
then transfer lost angular momentum to spin-polarized con-
duction electrons, so that optically excited hot electrons [14]
do not play a major role in such generation of spin current
proportional to the time derivative of the magnetization. These
mechanisms are also expected to leave different imprints on
the temporal profile of generated spin currents vs the laser-
pulse intensity, as probed in recent experiments [25].

Also, the notion that spin-to-charge conversion is necessary
for THz radiation neglects the possibility of charge current
pumping directly by magnetization dynamics when proper
symmetries are broken [22,31] or SOC is present [32,33]
in the bulk or at the interface of the magnetic layer. For
instance, both types of SOC [such as the fourth term on the
right-hand side (RHS) of Eq. (2) and the second term on the
RHS of Eq. (3)] are operative in magnetic bilayer (Fig. 1) of
Mn3Sn, chosen as an illustrative example in this study. Note
that time-dependent magnetization of a single FM layer itself
emits THz radiation of magnetic-dipole type, but its intensity
is orders of magnitude smaller [3] than the signal generated

FIG. 2. Self-consistent scheme of QME+LLG+Jefimenko
quantum-classical approach developed in this study where the
time-dependent density operator [ρ̂(t ) and its matrix representation
ρ(t )] of nonequilibrium electrons is obtained by solving the Lindblad
QME. The density operator determines the expectation value of
spin and charge currents and densities, where nonequilibrium spin
density 〈ŝp〉(t ) generates spin torque ∝ 〈ŝp〉(t ) × Mp(t ) in the LLG
equation for classical dynamics of LMMs Mp(t ) of a magnetic
material whose time dependence, in turn, adds a time-dependent
term (in addition to time dependence due to the laser pulse) into
the quantum Hamiltonian of electrons. Finally, the thus computed
time-dependent charge currents and densities are fed as sources
into the Jefimenko equations [49,50] for retarded electric E(t ) and
magnetic B(t ) fields of emitted EM radiation. The inset in the
lower-right corner illustrates how both nonequilibrium spin densities
at Sn sites i and j contribute [Eq. (6)] to 〈ŝp〉(t ), which interacts with
LMM at site p, hosting the magnetic atom of Mn.

from magnetic bilayers with properly pumped and/or en-
hanced time-dependent charge current as the radiation source
(Sec. II D).

A popular but qualitative picture of complex processes
ignited in laser-driven magnetic materials is offered by the so-
called three-temperature model [1,14]—electrons, phonons,
and LMMs are assumed to be at three different temperatures
and either optically excited hot electrons interact directly
with LMMs or thermalized electrons interact with LMMs
via secondary processes [34]. The quantitative modeling of
these complex processes has been pursued via three major
routes: (i) phenomenological and purely classical micro-
magnetic modeling [35] of the dynamics of LMMs via the
Landau-Lifshitz-Gilbert (LLG) equation [36,37], which ex-
cludes electrons and thereby does not allow us to understand
how angular momentum flows between different subsystems
[38,39] or how electrons comprise pumped spin and charge
currents; (ii) phenomenological semiclassical modeling of
laser excited hot electron transport, such as using the Boltz-
mann [40,41], Vlasov [42], or superdiffusive [26,27] transport
equations, including possible combination [37] with atom-
istic spin dynamics (i.e., the LLG equation) of LMMs; and
(iii) microscopic (i.e., Hamiltonian-based) quantum model-
ing via quantum master equations (QMEs) [43], small-cluster
exact time propagation [44] or time-dependent density func-
tional theory (TDDFT) [13,45–47] employing single-particle
tight-binding (TB) [43], many-body second-quantized [44] or
first-principles Hamiltonians, respectively.

For example, quantum many-body [44] and TDDFT
[45–47] modeling highlight SOC-induced spin flips in both
thin films and bulk or initial spin disorder [13] as the major
effects on demagnetization. Both TDDFT [46] and QME
approaches [43] find further reduction of magnetization in the
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course of its time evolution in thin films due to processes at
interfaces and surfaces. Microscopic quantum modeling also
provides detailed insight into the flow of angular momentum
[13,38,39,48] between electron spin, electron orbital degrees
of freedom, and ionic lattice (see, e.g., Fig. 2 in Ref. [13]).
Furthermore, by switching on and off different terms in the
Hamiltonian, one can pinpoint the importance and magnitude
of different mechanisms. For example, coupling of light to
spins (via the Zeeman term containing the magnetic field of
light) is irrelevant, as spin motion cannot follow a rapidly
oscillating magnetic field of laser pulse [13]; instead, it is
light-orbital interaction which transfers energy and angular
momentum to electrons while affecting their spins via SOC,
and the SOC-driven effects are ineffective in the first �10 fs of
the demagnetization process (see, e.g., Fig. 3(a) in Ref. [51]).

However, the semiclassical equations for electron transport
cannot capture pumping of spin [21] and charge currents
[31–33] by time-dependent quantum systems of electrons
whose time evolution is triggered both by laser pulse [22]
and dynamical LMMs [21]. Furthermore, the presence of non-
collinear textures of LMMs, either intrinsically as in Weyl AF
Mn3Sn or due to thermal fluctuations [52], opens additional
channels [53–55] for spin and charge pumping by quan-
tum transport of conduction electrons surrounding [56–59]
such dynamical magnetic textures. For example, the approach
of Ref. [42], combining the Vlasov equation for electrons
with the LLG equation [36,37] for LMMs, requires three
different ingredients (magnetic ground state, metal-vacuum
interfaces near which the spin-up and spin-down dipoles are
progressively dephased, and a self-consistent electric field
which mediates momentum transfers between the two types
of dipoles at such interfaces) in order to obtain nonzero spin
current by oscillating the magnetic dipole due to purely elec-
tric excitation by the laser pulse. We note that superdiffusive
[26,27] or the Boltzmann equation approaches [40,41] do
model spin currents mediated by charge dynamics (as the
difference between spin-up and spin-down charge currents),
but they cannot capture light- or LMM-dynamics-induced
pumping of spin and charge currents as purely quantum time-
dependent phenomenon.

Although microscopic quantum approaches can in princi-
ple capture all currents generated by time dependence of a
quantum system of electrons (or electrons and LMMs if the
latter are also treated quantum mechanically [44]), computing
pumped currents has been bypassed in quantum many-body
[44] and TDDFT studies [13,45–48] due to their primary
focus on nonequilibrium magnetization vs time. In QME
approaches [43], different mechanisms of spin and charge
current pumping, such as due to ultrafast laser pulse vs due
to subsequent dynamics of much slower LMM, as illustrated
by the movies in the Supplemental Material (SM) [60], were
also not resolved.

Besides the need to calculate spin and charge cur-
rents, as well as spin(current)-to-charge(current) conversion
[4,7,8,16,17], a complete description of THz spintronics ex-
periments also requires the computation of how these currents
emit THz radiation. This calculation is presently lacking from
both QME and TDDFT approaches due to the need to couple
their respective equations to the Maxwell equations in multi-
scale fashion. For example, such a task has only very recently
been initiated in TDDFT software development [61,62].

