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Ultrafast optical excitation of magnons in 2D antiferromagnets via spin torque
exerted by photocurrent of excitons: Signatures in charge pumping and THz emission
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Recent experiments observing femtosecond laser pulse (fsLP) exciting magnons in two-dimensional
(2D) antiferromagnetic (AF) semiconductors—such as CrSBr, NiPS3, and MnPSs, or their van der
Waals heterostructures—suggest exciton-mediation of such an effect. However, its microscopic de-
tails remain obscure, as resonant coupling of magnons, living in the sub-meV energy range, to
excitons, living in the ~ 1 eV range, can hardly be operative. Here, we develop a quantum trans-
port theory of this effect, in which time-dependent nonequilibrium Green’s functions (TDNEF) for
electrons driven by fsLP are coupled self-consistently to the Landau-Lifshitz-Gilbert (LLG) equation
describing classical dynamics of localized magnetic moments (LMMs) within 2D AF semiconduc-
tors. This theory explains how fsLLP, of central frequency above the semiconductor gap, generates
a photocurrent that subsequently exerts spin-transfer torque (STT) onto LMMs as a nonequilib-
rium spintronic mechanism. The collective motion of LMMs analyzed by windowed Fast Fourier
transform (FFT) decodes frequencies of excited magnons, as well as their lifetime governed by non-
local damping with the LLG equation due to, explicitly included via TDNEGF, electronic bath.
The TDNEGF part of the loop is also used to include excitons via mean-field treatment, utiliz-
ing off-diagonal elements of the density matrix, of Coulomb interaction binding conduction-band
electrons and valence-band holes. Finally, our theory predicts how excited magnons will pump time-
dependent charge currents into the attached electrodes, or locally within AF semiconductor that
will then emit electromagnetic radiation. The windowed FFT of these signals contains imprints of
excited magnons, as well as their interaction with excitons, which could be exploited as a novel

probe in future experiments.

Introduction.—The advent of two-dimensional (2D)
magnetic materials [1, 2]—such as 2D antiferromag-
netic (AF) semiconductors CrSBr [3-9], NiPSs [10],
MnPS;3 [11] and their van der Waals heterostructures [12,
13]—has made possible recent experiments observing
how femtosecond laser pulse (fsLP) excites magnons
with presumed exciton mediatation. From a fundamen-
tal viewpoint, these experiments rekindle [14] interest
in exciton-magnon coupling that was dormant [15] for
many decades [16-22]. Such coupling can lead to in-
triguing quantum many-body effects, including magnon-
magnon interactions [23, 24] dressed by excitons [5], or
magnon-mediated exciton-exciton interactions [9, 25] and
ultrafast exciton relaxation assisted by paramagnons [26].
As regards applications, in magnonics [27] for classi-
cal information processing, there is a considerable ef-
fort to excite coherent magnons [28, 29] by ultrafast
light, whose frequencies are as high as possible and
wavelengths as short as possible [11, 30]. This is be-
cause magnons with wavelength < 100 nm would enable
miniaturization of envisaged magnonic devices down to
the nanoscale [31, 32]. In contrast, oscillating magnetic
fields (supplied via microstrip lines or coplanar waveg-
uides) as standard tools are impractical for AF mate-
rials. Other schemes demonstrating excitation of AF
magnons, such as by injecting current [33], lead to diffu-
sive propagation of incoherent (at many uncontrolled fre-
quencies) magnons. Furthermore, for quantum informa-
tion processing, exciton-magnon coupling offers potential
for transduction [2, 34, 35] of quantum information from
qubits to microwaves that would excite magnons, and

then from them, via excitons, further transduction to
optical photons. In turn, photons can transfer quantum
information over long distances via optical fibers [35].

The possibility of precise tuning of the central fre-
quency of fsLP around subgap electronic states (like
exciton or on-site d-d transition [44, 45]) and thereby
achieved control of excited magnons (such as dependence
on light polarization [45]) emphasizes the key role [46]
played by photoexcited electrons as mediators of magnon
excitation. Thus, electrons capable of responding fast
to fsLP must be explicitly included in any microscopic
theory [47]. Their inclusion displaces often invoked [48—
51], but via intuitive reasoning, direct coupling of light
to local magnetization of gapped materials—this is typi-
cally a negligible effect when examined via first-principles
calculations [52]. However, the first-principles derived
Hamiltonians of exciton-magnon interactions are cur-
rently lacking [53]. Furthermore, extraction of magnon
and exciton spectra from a single first-principles frame-
work, such as GW methodology [54], applied to examples
of 2D AF semiconductors has revealed their vastly differ-
ent energy scales [54]. This means that direct (or res-
onant) exciton-magnon coupling is highly unlikely [55].
One could still try to devise a Hamiltonian where off-
resonant coupling emerges, but this is rarely considered
as it requires special conditions [55].