In this study we develop a multiscale quantum-classical
approach (Fig. 2), where quantum transport of electrons,
including dissipation and decoherence effects due to coupling
to an external bosonic bath as provided by phonons [63], is
described by QME [43] of the Lindblad type [64,65] for an
electronic nonequilibrium one-particle density matrix; dy-
namics of classical LMMs is described via the LLG equation
within the general framework of atomistic spin dynamics
[36,37]; and incoming light is described by classical vector
potential, which couples to electrons in QME, while properly
retarded electric and magnetic fields of emitted EM radiation
are computed from the Jefimenko equations [49]. The
Jefimenko equations are also adapted [50] to employ time-
dependent bond charge currents [50,66] and charge densities
as field sources extracted from QME-based quantum transport
treatment of electrons. We apply these QME+LLG (for equi-
libration) and QME+LLG+Jefimenko (for laser-pulse-driven
nonequilibrium dynamics and emitted EM radiation) calcu-
lations to a bilayer (Fig. 1) of noncollinear Weyl AF Mn3Sn
[67] in contact with SO-coupled material like Pt, where
the bilayer is modeled on the TB lattice by a widely used
quantum Hamiltonian of Weyl conduction electrons within
Mn3Sn [68] and a classical Hamiltonian of its noncollinear
LMMs [69].

Besides having well-defined quantum and classical Hamil-
tonians as the only input required in our microscopic
approach, the choice of Mn3Sn as an illustrative exam-
ple is also motivated by recent experiments [70] observing
THz emission from bilayers of Weyl AF Mn3Sn and SO-
materials like Pt. At first sight, these observations, as well
as others [71,72] involving AF spintronics THz emitters, are
counterintuitive, as AF materials exhibit no net magnetiza-
tion while the principal magneto-optical effects are linear in
the net magnetization. Thus, application of our microscopic
quantum-classical approach to AF spintronic THz emitters,
treating coupled quantum dynamics of conduction electrons
and classical atomistic spin dynamics of LMMs centered on
individual magnetic atoms of AF crystalline lattice, allows
one to resolve a number of such puzzles.

The paper is organized as follows. Section II explains our
QME and LLG methodologies with their respective input in
the form of quantum and classical Hamiltonians. In the same
section, we also explain how quantum-transport-computed
charge currents and densities are transferred into the
Jefimenko equations to obtain retarded electric and magnetic
fields of emitted EM radiation. We discuss results for pumped
spin and charge currents in Sec. III B and for emitted EM radi-
ation in Sec. III C. In addition, since the analysis of the energy
flux of incoming and outgoing EM radiation, and thereby de-
fined efficiency of their conversion into each other is lacking
in THz spintronics literature, Sec. III D shows computation of
their respective Poynting vectors [73], their ratios, as well as
angular dependence of Poynting vector for outgoing radiation.
We conclude in Sec. IV. We also provide three movies as the
Supplemental Material (SM) [60] which animate equilibration
of LMMs within the Mn3Sn layer and their disordering (with
respect to configuration shown in Fig. 1) after interaction
with room-temperature electrons is switched on; dynamics
of LMMs and spin and charge current pumping during the
application of femtosecond laser pulse driving electrons out
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of equilibrium; and dynamics of LMMs and spin and charge
current pumping after the laser pulse has ceased.

II. MODEL AND METHODS

A. Quantum and classical Hamiltonians

The subsystem of conduction electrons within the magnetic
bilayer in Fig. 1 is described by a quantum Hamiltonian which
we split into three contributions:

Ĥtot (t ) = ĤMn3Sn(t ) + ĤPt + ĤMn3Sn−Pt. (1)

Here ĤMn3Sn(t ) describes Weyl electrons within the Mn3Sn
layer:

ĤMn3Sn(t ) =
∑
〈i, j〉xy

γ
xy
i j (t )ĉ†

i ĉ j +
∑
〈i, j〉z

γ z
i j (t )ĉ†

i ĉ j

− Jsd

∑
〈i, j〉xy

ĉ†
i σ̂ĉ j · Mi j (t )

+ iλz

∑
〈i, j〉xy

(−1)ξi, j ĉ†
i σ̂zĉ j, (2)

and it is chosen as a minimal TB model [68], where 〈i, j〉 sig-
nifies that only the nearest-neighbor (NN) hoppings are taken
into account, with a single orbital centered at each Sn site i.
Those sites i form a hexagonal lattice of lattice constant a0.
The time dependence of ĤMn3Sn(t ) stems from both the laser
pulse [first two terms on the RHS of Eq. (2)] and dynamics
of LMMs [third term on the RHS of Eq. (2)]. The second
contribution in Eq. (1) models SO-coupled electrons within
the nonmagnetic layer in Fig. 1,

ĤPt = γPt

∑
〈i, j〉

ĉ†
i ĉ j +

∑
〈i, j〉

ĉ†
i γ

SOC
i j ĉ j, (3)

where the Rashba SOC [74] (in TB form [66]) is used in the
second term on the RHS. This choice is inspired by first-
principle calculations [75] of band structure at interfaces of
heavy metals like Pt and magnetic materials, or experiments
in THz spintronics [16] interpreted under the assumption
of a Rashba SO-coupled interface between magnetic and
nonmagnetic layers. The third term in Eq. (1),

ĤMn3Sn−Pt = γinter

∑
〈i j〉

ĉ†
i ĉ j, (4)

describes hopping between sites i of the magnetic Mn3Sn
layer and sites j of a nonmagnetic Pt layer in Fig. 1. The
notation employed in Eqs. (2), (3), and (4) is ĉ†

i = (ĉ†
i↑ ĉ†

i↓) is

the row vector containing operators ĉ†
i,σ that create an electron

of spin σ at site i and ĉi = (ĉ†
i )

†
is the corresponding column

vector of annihilation operators; σ̂ = (σ̂x, σ̂y, σ̂z ) is the vector
of the with Pauli matrices; Mi j is a unit vector of classical
LMM at the Mn site located in the middle of the bond between
Sn sites i and j [68,69]; γxy(t ) and γz(t ) are the NN hopping
parameters [68] within the monolayer (ML) of Mn3Sn (i.e.,
within the xy plane in the coordinate system of Fig. 1) and in
between two such MLs of Mn3Sn, respectively, with their time
dependence stemming from an applied laser pulse (Sec. III B);
γPt is NN hopping within the ML of Pt; γinter is hopping
between the last ML of the Mn3Sn layer and the first ML

of Pt; and Jsd is the strength of sd exchange interaction [76]
between electron spin and classical LMMs. Within the ML
of Mn3Sn, a SOC of strength λz has a sign which depends
[68] on the chirality ξi j of the bond ri j , such as ξi j = +1 for
the NN bond of Sn atoms along the [100], [010], and [110]
directions, and ξi j = −1 for the other three NN bonds. We
use γ

xy
i j (t = 0) = γ = 1 eV, γPt = γinter = 1 eV, γ z

i j (t = 0) =
γ z = 0.5 eV, Jsd = 0.5 eV, and λz = 0.5 eV. The second term
in Eq. (3) is the tight-binding [66] version of the Rashba SOC
[74], where the 2 × 2 matrix γSOC

i j (in the electron spin space)
contains hoppings of magnitude γ SOC = 1 eV, as given in
Eq. (12) of Ref. [66].