Lacking such inputs and microscopic nonequilibrium
theory based on them, the magnon excitation aspect
of recent experiments has been typically explained in
phenomenological fashion [3-5, 8, 13] where “impulsive
perturbation” [13] of unknown origin is inroduced into
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FIG. 1. Schematic view of a two-terminal setup for TD-
NEGF-+LLG [Fig. 2] calculations of nonequilibirum dynamics
of photoexcited electrons coupled to local magnetization. The
central active region (CAR) consists of two layers of a 2D AF
semicoductor, which are described by the top and bottom TB
chains (as inspired by the quasi-1D structure of CrSBr [36—
38]) hosting two orbitals, ¢(onduction) and v(alence), per site
i. Electron spin densities (green arrows), (8;.(t)) and (8;, (¢)),
interact via sd exchange [Eq. (10) and (11)] with classical
LMM at the same site described by vector (red arrow) M;(¢)
obeying the LLG Eq. (3). Electrons on ¢ and v orbitals at
the site 7 interact via inter-orbital local Coulomb interaction
of strength U [Eq. (14)] which, when turned on U > 0, binds
photoexcited electrons and holes into excitons [39, 40]. Both
chains are attached to semi-infinite ideal NM leads modeled
as 1D TB chains. Via such leads, any spin or charge current
pumped within CAR by fsLP, or by excited magnons [41—
43] persisting after fSLP ceases, is drained [Fig. 4] toward
macroscopic reservoirs kept at the same Fermi energy Er (i.e.,
no bias voltage is applied between the leads). We also com-
pute EM radiation, emitted by pumped local charge currents
within the CAR, and analyze its frequency content in the THz
range [Fig. 5].

the Landau-Lifshitz-Gilbert (LLG) equation [56] for lo-
calized magnetic moments (LMMs) viewed as classical
(unit) vectors M;(t) [Fig. 1]. While no effect of photoex-
cited electrons is explicitly included in the LLG equa-
tion, it has been conjectured that the configuration of
LMDMs can affect exciton energy in the case of CrSBr [3—
5]. The agreement between such phenomenological mod-
els and experimentally excited magnon spectra implies
that magnons can be approximately treated as classical
spin waves [57, 58], despite challenges [59, 60] that AF
materials pose for classical LLG treatment. We recall
that in LLG description, magnons [24, 57, 58] emerge
as collective excitations above a magnetically ordered
ground state in which M;(t) precess around a direc-
tion specified by magnetic anisotropy and/or an exter-
nally applied magnetic field [3-8]. The phase of pre-
cession M;(¢) of adjacent vectors varies harmonically
in space over the magnon wavelength \. However, mi-
croscopic understanding is lacking regarding what pro-
vides the initial “kick” for LLG dynamics to be initiated.
Furthermore, excited magnons could imprint their sig-
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FIG. 2. Flowchart of TDNEGF+LLG self-consistent
loop combining TDNEGF [62-64] (green box) computation
[Eq. (4)] of time-dependent nonequilibrium density matrix
p°4(t) with LLG equation [56-58] updating (orange box)
LMMs M;(t). For this study, to the previously devel-
oped [65, 66] TDNEGF+LLG scheme, we add a computa-
tion (magenta box) employing [40] all off-diagonal elements
of p"®9(¢) in order to describe the binding of photoexcited
conduction-band electrons and valence-band holes into ex-
ctions. The loop employs time step 6t = 0.1 fs in both quan-
tum (as required for numerical stability of TDNEGF calcula-
tions [62, 63, 65]) and classical LLG calculations. After each
time step, we obtain time-dependent observables [Egs. (1),
(6), (7) and (17)] listed in the yellow box. In particular,
STT is constructed from the expectation value of electron

spin (§;(t)) [Eq. (1)] and M;,(t) via Eq. (2).

natures [41-43, 61] on currents flowing through 2D AF
semiconductor, but their properties and usage as novel
experimental probes remain unexplored.

In this Letter, we also employ the LLG equation,
but we introduce the “kick” microscopically by self-
consistently coupling LLG equation to computational
quantum transport [67] of photoexcited electrons. Such
electrons are described by the time-dependent nonequi-
librium Green’s functions (TDNEGF) formalism [62-64],
as illustrated in Fig. 2. Thus, the TDNEGF+LLG frame-
work [41, 65, 66, 68, 69] makes it possible to introduce
into the LLG equation, in numerically exact fashion, the
effect of photocurrent [70] ignited by fsLP. The photocur-
rent will become spin-polarized as it propagates through
the magnetic environment created by LMMs. In addi-
tion, since LMMs within AF CAR in Fig. 1 will be non-
collinear due to inevitable thermal fluctuations [71, 72]
or applied magnetic field in experiments [3-5] that we
also include [Eq. (10)], the nonequilibrium spin density