The classical LMMs at Mn sites p are governed by their
own extended classical Heisenberg Hamiltonian [69]:

H(t ) = J1

∑
〈p,q〉xy

Mp · Mq + J2

∑
〈p,q〉z

Mp · Mq

+
∑

〈p,q〉xy

Dpq · (Mp × Mq) − K
∑

p

(n̂p · Mp)2

− Jsd

∑
p

〈ŝp〉 · Mp(t ). (5)

Note that here we use notation Mp ≡ Mi j , while Mi j is a
more clarifying notation for Eq. (2). In addition, J1 and J2 are
isotropic exchange couplings between intra-ML and inter-ML
NN LMMs; Dpq is the intra-ML Dzyaloshinskii-Moriya inter-
action specified by the vector Dpq = Dẑ + D′ẑ × epq, where
epq is the unit vector oriented from Mn site p to Mn site q;
and n̂p is a unit vector characterizing the local easy axis at
site p, oriented along the direction between the spin p and
either of its NN Sn ions in the plane. The values of parameters
in Eq. (5) satisfy J1, J2 � D and D � K , where we use [69]
J1 = J2 = 2.803 meV, D = 0.635 meV, K = 0.187 meV, and
D′ = 0 meV.

The nonequilibrium electronic spin density interacts with
LMM at site p via the fifth (sd exchange) term on the RHS of
Eq. (5),

〈ŝp〉(t ) = 〈ŝi〉(t ) + 〈ŝ j〉(t ), (6)

is constructed as the sum of nonequilibrium electronic spin
densities on Sn sites i and j, with Mn site p being in the
middle of the bond between them, as illustrated by the inset
in the lower right corner of Fig. 2. In other words, we assume
that both of these electronic spin densities interact with the
classical LMM of Mn atoms positioned in between sites i and
j. The nonequilibrium electronic spin densities are obtained
as a quantum statistical expectation value,

〈ŝi〉(t ) = Trspin [ρiiσ̂], (7)

using 2 × 2 submatrices ρii, composed of elements ρii,σσ ′ (t ),
along the diagonal of the matrix representation of the nonequi-
librium density operator in the site representation. Its time
evolution via QME is explained in Sec. II B.

In the setup of Fig. 1, we use two MLs of Mn3Sn and one
ML of SO material like Pt. Each ML is modeled on a 3 × 3 lat-
tice (so, there are 54 classical LMMs within the Mn3Sn layer
composed of two MLs) with periodic boundary conditions
employed in both directions using hoppings between TB sites
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in Eq. (1) on opposite edges, as well as exchange coupling and
DMI between classical LMMs in Eq. (5) on opposite edges.

B. Quantum dynamics of electrons with dissipation
and decoherence from Lindblad QME

The nonequilibrium density operator is obtained by solving
the Lindblad-type [64,65] QME:

∂ρ̂

∂t
= − i

h̄
[Ĥ (t ), ρ̂] + L[F̂ ](ρ̂), (8)

L[F̂ ](ρ̂) = F̂ ρ̂F̂ † − 1

2
(F̂ †F̂ ρ̂ + ρ̂F̂ †F̂ ), (9)

where the first (von Neumann) term on the RHS describes uni-
tary time evolution while the second (Lindblad) term [43] on
the RHS accounts for dissipation and decoherence effects due
to coupling to an external bosonic bath provided by phonons
[63]. Since we treat LMMs as part of the system of interest,
magnons and their effect on electrons are included explicitly,
rather than being a part of the bosonic bath, which is external
to the system. The Lindblad superoperator L[F̂ ](ρ̂) of a jump
operator F̂ acts on the density operator ρ̂ to introduce energy
transfer between the electron system and the bath, as well as
decoherence of the electron system, thereby determining how
fast the laser-excited electron system relaxes toward equilib-
rium. The conservation of the number of electrons is ensured
by Tr [L[F̂ ](ρ̂)] ≡ 0. Without the L[F̂ ](ρ̂) term in Eq. (8),
and for an isolated quantum electronic system within the mag-
netic bilayer in Fig. 1, lacking a continuous energy spectrum,
pumped charge and spin currents do not die out even long after
the laser pulse has ceased, which is obviously nonphysical.
Note that a continuous energy spectrum is usually introduced
[56–59,77,78] into quantum transport calculations by attach-
ing a finite-size system to semi-infinite leads, but they are
not pertinent to light-driven systems (Fig. 1) used in THz
spintronics.

The jump operator F̂nm ≡ |εn(t )〉〈εm(t )| mediates an in-
elastic transition (when �ε = 0) from eigenstate |εm(t )〉 with
energy εm(t ) to eigenstate |εn(t )〉 with eigenenergy εn(t ),
thereby transferring energy �ε = εn(t ) − εm(t ) from the bath
to the electron system for �ε > 0 or vice versa for �ε < 0.
This operator is expressed using the instantaneous energy
eigenbasis |εm(t )〉

Ĥtot (t )|εm(t )〉 = εm(t )|εm(t )〉, (10)

instead of the static eigenbasis (employed in Ref. [43]) of the
Hamiltonian Ĥtot (t < 0) before application of the laser pulse.
Our choice is more realistic, as laser pulse, as well as sub-
sequent change in the orientation of LMMs, can dramatically
change the energy spectrum of the electronic system. This fea-
ture can be quantified by computing time-dependent spectral
functions [10], or in our case, simply by comparing [Fig. 3(a)]
that the relative change

∑N
m=1 |εm(t ) − εm(t0)|/|εm(t0)|, be-

tween instantaneous eigenvalues εm(t ) of the magnetic bilayer
Hamiltonian Ĥtot (t ) [Eq. (1)] during the application of the
laser pulse and eigenvalues εm(t0) of the same Hamiltonian
in equilibrium, can reach >100% during the application of the
laser pulse. Concurrently, the overlap between the correspond-
ing eigenstates |εm(t )〉 and |εm(t0)〉 drops from 1 to � 0.25
[Fig. 3(b)]. Note that substantial changes in the band structure

FIG. 3. Time dependence of (a) relative change between in-
stantaneous eigenvalues εm(t ) of the magnetic bilayer Hamiltonian
Ĥtot (t ) [Eq. (1)] during and after the application of the laser pulse
and eigenvalues εm(t0) of the same Hamiltonian in equilibrium;
and (b) the sum of modulus square of the overlap between the
corresponding eigenvectors |εm(t )〉 and |εm(t0)〉 divided by the total
number of eigenstates N .

of the ultrafast light-driven magnetic materials has also been
confirmed experimentally [10,79].

The importance of our choice is further corroborated by
all interlayer currents eventually going to zero (see the movie
equilibration.mp4 in the SM [60]) in the equilibration
phase (Sec. III A) at the beginning of which we allow LMMs
to interact with room-temperature electrons; or after the laser
pulse has ceased (see after_laser_pulse.mp4 in the SM
[60]). Note that intralayer local spin currents can be nonzero
[Figs. 6(d)–6(f)] even in equilibrium, that is, before the light
pulse is applied, due to SOC [66,80,81] present in either
the Mn3Sn or Pt layer. Indeed, if all SOCs are turned off
[gray curves in Figs. 6(d) and 6(e)], spin currents are zero
before the light pulse is applied. Conversely, we find that
the choice of static eigenbasis from Ref. [43] to define the
Lindbladian leads to a nonphysical situation with nonvanish-
ing charge currents in equilibrium or after the laser pulse has
ceased.