(8ia) (t) = Tropin[p"(t)0], (1)

of photoexcited electrons will lead to nonzero spin-
transfer torque (STT) [73-75] on the LMMs M,

Ti(t) = Jsa [ > <§ia>(t)‘| x M;(t). (2)

a=c,v

The STT describes [73-75] how flowing electrons transfer



spin angular momentum to local magnetization through
sd exchange interaction Jy4 [76]. Here a = ¢, v labels each
of two orbitals per site [Fig. 1]; o = (64,6,,0,) is the
vector of the Pauli matrices; p™®4(t) is time-dependent
nonequilibrium density matrix [62, 63, 77]; and trace
Trepin|. - -] is over quantum states in the spin space only.
Such microscopically computed STT is sent into the LLG
equation,

OM; = —goM; x B + agM; x 9, M; + Mg—OTi,(?))
M

while dynamics of M;(¢) modifies the quantum Hamil-
tonian [Eq. (11)] of electrons within the loop in Fig. 2.
This then establishes self-consistency between TDNEGF
and LLG calculations, as initially photoexcited spin cur-
rent, I5* = Tr[p"°d(¢)I%], will be modified by the dy-
namics of M;(¢); whereas their trajectories are, in turn,
affected by updated spin current and STT T;(¢) exerted
by it. In LLG Eq. (3) go is gyromagnetic factor [56]; pas
is the magnitude of LMMs [56]; B¢ = —%87—[/8Mi is
effective magnetic field obtained from classical Hamilto-
nian H for LMMs [37, 78]; Gilbert damping is chosen as
ag = 0.01, which is the typical value for Cr-based 2D
magnets [78]; and we use shorthand notation 9, = 9/0t.

The fundamental quantity of quantum statisti-
cal mechanics is the density matrix. The time-
dependent one-particle nonequilibrium density matrix,
p™4(t) = hG<(tt)/i, can be expressed in terms
of the lesser Green’s function of TDNEGF formalism

Z—}M (t,t') = %(é;r,g, (t")éio(t))nes [62] where (... )pes iS
the nonequilibrium statistical average [64]. We solve a
matrix integro-differential equation [63]

ihoyp"t = [H(t), p"U] +i Y [I,(t) + TH(1)],  (4)
p=L,R

for the time evolution of p"¢4(t), where H(t) is the ma-
trix representation of the quantum Hamiltonian of elec-
trons. Equation (4) is an ezact quantum master equa-
tion for the reduced density matrix of the AF CAR in
Fig. 2 viewed as an open finite-size quantum system at-
tached to macroscopic Fermi liquid reservoirs via semi-
infinite normal metal (NM) leads. The NM leads, not ex-
ploited in experiments [3-9] thus far, are important tech-
nically within TDNEGF calculations in order to intro-
duce continuous energy spectrum and dissipation effects
[81], thereby guaranteeing that excited photocurrent and
M, (t) dynamics will eventually cease at some time af-
ter fsSLP. Otherwise, in a closed quantum system [72]
without a surrounding bath [71] one would find forever
oscillating photocurrent, which is obviously unphysical.
Furthermore, the leads allow us to analyze properties of
charge and spin currents outflowing into them. Such cur-
rents could also offer novel experimental probe of exci-
tons, magnons, and their interactions, as we confirm in
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FIG. 3. Time dependence of the Néel vector, defined [Eq. (8)]
for two monolayers of AF semiconductor CAR [Fig. 1] in:
(a) the absence of excitons (U = 0); or (c) their presence
induced by on-site Coulomb interaction [39, 40] U = 0.1y
[Eq. (14)]. Panels (b) and (d) plot the corresponding power
spectrum of windowed FFT [79, 80], |NV(t.,w)|?, revealing
frequencies and lifetime of magnons excited by STT from the
photocurrent of conduction electrons in (a) or excitons in (b),
respectively. Here t. denotes the central time of the Gaussian
window [79, 80] used in FFT. Note that ws labels the fre-
quency of the bright magnon, which corresponds to the same
type of magnon in bilayer AF semiconductors observed in ex-
periments of Refs. [3-5]. Gray curves on the bottom of panels
(a) and (c) depict the vector potential A®(¢) of fsLP.