The Lindbladian L[F̂nm](ρ̂) is then given by

L̂nm(ρ̂) ≡L[F̂nm](ρ̂) = |εn(t )〉ρmm(t )〈εn(t )|
− 1

2

∑
k

(|εm(t )〉ρmk (t )〈εk (t )|

+ |εk (t )〉ρkm(t )〈εm(t )|), (11)

where ρnm(t ) = 〈εn(t )|ρ̂(t )|εm(t )〉 are the matrix elements of
the nonequilibrium density operator in the basis of instanta-
neous energy eigenstates. Finally, the total Lindbladian,

L̂(ρ̂(t )) =
∑
nm

�nm(t )L̂nm(ρ̂(t )), (12)

is a weighted sum over all L̂nm. The functions �nm(t ) are given
by [43]

�nm(t ) =

⎧⎪⎨
⎪⎩

��πnm(t )[ fBE(�ε,μ, T ) + 1] for �ε < 0,

��πnm(t )[ fBE(�ε,μ, T )] for �ε > 0,

�PD for �ε = 0,

(13)

with � being a placeholder for either the spin-conserving (SC)
or spin-flip (SF) subscript. Here πnm(t ) = ρmm(t )[1 − ρnn]
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FIG. 4. Time dependence of purity [89], Tr ρ̂2
spin, of the spin den-

sity matrix [Eq. (14)] of the electronic subsystem within the magnetic
bilayer in Fig. 1 under (a) unitary (von Neumann) time evolution
via Eq. (8) with L[F̂ ](ρ̂) = 0 and (b) Lindblad time evolution via
Eq. (8). For reference, the blue curve in panel (b) depicts the time
frame within which the femtosecond laser pulse (with arbitrary units
on its ordinate) is applied.

factors take care of the Pauli exclusion principle for fermionic
statistics [82], as well as ensuring 0 � ρnn(t ) � 1 for each
eigenstate and at all times, and fBE is the Bose-Einstein dis-
tribution function (with chemical potential μ = 0) of the bath
at temperature T (set to T = 300 K). Thus, for n = m, the
Lindbladian L̂nm(ρ̂) generates effective thermalization of the
electronic subsystem on the typical timescale of ∼1 ps, e.g.,
we use �SC = 2 × 10−4 fs−1 corresponding to a timescale
of 5 ps (as also employed in Ref. [43]). Conversely, for
n = m, L̂nn(ρ̂) accounts for “true decoherence” [83] or “pure
dephasing” (PD) [84], which reduces the off-diagonal ele-
ments of ρ̂(t ) with the rate �PD. “Pure dephasing” can occur
even when no energy is exchanged between the system and
the environment, so �ε = 0 in Eq. (13), as exemplified by
microscopic processes where the system is entangled to an
environment having degenerate energy eigenstates [83]. We
use �PD = 5 × 10−2 fs−1, which corresponds to timescales
of 20 fs.

We also set �SF = 0 because in the presence of SO cou-
pling electron eigenstates do not have well-defined spin due
to entanglement of spin and orbital factor states [85–87].
That is, eigenstates of the SO-coupled electronic subsystem
can be written (in Schmidt decomposition [88]) as |En〉 =
|�′

n〉 ⊗ |↑〉 + |�′′
n〉 ⊗ |↓〉, which prevents defining SF tran-

sitions (with the rate �SF = 0) between eigenstates |E ′
n〉 =

|�′
n〉 ⊗ |↑〉 and |E ′′

n 〉 = |�′′
n〉 ⊗ |↓〉 in the absence if SO cou-

pling, which has well-defined spin. Nevertheless, this does not
mean that spin dephasing is not included in our calculations.
For example, Fig. 4 shows purity [89] Tr ρ̂2

spin of electronic
spin density matrix,

ρ̂spin = Trorbitalρ̂, (14)

obtained by partial tracing of the full density matrix ρ̂ (inter-
estingly, purity Tr ρ̂2 of ρ̂ for ultrafast light-driven magnetic
bilayers was studied very recently in Ref. [89]) over the orbital
states. Purity equal to 1 signifies electronic spin being in a
pure quantum state, |�〉 or ρ̂spin = |�〉〈�|, while its value
below 1 in equilibrium or in the course of unitary (von Neu-
mann) evolution [Fig. 4(a)] is due to the mixed nature of spin
states in SO-coupled systems. Its further decay [Fig. 4(b)]
upon switching to Lindbladian dynamics via Eq. (8) confirms
that spin dephasing is intrinsically included in our scheme

defining [Eq. (13)] the action of the Lindblad operators be-
tween energy eigenstates of the SO-coupled Hamiltonian.

The outcome of solving Eq. (8) at each time step δt = 0.1
fs is the density matrix ρmn(t ) represented in the instantaneous
energy eigenbasis [Eq. (10)]. Once transformed back to a
site basis, its ρii(t ) 2 × 2 submatrices determine [Eq. (7)]
the nonequilibrium spin density 〈ŝp〉 entering as spin torque
Tp = Jsd〈ŝp〉(t ) × Mp(t ) into the LLG equation (Sec. II C),
part of the loop in Fig. 2 via the fifth term on the RHS of the
classical Hamiltonian [Eq. (5)] of LMMs. In turn, the LLG
equation updates the orientation of LMMs Mp(t ) and there-
fore modifies time dependence of the third term on the RHS
of Eq. (2). Finally, at the same instant of time in which ρi j (t )
and Mi j (t ) are self-consistently computed, we also compute
the bond [50,56,66] charge

Ii→ j (t ) = eγ

ih̄
Trspin[ρi j (t )H ji(t ) − ρ ji(t )Hi j (t )], (15)

and spin currents

ISα

i→ j (t ) = eγ

ih̄
Trspin[σ̂α{ρi j (t )H ji(t ) − ρ ji(t )Hi j (t )}],

(16)

from the off-diagonal 2 × 2 submatrices ρi j (t ). The bond
charge current Ii→ j (t ) is plugged into the Jefimenko equa-
tions (Sec. II D), together with time-dependent on-site charge
density

eρii(t ) = Trspin[ρii(t )], (17)

in order to obtain time-dependent electric E(t ) and magnetic
B(t ) fields of outgoing EM radiation at time t . Equations (15)
and (16) show that the larger the off-diagonal elements of the
nonequilibrium density matrix in site representation (due to
laser pulse or LMM dynamics) and hopping between the sites
[modified by the laser pulse via Eq. (24)], the larger the value
of current that will be generated.

Note that total interlayer or intralayer charge and spin
currents plotted in Figs. 5 and 6 are obtained by summing
all respective charge and spin bond current contributions. For
example, Figs. 6(a)–6(c) plot total intralayer charge current
IMn3Sn + IPt = ∑

〈i, j〉 Ii→ j with 〈i, j〉 ∈ Mn3Sn or 〈i, j〉 ∈ Pt
and ei j ‖ ex, where ex is the unit vector along the x axis and
ei j is the unit vector connecting sites i and j.

C. Classical dynamics of LMMs from the LLG equation

The classical LMMs are evolved by solving the LLG equa-
tion

∂Mp

∂t
= − g

1 + λ2

[
Mp × Beff

p + λMp × (
Mp × Beff

p

)]
(18)

via the Heun numerical scheme with projection onto the
unit sphere [36] and time step δt = 0.1 fs. Here Bp

eff =
− 1

μM
∂H/∂Mp is the effective magnetic field (μM is the mag-

nitude of LMMs), g is the gyromagnetic ratio, and λ is Gilbert
damping. Note that in the case of Weyl conduction electrons
surrounding classical LMMs, λ = 0 [90] when all LMMs
precess uniformly as a macrospin. Since LMMs within Mn3Sn
are noncollinear λ = 0, but a wide range of values has been
extracted from experiments (such as λ ∼ 10−4 [91]) or as-
sumed in numerical simulations (such as λ ∼ 10−2 [69]). Here
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we use λ = 0.2 for convenience, so that LMMs are quickly
brought into equilibrium on a reasonable timescale after their
dynamics is generated by coupling them to Weyl electrons
at t = 0, as animated in the movie equilibration.mp4 in
the SM [60]. This ensures that LMMs do not move and no
currents are pumped by their motion prior to the introduction
of the laser pulse.

D. Retarded electric and magnetic fields
of radiation from Jefimenko equations

The emitted EM radiation is calculated from the Jefimenko
equations [49] for the retarded electric,

E(r, t ) = 1

4πε0

⎧⎨
⎩

N∑
i=1

[
eρii(tr )

r − ri

|r − ri|3 + 1

c

∂eρii(tr )

∂t

r − ri

|r − ri|2
]

−
Nb∑

Pi→ j=1

∫
Pi→ j

1

c2

∂

∂t

Ii→ j (tr )

|r − l| dl

⎫⎬
⎭, (19)

and retarded magnetic fields,

B(r, t ) = μ0

4π

Nb∑
Pi→ j=1

∫
Pi→ j

[
Ii→ j (tr )

|r − l|3

+ 1

c

∂

∂t

Ii→ j (tr )

|r − l|2
]

dl × (r − l), (20)

where these equations are adapted [50] to use time-dependent
bond charge currents Ii→ j (t ) [Eq. (15)] and on-site electronic
charge density eρii(t ) [Eq. (17)] defined on the TB lattice.
The bond currents [50,56,66] Ii→ j are assumed to be spatially
homogeneous along the path Pi→ j from site i to site j, which
is composed of a set of points l ∈ Pi→ j . The on-site charge
density eρii(t ) and bond charge currents Ii→ j (t ) satisfy the
continuity equation [50]

e
∂ρ j j (t )

∂t
=

∑
i

Ii→ j (t ). (21)

In Eqs. (19) and (20) we have N = 27 as the total number
of TB sites, Nb = 108 as the total number of bonds between
them, and tr ≡ t − |r − l|/c emphasizes retardation in the
response time due to relativistic causality. Equations (19)
and (20) are applicable in approximations where we neglect
self-consistent effects, such as emitted EM radiation exerting
backaction onto the magnetic bilayer in Fig. 1. (Capturing
such effects would require [92] solving Maxwell equations for
the scalar and vector EM potential, which can then be plugged
into the Hamiltonian in Eq. (1), thereby establishing an extra
self-consistent loop in Fig. 2.)

We note that details of charge current and charge density
spatial profiles within nanoscale thickness of THz emitters,
such as bilayer in Fig. 1, are not important [41] for computing
emitted THz radiation with wavelengths in the micrometer to
submillimeter range. Nevertheless, since we compute in Fig. 7
emitted EM radiation in both THz range and for nanometer
range wavelengths of incoming light and its high harmonics,
we keep a full spatial profile of eρii(t ) and Ii→ j (t ) in the Jefi-
menko equations (19) and (20) without any simplifications.

III. RESULTS AND DISCUSSION

A. Equilibrium dynamics initiated by coupling
LMMs to room-temperature Weyl electrons

The hexagonal-type lattice (space group P63/mmc) of
Mn3Sn is comprised of kagome lattice of Mn magnetic atoms

with geometrical frustration, leading to a noncollinear (i.e.,
inverse triangular) configuration of LMMs with antiferro-
magnetic ordering [67,68]. Thus, unlike standard collinear
antiferromagnetic order of LMMs, the noncollinear configu-
ration of LMMs of Mn atoms breaks time-reversal symmetry
(TRS) macroscopically.

For times t < 0, we put LMMs of Mn in the noncollinear
configuration depicted in Fig. 1, and concurrently we describe
electrons by the grand-canonical equilibrium density operator

ρ̂eq = fFD(Ĥtot − EF Î ), (22)

at room temperature T = 300 K, where fFD(x) = (1 + eβx )−1

is the Fermi-Dirac distribution function, β = 1/kBT , the
Fermi energy EF is chosen at half filling of TB lattice of bi-
layer in Fig. 1, and Î is the unit operator in the Hilbert space of
electrons. At t = 0 we couple room-temperature conduction
electrons to classical LMMs by switching on Jsd (t � 0) = 0
in Eqs. (1) and (5), and then evolve both subsystems using
the QME+LLG self-consistent loop within Fig. 2. Due to the
Lindblad terms in the electronic equation of motion [Eq. (8)]
and the Gilbert damping term [Eq. (18)] in the LLG equation
of motion for classical LMMs, this evolution over a 2-ps
time interval reaches equilibrium signified by all transient
charge and spin currents decaying to zero, as animated by the
movie equilibration.mp4 in the SM [60]. The resulting
noncollinear configuration of LMMs of Mn atoms, which
will interact with light-driven electrons once the laser pulse
is applied, is randomized (see movie equilibration.mp4
in the SM [60]) with respect to the original inverse triangu-
lar configuration depicted in Fig. 1. It also possesses small
nonzero local magnetization per site (panel Mα/NLMM in the
movie equilibration.mp4 in the SM [60]).