Fig. 5. For this purpose, we use II,(¢) matrices

I1,(t) = /Odtg (G~ (t,t2) 5 (ta, t) — G=(t,t2)%,) (t2,1)],
()

expressed in terms of the lesser and greater Green’s
functions [64] and the corresponding self-energies

¥ <(t,t") [63], to obtain time-dependent charge

I,(t) = 5 Tr [, (1), (6)
and spin
I3 (t) = 3 Tr[Gally (1)) (7)

currents outflowing into p = L, R NM leads. Since the
applied bias voltage between the left (L) and right (R)
NM leads is identically zero in the setup of Fig. 1, all
computed currents I,(t) and I]‘?ﬂ (t) are solely due to
pumping [41, 65, 68, 82-84] by (nonperiodic [82]) time-
dependence of the CAR Hamiltonian. Note that we use
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FIG. 4. Time-dependence of charge current Ir(¢) flowing into
the right NM lead in Fig. 1 due to pumping [41-43] by excited
magnons from Fig. 3 in: (a) the absence of excitons (U = 0);
or (c) their presence induced by on-site Coulomb interaction
U = 0.1y [Eq. (14)]. Panels (b) and (d) plot the corresponding
power spectrum of windowed FFT [79, 80], [Ir(t.,w)|?. Gray
curves on the bottom of panels (a) and (c) depict the vector
potential A®(t) of fsLP.

the same units for charge and spin currents, defined as
I, = I; + Izﬁ and If“ = I; — 1%7 in terms of spin-resolved
charge currents I7. In our convention, positive current
in NM lead p means charge or spin current is flowing out
of that NM lead.

Let us recall that the problem of how STT excites
uniform motion of all LMMs [i.e., of their macrospin
M(t) = >, M;(t)] vs. their nonuniform motion like
magnons was analyzed long ago [85] for conventional
metallic ferromagnets, as well as recently for AF in-
sulators [69, 86], with focus on threshold injected cur-
rent value [33, 87] for magnons to occur. Our setup
in Fig. 2 is different from those studies, as no current
is injected from an external circuit. Instead, photocur-
rent is excited within the AF semiconductor CAR by
fsLP, and can eventually exit into the NM leads. In ad-
dition to photocurrent of conduction electrons, we also
consider photocurrent of excitons generated by Coulomb
interaction, which binds conduction-band electrons with
valence-band holes. To capture such binding, we employ
a time-dependent mean-field theory (tMFT) [39, 40] of
inter-orbital Coulomb interaction term [Eq. (14)]. For
this purpose, we exploit [40] the off-diagonal elements of
p"e4(t), that we naturally construct within the TDNEGF
part [62, 63] of TDNEGF+LLG self-consistent loop [41,
65, 66, 68, 69]. In other words, for the study presented
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FIG. 5. Time-dependence of Efp(t) the component of the
electric field in the FF region of EM radiation emitted by
bond charge currents [Eq. (17)] within the CAR of Fig. 1 in:
(a) the absence of excitons (U = 0); or (c) their presence
induced by on-site Coulomb interaction U = 0.1y [Eq. (14)].
Panels (b) and (d) plot the corresponding power spectrum
of windowed FFT [79, 80], |FEg(te,w)|?. Gray curves on the
bottom of panels (a) and (c) depict the vector potential A®(¢)
of fsLP.

here, the previously developed [41, 65, 66, 68, 69, 88]
TDNEGF+LLG framework is amended with modeling
of excitonic effects. Details of our quantum Hamilto-
nian for the electronic subsystem, H , and the classical
one, H, for the subsystem of LMMs, together with ex-
planations of tMFT and electromagnetic radiation (EM)
calculations via the Jefimenko equations [82, 89-94], are
provided in End Matter.

Results and Discussion.—We first recall the defini-
tion [3-5, 8] of the Néel vector

1
NE(N17Ny,NZ):ﬁ

> Mi-M),  ©®)

i€l,j€2

between two monolayers of AF semiconductor, where in
equilibrium N(¢ = 0) = (2,0,0). Out of equilibrium, as
initiated by fsLP, the Néel vector starts evolving in time
[Figs. 3(a) and 3(c)]. Somewhat surprisingly and also
observed experimentally [13], this evolution starts with-
out substantial delay regarding fsLP, even though LMMs
are slower than electrons [71]. Because the magnon fre-
quency spectrum encoded in NZ#(¢) could be changing
within different time frames, we apply windowed (or
short-time) Fast Fourier transform (FFT) [79, 80, 95, 96].
For example, magnons get excited around ¢, ~ 15 ps in
Fig. 3(b), and subsequently they decay [23, 27] because



of Gilbert damping a¢ in Eq. (3). Furthermore, because
of explicitly introduced electrons via TDNEGF calcula-
tions, additional nonlocal damping [66, 97-102] is intro-
duced into Eq. (3) via the STT term T;(¢). Due to such
decay, excited magnons vanish at around t. ~ 18 ps in
Fig. 3(b). For such signals—appearing also in many other
scientific disciplines (such as electroencephalography [80]
or speech analysis)—it is advantageous to perform win-
dowed FFT over successive time intervals. For this pur-
pose, we employ Gaussian as the window function,

X(te,w) = 3

o
1 iwt ,—(t—t.)?/2(No)?
W/th(t)e —(t=t)* /200 (g)
0

which makes it possible to extract time-frequency con-
tent from signals whose oscillations are localized in a fi-
nite time frame. Here, ¢, is the centroid of the Gaussian,
serving as the abscissa of panels (b) and (d) within each
of Figs. 3-5 analyzing X (t) = N°(t), Ir(t), Egp(t) as the
signal, respectively. Here, o specifies the width of the
Gaussian and A is a parameter controlling the resolution.
For example, greater values of Ao yield better resolution
in the time domain, while smaller values yield improved
resolution in the frequency domain, where the frequency
and time resolution satisfy a Heisenberg-like uncertainty
relation [79, 80]. Windowed FFT of the Néel vector pro-
duces N*(w, t.), whose power spectrum in Figs. 3(b) and
3(d) reveals excitation of the so-called “bright magnon”
at the frequency w,. Thus, our TDNEGF+LLG theory
explains fully microscopically the same “bright magnon”
observed experimentally [3-5, 8]. In the presence of ex-
citons due to nonzero U, we find longer lifetime of ex-
cited magnons in Fig. 3(d). Both Figs. 3(b) and 3(d)
also show short (for U = 0) vs. longer (for U # 0) liv-
ing magnons, respectively, that are excited at frequencies
below w,. We confirm in Fig. S1(a) of the Supplemen-
tal Material (SM) [103] that such magnons are a direct
consequence of Jgq # 0.

The excited magnons will introduce the second
nonequlibrium drive into the subsystem of electrons.
Such a time-dependent drive can lead to pumping [41-
43, 61] of electronic spin and charge currents. They can
be differentiated from currents pumped [70] by fsLP, as
the first nonequilibirum drive, by their specific frequency
content. We compute charge current Ig(t) [Figs. 4(a)
and 4(c)] pumped in the right NM lead, and perform
windowed FFT on it to obtain |Ig(t.,w)|?> and plot it
[Figs. 4(b) and 4(d)] in the same frequency range where
magnons are found in Fig. 3. This power spectrum con-
tains peaks at wp, meaning that by attaching an addi-
tional external circuit to recent experiments and by an-
alyzing pumped current into that circuit, one could con-
firm optical excitations of magnons. Note that pumped
current is also a sensitive probe for the formation of ex-
citons, as in U # 0 case long-lived high harmonic gener-
ation (HHG) emerges in Fig. 4(d).

Finally, we examine EM radiation that will be emit-
ted by time-dependent local (or bond [104]) charge
currents I, ;5(t) [Eq. (17)] within AF semiconductor
CAR in Fig. 1. Note that EM radiation emitted by
ultrafast-light-driven magnetic materials and their het-
erostructures is routinely used [105-108] in spintronic
experiments as a probe of coupled spin-charge dynam-
ics [82, 93, 94, 109] of such far-from-equilibrium sys-
tems. We compute the z-component E%p(r,t) of the elec-
tric field of EM radiation in the far-field (FF) region—
where radiation decays as ~ 1/r, such as by using
ro = (5a,0,1000a)—via the Jefimenko [89, 91] Eq. (16)
using ;5 (t) as the source [71, 92]. The windowed FFT
of Egp(ro,t) in Figs. 5(a) and 5(c) yields Efp(ro, te,w)
whose power spectrum is plotted in Figs. 5(b) and 5(d),
respectively. Similarly to |Ig(t.,w)|?, the power spec-
trum | E%q (., w)|? contains an imprint of excited “bright
magnon”, as well as HHG signaling [Fig. 5(d)] the pres-
ence of exciton-magnon interactions. Note that the fre-
quency content of EM radiation related to magnons is in
the range of: THz in Fig. 5 for our model; sub-THz for
Crls in Ref. [13]; and GHz for CrSBr in Ref. [5].

Conclusions and Outlook.—Using computational time-
dependent quantum transport [62, 63], extended [39, 40]
to include binding of photoexcited electrons and holes
into excitons, we demonstrate that the microscopic mech-
anism behind recent experimental observations [3-5, 8,
13, 45] of optical excitation of “bright magnon” in bi-
layer 2D AF semiconductors is a nonequilibrium spin-
tronic effect of spin torque type [73, 110]. This approach
displaces the need for a phenomenological picture of “im-
pulsive perturbation” [5, 13], invoked within the classi-
cal LLG equation alone to interpret these experiments,
while revealing additional signatures [Figs. 4 and 5] of
magnons and their interaction with excitons that could
be exploited in future experiments. We note that very
recent experiments [5] on CrSBr have also observed HHG
of magnons at frequencies nwy, with n reaching surpris-
ingly large n > 20. In contrast, our theory [Fig. 3]
reproduces only “bright magnon” at frequency wp. Al-
though the LLG equation is nonlinear and can, in princi-
ple, capture [24, 60] magnon-magnon interactions (made
important [23] by experimentally induced noncollinear-
ity of LMMs within CrSBr [5]) as one of the key in-
gredients [111] for large n, it seems that LLG dynam-
ics on its own is insufficient. Another hint is offered by
Fig. S1(c) in the SM where we find that increasing Jyq
to an unrealistically large value (i.e., ten times larger
than used in Figs. 3-5, as a parameter which is difficult
to extract from first-principles calculations [40]) leads to
HHG but at noninteger n. We anticipate that adding
quantum corrections [112, 113] to the LLG equation, as
often required for AF materials [59, 60, 111]; and/or by
treating excitons beyond tMFT— which can be achieved
within TDNEGF formalism by including additional self-
energies in Eq. (4), and then systematically improving