B. Spin and charge currents pumped by light
and/or local magnetization dynamics

After the equilibration procedure from Sec. III A is com-
pleted, the electronic subsystem is excited by shining a
femtosecond laser pulse onto both MLs of the Mn3Sn layer.
The laser pulse is described by the vector potential

A(t ) = Amaxe− (t−tp )2

2σ2 cos(�0t )ex, (23)

with a Gaussian-shaped function for a pulse of duration σ ,
centered at time tp and with center frequency �0. Here ex ac-
counts for one of the two possible linear polarizations within
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FIG. 5. Time dependence of the sum of (a)–(c) all interlayer charge, IMn3Sn→Pt, and (d)–(f) spin-z, ISz
Mn3Sn→Pt, local (or bond, i.e., between

two sites of TB lattice [50,56,66]) currents, initiated by femtosecond laser-pulse irradiation of the Mn3Sn layer in Fig. 1. These interlayer
currents flow along the z axis in the coordinate system of Fig. 1. We artificially switch off in (a) and (d) both the LLG dynamics of LMMs
within the Mn3Sn (so LMMs are static and time-independent) layer and the SOC with the Pt layer; and in (b) and (e) we artificially switch
off SOC within the Pt layer. In panels (c) and (f) all terms in quantum [Eq. (1)] and classical [Eq. (5)] Hamiltonians are active. For reference,
the blue curve on top of panels (a)–(c) depicts the time frame within which the femtosecond laser pulse (with arbitrary units on its ordinate) is
applied.

the xy plane of incident light. The corresponding electric field
is E = −∂A/∂t . The relativistic magnetic field of the laser
pulse affects electronic spin degree, but this effect is negligi-
ble and usually not considered [11,22]. The vector potential
couples to an electron via the Peierls substitution [93,94] in
Eq. (2),

γ
xy
i j (t ) = γ exp

{
izmaxe

−(t−tp )2

2σ2 cos(�0t )ex · ei j
}
, (24a)

γ z
i j (t ) = γ z exp

{
izmaxe

−(t−tp )2

2σ2 cos(�0t )ex · ei j
}
, (24b)

where zmax = ea0Amax/h̄ = 0.12 is the dimensionless param-
eter [22] quantifying maximum amplitude of the pulse, σ =
25 fs is the width of the Gaussian envelope, and the center
frequency �0 = 2.354 fs−1 is chosen to correspond to the
800-nm wavelength commonly employed [3–9,70–72] in THz
spintronics.

In the first column of panels in Figs. 5 and 6, we switch off
the LLG dynamics and set the Rashba SOC in the NM layer to
zero. This means that LMMs are fixed in their configuration
reached upon equilibration with room-temperature electrons,
as discussed in Sec. III A. Thus hot electrons are flowing due
to the laser pulse only to comprise pumped interlayer (Fig. 5)
and intralayer (Fig. 6) charge (top row of panels in Figs. 5 and
6) and spin (bottom row of panels in Figs. 5 and 6) currents.

In the second column of panels in Figs. 5 and 6, we switch
on the LLG dynamics while keeping the Rashba SOC zero
within the NM layer. This change results in several times
enhanced amplitude of interlayer [Fig. 5(e)] and intralayer
[Fig. 6(e)] spin currents, as well as nearly the same interlayer
[Fig. 5(b)] charge currents. Importantly, switching on LLG
dynamics leads to a much larger intralayer [Fig. 6(b)] charge
current, which then enhances [Eq. (19)] the Ex component of
the electric field of emitted radiation [Fig. 7(b)]. Thus compar-
ison of the first and the second column of panels in Figs. 5 and
6 reveals how slow dynamics of LMMs, driven by spin current

pumped initially only by ultrafast light, provide additional
contributions to both spin and charge current generation.

We note that for perfectly collinear LMMs, pumped spin
current will have 〈ŝp〉(t ) ‖ Mp, so that no spin torque Tp =
Jsd〈ŝp〉(t ) × Mp(t ) is generated in the LLG equation and,
therefore, no torque-driven classical dynamics of LMMs is
initiated. While this situation is not relevant for the chosen
example of light-irradiated Mn3Sn due to noncollinearity of
its LMMs in equilibrium, in the case of an FM or AF layer
with collinear LMMs one should include thermal fluctua-
tions in the initial state of LMMs by, e.g., adding [52] a
small random polar and azimuthal angle to the direction of
each LMM.

In the third column of panels in Figs. 5 and 6 and
in the movie during_laser_pulse.mp4, we switch on both
the LLG dynamics in the Mn3Sn layer and the Rashba SOC
in the NM layer. This actually reduces all pumped spin and
charge currents, instead of naively enhancing charge current
in NM layer via interfacial spin-to-charge conversion [16].
Whether interfacial SOC reduces or enhances spin pump-
ing depends on specific materials combination, as found in
first-principles quantum transport studies [95,96] of magnetic
bilayers.

C. Emitted EM radiation: THz and high-harmonic generation

Figure 7 plots the fast Fourier transform (FFT) power
spectrum |Ex(r,�)|2 of the x component (i.e., parallel to the
interface in Fig. 1) of electric field [Eq. (19)] of emitted EM
radiation at point r = (0, 0, 100)a0 away from the magnetic
bilayer. Following the same strategy as in Figs. 5 and 6, Fig. 7
is also formatted using three columns of panels where the
difference between the first and the second column shows how
charge pumping by LMM dynamics enhances radiation in the
THz range [Fig. 7(b) vs Fig. 7(a)]. This feature is in full accord
with the corresponding Fig. 6(b), as it can be concluded from
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FIG. 6. The same information as in Fig. 5, but for the sum of (a)–(c) all intralayer charge, IMn3Sn + IPt, and (d)–(f) spin-z, ISz
Mn3Sn + ISz

Pt , local
(or bond, i.e., between two sites of TB lattice [50,56,66]) currents within the whole bilayer in Fig. 1. These intralayer currents flow along the
x axis in the coordinate system of Fig. 1. Light gray curves in panels (d) and (e) are obtained by additionally switching off SOC within the
Mn3Sn layer. For reference, the blue curve on top of panels (a)–(c) depicts the time frame within which the femtosecond laser pulse (with
arbitrary units on its ordinate) is applied.

the Jefimenko Eq. (19) where the Ex component of the electric
field of emitted EM radiation is generated by intralayer charge
currents—of either Mn3Sn or the Pt layer, with the former pro-
viding a larger contribution—flowing parallel to the x axis (in
the coordinate system of Fig. 1). On the other hand, switching
on the Rashba SOC in the NM layer reduces the amplitude
of THz radiation [Fig. 7(c)], as expected from reduced charge
pumping in Figs. 5(c) and 6(c).

To clarify the principal contribution to charge current re-
sponsible for EM radiation in the THz range, we switch off the
intrinsic SOC of Mn3Sn [i.e., λz = 0 in the fourth term on the
RHS of Eq. (2)]. This trick reveals that SOC is not important
for purely light-driven charge pumping of hot electrons and its
THz radiation [Fig. 7(a)], but it becomes crucial for enhanced
THz radiation in Figs. 7(b) and 7(c) when LLG dynamics of
LMMs within Mn3Sn is turned on. This suggests that charge
pumping by the dynamics of LMMs in the presence of its
intrinsic SOC [32,33], rather than standardly assumed spin
pumping plus spin-to-charge conversion away from magnetic
layer [3–9,40,41], can be an important and largely unexplored
resource for spintronic THz emitters. This resource is offered
by the class of materials (such as Mn3Sn or two-dimensional
magnetic materials [97]) possessing strong SOC in their bulk.