them [39, 64, 114, 115]—could explain the experimentally
observed [5] HHG of magnons and the role of many-body
interactions with excitons in this process. We relegate
such extensions of the TDNEGF+LLG framework to fu-
ture studies.
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END MATTER

Models and Methods—Our TDNEGF+LLG calcula-
tions are fully microscopic (i.e., Hamiltonian-based), re-
quiring only two Hamiltonians as an input. These
two Hamiltonians describe bare degrees of freedom—
quantum Hamiltonian, H (t), for electrons; and clas-
sical one, H(t), for LMMs. In this study, we fo-
cus on essential features of bilayer 2D AF semiconduc-
tors [10, 11, 44] by constructing a model quantum Hamil-
tonian [Eq. (11)] which captures: two mononlayers, a
semiconducting bandgap for each of them, ferromagnetic
(FM) intralayer and AF interlayer ordering of LMMs,
and possible Coulomb interaction effects [39, 40] binding
conduction-band electrons and valence-band holes into
excitons. Accordingly, our simulation setup in Fig. 1
consists of two one-dimensional (1D) tight-binding (TB)
chains [36, 38] with two electronic orbitals per site 4,
as well as one LMM per site ¢ described by the unit
vector M;(t). Our usage of 1D chains is inspired by
CrSBr [36-38, 78, 116] as a highly anisotropic 2D mag-
netic material [1, 2] formed [36, 38] by 1D atomic chains
with interlayer AF ordering (A-type) and intralayer FM
ordering. The Curie temperate of FM ordering within
a single monolayer is ~ 150 K, while AF ordering of
LMMs between adjacent layers has a Néel temperature of
~ 130 K [116]. Note that angle-resolved photoemission
spectroscopy reveals the complex electronic band struc-
ture of CrSBr, whose accurate theoretical description can
be achieved via first-principles methods [38], particularly
self-consistent GW methodology [9, 116, 117].

The classical Hamiltonian, entering into the LLG

10

Eq. (3), is given by
M) = AT 30 MMy = g™ 3T MM,
(i€l,je2) (i€1,j€1)
— JM Z M, - M; - K, Z(Mi'er)Q
(i€2,5€2) i€1,2
+ K, Z (M; -e.)? — Jy Z M; - Z (87(10)
i€1,2 1€1,2 a=c,v

Such an effective classical Heisenberg Hamiltonian of
LMMs can be extracted from first-principles calcula-
tions [54, 118, 119] or by fitting magnon spectra from
neutron scattering data [37]. Here JAF = 0.0195 eV and
JFM = 0.15 eV are AF and FM exchange couplings, re-
spectively; K, = 0.021 eV and K, = 0.057 eV specify
the magnetic anisotropy along the z- and z-axis, respec-
tively; Jsq = 0.01 €V is the sd exchange interaction be-
tween spin of conduction electrons and LMMs [76]; and
(...) denotes nearest-neighbor (NN) sites. Note that
JAF  JFM K. K, parameters were also employed to
interpret experiments [3-5], but their values obtained
from density functional theory calculations are rescaled
by a multiplicative factor 10® to make the total TD-
NEGF+LLG simulation time of ~ 1 ps duration. Nev-
ertheless, even with this adjustment, the characteristic
energy scale of the AF background remains below elec-
tron kinetic energy, vo/JAF ~ 102

_The same sd exchange
Hyq(t) = —Jead ; Mi(t)- > o pSia 18 a term in
the quantum Hamiltonian of electrons

f{<t) = I:Isd + I;Iintra + ﬁinter + HCoulomb~ (11)

Here I:Iimra describes 1D TB chains within layer 1 or 2
in Fig. 1

Hinra = 8/2 ) (@17 = &12)) (12)
i€1,2
+Y0 Z eiXij(t)(é;)Té;? - é?’fég) — (1) Z égTéf +He,

(ie1je2) 1€1,2
where indices ¢ and v stand for orbitals which give
rise to the conduction and valence band of each chain;

é;ﬁ = (éf{r éfj ) is the row vector containing operators
~at
¢

., which create electron with spin ¢ =7,| in orbital
a = c¢,v hosted by site i; A is the onsite potential
opening bandgap between the two bands A = 3 eV,
and 79 = 1 eV is the hopping parameter between the
NN sites. The spin density operator in Eq. (11) is
given by 8;, = ¢16¢% for a = ¢,v. The fLP is in-
troduced in Eq. (12) via the Peierls phase [120, 121],
2 2 .
Xij(t) = Zmax exp[— (t —tp)” /(204 )] sin(wot), where
the electric field of the pulse is E(t) = —0:A(t),
Zmax = €aAmax/h=0.1 is a dimensionless parameter
quantifying the intensity of the pulse using A .x as the
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amplitude of the vector potential, wy is the central fre-
quency of fsSLP, and a is the lattice spacing. Besides
the Peierls phase, fsLP is additionally [39] introduced via
hopping vp(t) = d-E(¢) in Eq. (12). This term describes
those interband transitions that are driven by the dipole
interaction with the electric field [39], where d is the ex-
pectation value of the dipole operator, d = e(i, c||i, v).
The term ﬁinter is given by

Higer(t) = = Y (85765 — 70Tl + He), (13)
(i€1,j€2)

and it describes hopping with parameter . = 0.5y or
v» = 0.579 between ¢ or v orbitals, respectively, located
at NN sites of two different chains. Finally, the inter-
orbital Coulomb interaction [39, 40]

HCoulomb =U Z ,L o fo ) (14)

i€1,2;0;07

describes how two electrons on two different orbitals at
the same site i interact with each other. The same term
was employed in prior studies [39, 40] to describe exciton
formation on TB lattice. We decouple it via tMFT [40]
(otherwise, its beyond-tMFT treatment requires compu-
tationally much more expensive evaluation of Feynman

J

Bre(rt) = 471'6002 Z / [ -D
1(1—)71)

1a~>]b =1

Note that Jefimenko Eq. (16) can be viewed [90] as proper
(i.e., time-retarded) time-dependent generalizations of
the Coulomb law. Here, t,. =t — |r — 1|/c emphasizes re-
tardation in the response time due to relativistic causal-
ity [89, 91]. Additionally, we adapt [71, 92] Eq. (16) to
utilize time-dependent bond [104] charge currents as the
source of EM radiation, I, ;»(t) [Eq. (17)]—they are
the counterpart on TB lattice of local current density in
continuous space. The bond currents I;,—, ;, are assumed
to be spatially homogeneous along the path P, from
orbital a at site ¢ to orbital b at site j [65, 92, 104], which
is composed of a set of points [ € Pj,_, ;5. Here Np is the

8t za—)jb(t )
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diagrams on the Keldysh contour [39]) as follows:

AC AU

ASRY — (RS())AY + (AL (1))
— GO — gr()erte. (15)

Here the first two terms correspond to Hartree and the
latter two to Fock approximation, where the order pa-
rameter of the excitonic condensate [25] is given by
¢i(t) = (&YT(t)és(t)). This procedure requires to self-
consistently compute ¢;(t), which we obtain from the
off-diagonal elements of p"°4(t) as a part of TDNEGF
calculations within the self-consistent loop illustrated in
Fig. 2. We note that in this approach we do not rely on
the effective excitonic Hamiltonians written in terms of
operators of composite bosons [53], which can be cum-
bersome to derive [122]. Instead, we use “bare” degrees
of freedom, so that both free charge carriers and excitons
are considered through an electronic density matrix, as
often done in other studies [39, 40, 114, 115] based on
TDNEGF formalism.

The AF semiconductor CAR in Fig. 1 is attached to
L and R NM leads modeled as semi-infinite ideal 1D TB
chains with one orbital per site. The chemical potential
of the macroscopic reservoirs into which NM leads ter-
minate is identical (i.e., no bias voltage is applied) and
chosen as ur, = ur = Fr = 0.

The electric field of EM radiation emitted into FF
region [91, 93] is calculated from the Jefimenko equa-
tions [89], reorganized [91] to isolate the contribution in
FF region

atIia—>jb (tr)

(r—1)-e, — 1] e, |dl. (16)

o -1

(

number of bonds ia — jb, and since we use N = 10 black
and gray sites [Fig. 2] in each layer of CrSBr, Np = 36
in our calculations. We obtain bond charge currents as

e’y 1! ot
Tiaj(t) = = Tropin | Piq.g0 () Eljbia (1) =pj i (O Hia,jo (1) |
(17)
For this purpose, we isolate 2 x 2 submatrices py, 5, (t) of