Although not in the focus of detection schemes in THz
spintronics, we also examine outgoing EM radiation in the
frequency range of the incoming laser pulse. The bottom row
of panels in Fig. 7 reveals both even and odd high harmonics
in the FFT power spectrum up to order n � 7. The width of
their peaks is broadened upon turning LLG dynamics on. Let
us recall that high-harmonic generation has been intensely
pursued in recent years for solids driven out of equilibrium by
laser light of frequency �0 [98–100]. For example, inversion
symmetric bulk semiconductors driven by strong mid-infrared
laser light, whose h̄�0 is much smaller than the band gap, can
exhibit a nonlinear effect generating new EM radiation at odd
multiplies of �0 [98–100]. Furthermore, in two-dimensional
systems breaking inversion symmetry, such as ML of MoS2

[98] or surface states of topological insulators [101], addi-

tional even-order harmonics or noninteger harmonics [101]
can emerge. The Weyl electrons of Mn3Sn driven by light of
frequency �0 are predicted in Fig. 7 to radiate both even and
odd harmonics at frequencies � = n�0, because two MLs of
Mn3Sn used in Fig. 1 break inversion symmetry. It was also
conjectured theoretically [102] that a high-harmonic spectrum
can be used to probe underlying magnetic configuration-
mediated topological phases of Weyl semimetals, which is yet
to be explored for Mn3Sn. The important role played by the
lattice symmetries of Mn3Sn and noncollinear configuration
of their LMMs for high-harmonic generation is confirmed
by the high-harmonic spectrum being largely insensitive to
switching off SOC within the Mn3Sn layer [light gray curves
in Figs. 7(e) and 7(f)].

D. Emitted EM radiation: Poynting vector and efficiency

In order to quantify the efficiency of conversion of the
power of incoming radiation into the power of outgoing radi-
ation, we use E and B fields from the Jefimenko equations to
compute the Poynting vector [73] measuring the energy flux
(i.e., the energy transfer per unit area per unit time) of an EM
field. Although the concept of the Poynting vector has been
known for well over a century [73], the actual flow of EM
energy in even the simplest circuits is a subject of ongoing
interest [50,103,104]. For the much more complicated case of
laser-driven magnetic bilayers, calculations of the Poynting
vector of incoming and outgoing EM radiation, and thereby
the defined efficiency of their conversion into each other is
lacking in THz spintronics literature.

The time-dependent energy flux from the computed elec-
tric E(r, t ) and magnetic B(r, t ) vector fields is given by the
Poynting vector

S(r, t ) = 1

μ0
E(r, t ) × B(r, t ). (25)

From it we can obtain the power dP = S · R̂R2d� radiated
into the solid angle d� = sin θdθdφ at distance R=100 a0 in

174421-9



ABHIN SURESH AND BRANISLAV K. NIKOLIĆ PHYSICAL REVIEW B 107, 174421 (2023)

FIG. 7. FFT power spectrum of the x component of the electric field |Ex (r, �)|2 of emitted EM radiation calculated at point
r = (0, 0, 100)a0 along the z axis in Fig. 1. This outgoing EM radiation, computed from the Jefimenko [49,50] equations [Eqs. (19) and
(20)] using charge and current densities obtained from QME+LLG loop in Fig. 2, is a response to the incoming femtosecond laser pulse
irradiating the Mn3Sn layer [Fig. 1]. Panels (a)–(c) show the FFT power spectrum of EM radiation in the THz range of frequencies, while
panels (d)–(f) show the FFT power spectrum of emitted radiation exhibiting high harmonics [98] of the center frequency �0 of the pulse. Note
that the results in the frequency range of panels (a)–(c) are hidden on the left edge of panels (d)–(f). We artificially switch off in (a) and (d) both
LLG dynamics of LMMs within the Mn3Sn (so LMMs remain time independent) layer and the Rashba SOC with Pt layer; and in (b) and (e)
we artificially switch off SOC within the Pt layer. In panels (c) and (f), all terms in the quantum [Eq. (1)] and classical [Eq. (5)] Hamiltonians
are active. Light gray curves in (a)–(f) are obtained by additionally switching off the SOC within the Mn3Sn layer.

the direction specified by the unit vector R̂. This quantity, in-
tegrated over the time interval within which radiation exists in
Figs. 5 and 6, gives the output energy E θ,φ

out = ∫ t f

ti
dtdP plotted

in Fig. 8(b) as a function of the azimuthal φ and polar θ angles,
after normalization [E θ,φ

out ]norm = (E θ,φ
out − [E θ,φ

out ]mean)/(2σE θ,φ
out

)

where [E θ,φ
out ]mean is the average value of E θ,φ

out within the in-
terval [ti, t f ] of discrete time points and σE θ,φ

out
is its standard

deviation. To get the total radiated output energy, we integrate
dP additionally over the whole space Eout = ∫ t f

ti
dt

∫
θ,φ

dP,
where ti=6 ps to t f =10 ps. The total input energy Ein is
the integral of dP of the input laser pulse over the area of
the Mn3Sn surface and over the same time interval. Then the
output-to-input efficiency is defined by |Eout|/|Ein|, which is
plotted in Fig. 8(a) as the function of zmax [Eq. (24)] measuring

FIG. 8. (a) The output-to-input radiation conversion efficiency
from bilayer in Fig. 1, defined as the ratio of outgoing to incoming
total radiation energy within the relevant time interval ti = 6 ps to
t f = 10 ps, as a function of zmax [Eq. (24)] measuring the intensity
of the input laser pulse. (b) The angular dependence of (normalized)
total radiated energy into the solid angle d� at a distance 100a0 for
zmax = 0.12. The abscissa and the ordinate axes are the azimuthal φ

and polar θ angle, respectively.

the intensity of the input laser pulse. Figure 8(a) shows that the
efficiency of conversion is rather small, but it can be tuned by
a factor of 2 by changing zmax.

IV. CONCLUSIONS

In conclusion, we have developed a fully quantum (based
on the Lindblad QME) and fully microscopic (based on an
input single-particle or many-body Hamiltonian) treatment
of electrons within magnetic bilayers in THz spintronics,
which is combined in multiscale fashion with classical LLG
treatment of LMMs and classical Maxwell treatment of in-
coming and outgoing EM radiation, as illustrated by Fig. 2.
Despite enormous experimental and technological interest in
spintronic THz emitters [3–7], as well as fundamental and
theoretical interest in far-from-equilibrium [10,11] magnet-
ically ordered quantum materials driven by ultrafast light,
very few theoretical approaches have demonstrated complete
treatment of phenomena on different time and length scales in
these systems, that is, by starting from an input femtosecond
laser pulse and by proceeding to compute the output THz
radiation. For example, we are aware of one such complete
treatment [41] where the semiclassical transport theory (based
on the Boltzmann equation) for incoming laser-pulse-driven
hot electrons is combined with the Maxwell equations for
outgoing EM radiation. In that approach, hot electrons carry
only spin current, which is assumed to be converted into
charge current (by the inverse spin Hall effect) radiating in
the THz range [41]. However, this approach neglects pumping
of charge currents of hot electrons directly by light [22] and
prior to any spin-to-charge conversion, as well as that spin
current can have different contributions (as observed in very
recent experiments [105]), many of which cannot [21,31] be
captured by semiclassical transport theory.
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Importantly, spin [21,31] and charge [31,32] currents
pumped by the dynamics of classical LMMs surrounded by
conduction electrons require fully quantum transport treat-
ment, as provided by standard approaches like the scattering
theory [21] or nonequilibrium Green functions [31,56,58,59],
with additional effort required [32,95,96,106] when SOC
is present within the magnetic layer or at its interfaces
[21] with other materials. As demonstrated by Figs. 5 and
6, the QME+LLG+Jefimenko approach developed in this
study captures spin and charge pumping due to the laser
pulse, as well as due to subsequent much slower LMM
dynamics. By switching on and off different terms in the
quantum and classical Hamiltonians, such as the input of the
QME+LLG+Jefimenko approach, we reveal the following
features in ultrafast light-driven Weyl AF Mn3Sn in contact
with a nonmagnetic layer: (i) both spin and charge currents
are initially pumped by the laser pulse, where spin current
subsequently exerts spin torque on slow (movie in the SM
[60]) LMMs, which in turn pump additional spin and charge
currents enhancing [Figs. 5 and 6] those initially driven by
light; (ii) consequently, additional charge current pumping
by LMM dynamics enhances EM radiation in THz range
[Fig. 7(b)], while broadening light-driven high harmonics
[Fig. 7(e)] of the pulse center frequency; (iii) for the specific