p"°4(t). Note that diagonal elements of p;;(¢) determine
on-site nonequilibrium charge density, whose time depen-
dence contributes to near-field radiation [71, 92, 93].
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FIG. S1. Power spectrum of windowed FFT [1, 2], | N¥(t.,w)|?, of the y-component of the Néel vector [Eq. (8) in the main text]
for: (a) and (¢) TDNEGF+LLG-computed dynamics in the absence of excitons (U = 0); or (b) the same dynamics probed
experimentally in CrSBr at externally applied magnetic field B = 0.3 T—the same data from panel (b) was analyzed in Fig. 4b
of experimental Ref. [3] but using standard FFT. The dynamics of the Néel vector in panel (a) is initiated by photoexcited
electrons, i.e., in the same fashion as in Fig. 3 of the main text, but then for ¢ > 15 ps we switch off (J;q = 0) sd exchange
interaction between flowing electronic spins and LMMs. In panel (c), we increase the value of Jsq used in the main text by ten
times. Note that wy is larger in our calculations within panels (a) and (c) than in the experimental data of panel (b), so for
easy comparison we rescaled the ordinate of panel (b).

This Supplemental Material provides one additional Fig. S1 consisting of three panels. Its first panel Fig. S1(a)
analyzes the effect of photoexcited electrons—for simplicity, without their binding into excitons [U = 0 in Egs. (11)
and (14) of the main text]—on time evolution of optically excited magnons. In particular, the goal is to understand
the origin of magnon peaks in Figs. 3(b) and 3(d) of the main text below the frequency wy, of “bright magnon”. For
this purpose, we allow photoexcited electrons to ignite magnons microscopically (instead of adding phenomenological
“impulsive perturbation” [3, 4] into the LLG equation) via spin-transfer torque (STT) exerted by electronic spin
current [5-7], but then we immediately switch off interaction between flowing electronic spins and LMMs. In other
words, we use the full self-consistent loop [Fig. 2 of the main text] of time-dependent nonequilibrium Green’s function
combined with Landau-Lifshitz-Gilbert (TDNEGF+LLG) framework before ¢ = 15 ps in Fig. S1(a), and then for
t > 15 ps we switch off sd exchange interaction so that TDNEGF and LLG parts of the loop are disconnected. Such
calculations lead to a longer lifetime of magnon at frequency wy [3] and its second harmonic 2wy, in Fig. S1(a)—compare
the length of bright lines in Fig. S1(a) at these two frequencies with their counterparts from Fig. 3(b) of the main
text. The longer lifetime is the consequence of removing nonlocal damping [8-14], provided by the fermionic bath of
electrons within TDNEGF calculations of the TDNEGF+LLG loop, when using Jsq = 0 for ¢t > 15 ps. Otherwise,
such damping is present in all figures of the main text during the whole evolution time. Note that the counterpart
of 2w, magnon visible in Fig. S1(a) is of vanishingly short lifetime in Fig. 3(b) in the main text due to nonlocal
damping being operative in the latter case. The remaining finite lifetime of 2w, magnon in Fig. S1(a) is due to
retained conventional local Gilbert damping of strength ag [Eq. (3) of the main text]. Importantly, switching off sd
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interaction between flowing electronic spins and LMMs also removes [Fig. S1(a)] bright lines of excited magnons that
are otherwise present in Fig. 3(b) of the main text at frequencies below wy. This finding confirms that magnons peaks
below wy, are due [15] to photoexcited electrons, which are explicitly included in our TDNEGF+LLG framework, but
are absent from the LLG equation used on its own in Fig. S1(a) for ¢ > 15 ps.

For comparison, we apply windowed FFT [1, 2] to experimental data from Ref. [3] generated in the course of
detection of optically excited magnons in CrSBr. Such analysis replicates in Fig. S1(b) “bright magnon” at frequency
wp, while additionally (in comparison with standard FFT performed in Ref. [3]) revealing its long lifetime. We also
unravel shorter-living magnons at high harmonics nw,. However, the power spectrum of windowed FFT is too noisy
in Fig. S1(b) for frequencies below wj, to allow us to extract additional magnon peaks expected [Figs. 3(b) and 3(d) of
the main text] to be excited due to flowing electronic spins interacting with LMMs. We speculate that magnon peaks
below wy, frequency could be present in experiments, but they are short-lived and, therefore, invisible to the standard
FFT employed in Ref. [3].

Finally, in contrast to Fig. S1(a) where Jq4 is abruptly reduced to zero for t > 15 ps, in Fig. S1(c) we keep it nonzero
for all times while increasing it ten times ( Jsq = 0.1 €V) when compared to the same sd exchange interaction between
flowing electronic spins and LMMs used in the main text (where Jsq = 0.01 V). This choice leads to high harmonic
generation (HHG) in Fig. S1(c), but at frequencies that are not exact integer multiples nwy. While this finding does
not match integer harmonics observed experimentally [3] and reproduced in Fig. S1(b), it does offer hints for future
extensions of TDNEGF+LLG framework and its application to HHG of magnons, as discussed in the main text.
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