magnetic bilayer in Fig. 1, the key contribution to gener-
ated charge current and its THz radiation comes from charge
pumping by LMMs in the presence of intrinsic SOC of Mn3Sn
[Fig. 7(b)], rather than from conversion [16] of pumped spin
current into charge current by interfacial SOC which can, in
fact, even be detrimental to emitted THz radiation [Fig. 7(b) vs
Fig. 7(c)].

Although a single mechanism cannot explain vastly dif-
ferent [29,39] magnetic bilayers, we believe that some of
our conclusions for bilayers of Mn3Sn apply also to other
systems whose examination via the QME+LLG+Jefimenko
approach we relegate to future studies. We also relegate to
future studies magnetic bilayers where localized spins must
be treated quantum-mechanically and only one input—the
Hamiltonian [44,107] of electrons interacting with quantum
localized spins—would be required for the QME+Jefimenko
calculations.
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nihilation of topological solitons in magnetism with spin-wave
burst finale: Role of nonequilibrium electrons causing nonlo-
cal damping and spin pumping over ultrabroadband frequency
range, Phys. Rev. B 104, L020407 (2021).

[60] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevB.107.174421 for three
movies: (i) equilibration.mp4 animates equilibration
(within 2 ps) of LMMs within the Mn3Sn layer after
interaction with room-temperature electrons is switched
on for t � 0, and equilibrium is achieved when all LMMs
become static while all currents plotted are eventually brought
to zero; (ii) during_laser_pulse.mp4 animates dynamics
of LMMs and spin and charge current pumping due to both
applications of the femtosecond laser pulse driving conduction
electrons out of equilibrium and subsequently induced time
dependence of LMMs; and (iii) after_laser_pulse.mp4

animates dynamics of LMMs and spin and charge current
pumping after the laser pulse has ceased so that all currents
generated are purely due to time dependence of LMMs,
and the system eventually reaches equilibrium with plotted
currents converging to zero and LMMs become static. Note
that Mα (t ) = 1

NLMM

∑NLMM
i=1 Mα

i (t ) plotted in one of the panels
of all three movies is magnetization per site, where NLMM is
the total number of LMMs.

[61] M. Noda, S. A. Sato, Y. Hirokawa, M. Uemoto, T. Takeuchi,
S. Yamada, A. Yamada, Y. Shinohara, M. Yamaguchi, K. Iida
et al., SALMON: Scalable ab-initio light-matter simulator for
optics and nanoscience, Comput. Phys. Commun. 235, 356
(2019).

[62] N. Tancogne-Dejean, M. J. T. Oliveira, X. Andrade, H. Appel,
C. H. Borca, G. Le Breton, F. Buchholz, A. Castro, S. Corni,
A. A. Correa et al., Octopus, a computational framework
for exploring light-driven phenomena and quantum dynamics
in extended and finite systems, J. Chem. Phys. 152, 124119
(2020).

[63] S. Sold, G. Lefkidis, B. Kamble, J. Berakdar, and W.
Hübner, Thermal emergence of laser-induced spin dy-
namics for a Ni4 cluster, Phys. Rev. B 97, 184428
(2018).

[64] G. Lindblad, On the generators of quantum dynamical semi-
groups, Commun. Math. Phys. 48, 119 (1976).

[65] D. Manzano, A short introduction to the Lindblad master
equation, AIP Adv. 10, 025106 (2020).
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[85] B. K. Nikolić and S. Souma, Decoherence of transported spin
in multichannel spin-orbit-coupled spintronic devices: Scatter-
ing approach to spin-density matrix from the ballistic to the
localized regime, Phys. Rev. B 71, 195328 (2005).

[86] T. Stav, A. Faerman, E. Maguid, D. Oren, V. Kleiner, E.
Hasman, and M. Segev, Quantum entanglement of the spin and
orbital angular momentum of photons using metamaterials,
Science 361, 1101 (2018).

[87] D. Gotfryd, E. M. Pärschke, J. Chaloupka, A. M. Oleś, and K.
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tiferromagnetic insulator spin-orbit-proximitized by adjacent
heavy metal: A first-principles Floquet-nonequilibrium Green
function study, J. Phys. Mater. 5, 034002 (2022).

[97] M. Gibertini, M. Koperski, A. F. Morpurgo, and K. S.
Novoselov, Magnetic 2D materials and heterostructures, Nat.
Nanotechnol. 14, 408 (2019).

[98] S. Ghimire and D. A. Reis, High-harmonic generation from
solids, Nat. Phys. 15, 10 (2019).

[99] N. Tancogne-Dejean, F. G. Eich, and A. Rubio, Effect of
spin-orbit coupling on the high harmonics from the topo-
logical Dirac semimetal Na3Bi, npj Comput. Mater. 8, 145
(2022).

[100] S. Yamada and K. Yabana, Determining the optimum thick-
ness for high harmonic generation from nanoscale thin films:
An ab initio computational study, Phys. Rev. B 103, 155426
(2021).

[101] Y. Bai, F. Fei, S. Wang, N. Li, X. Li, F. Song, R. Li, Z. Xu,
and P. Liu, High-harmonic generation from topological surface
states, Nat. Phys. 17, 311 (2021).

[102] L. Jia, Z. Zhang, D. Z. Yang, and M. S. Si, G. P. Zhang,
Probing magnetic configuration-mediated topological phases
via high harmonic generation in MnBi2Te4, Phys. Rev. B 102,
174314 (2020).

[103] I. Galili and E. Goihbarg, Energy transfer in electric circuits:
A qualitative account, Am. J. Phys. 73, 141 (2005).

[104] M. K. Harbola, Energy flow from a battery to other circuit
elements: Role of surface charges, Am. J. Phys. 78, 1203
(2010).

[105] P. Jiménez-Cavero, O. Gueckstock, L. Nádvornik, I. Lucas,
T. S. Seifert, M. Wolf, R. Rouzegar, P. W. Brouwer, S. Becker,
G. Jakob et al., Transition of laser-induced terahertz spin cur-
rents from torque- to conduction-electron-mediated transport,
Phys. Rev. B 105, 184408 (2022).

[106] K. Chen and S. Zhang, Spin Pumping in the Presence
of Spin-Orbit Coupling, Phys. Rev. Lett. 114, 126602
(2015).

[107] U. Bajpai, A. Suresh, and B. K. Nikolić, Quantum many-body
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