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Microscopic origins of charge currents and electromagnetic (EM) radiation generated by them in
spintronic THz emitters—such as, femtosecond laser pulse-driven single magnetic layer or its het-
erostructures with a nonmagnetic layer hosting strong spin-orbit coupling (SOC)—remain poorly
understood despite nearly three decades since the discovery of ultrafast demagnetization. We in-
troduce a first-principles method to compute these quantities, where the dynamics of charge and
current densities is obtained from real-time time-dependent density functional theory (TDDFT),
which are then fed into the Jefimenko equations for properly retarded electric and magnetic field
solutions of the Maxwell equations. By Fourier transforming different time-dependent terms in the
Jefimenko equations, we unravel that in 0.1–30 THz range the electric field of far-field EM radiation
by Ni layer, chosen as an example, is dominated by charge current pumped by demagnetization, while
often invoked magnetic dipole radiation from time-dependent magnetization of a single magnetic
layer is a negligible effect. Such overlooked case of charge current pumping by time-dependent quan-
tum system, whose magnetization is shrinking while its vector does not rotate, does not require any
spin-to-charge conversion via SOC effects. In Ni/Pt bilayer, EM radiation remains dominated by
charge current within Ni layer, whose magnitude is larger than in the case of single Ni layer due to
faster demagnetization, while often invoked spin-to-charge conversion within Pt layer provides ad-
ditional but smaller contribution. By using Poynting vector and its flux, we also quantify efficiency
of conversion of light into emitted EM radiation, as well as the angular distribution of the latter.

Introduction.—Ultrafast-light-driven magnetic materi-
als and their heterostructures have attracted consider-
able attention from both fundamental [1–3] and applied
perspectives [4, 5]. From the fundamental viewpoint,
a femtosecond (fs) laser pulse drives magnetic materi-
als into a far-from-equilibrium state [2, 6] whose cou-
pled charge and spin dynamics can probe the strength of
exchange interactions, as well as the interplay between
many-body excitations and spin correlations [2]. Such
highly nonequilibrium states are also of great interest to
applications as their magnetization can be reversed [7]
on sub-ps timescale (in contrast to its reversal in near-
equilibrium magnets that takes much longer ∼ 100 ps
time); or ferromagnet/normal-metal (FM/NM) bilayers,
where NM layer hosts strong spin-orbit coupling (SOC),
have opened new avenues [5] for table-top emitters of ul-
trabroadband (in the range 0.3–30 THz) electromagnetic
(EM) radiation at terahertz (THz) frequencies [4].

However, microscopic understanding of laser pulse-
driven magnetization dynamics and the ensuing gener-
ation of currents and EM radiation is far from complete
due to many competing mechanisms becoming relevant
on different ∼ 10 fs time segments [8–10]. Although
first-principles simulations of realistic materials, based
on real-time time-dependent density functional theory
(TDDFT) [10–22], have provided a plethora of insights—
such as, angular momentum transfer [13–15, 22] between
photons, electrons and ions; spin transport across inter-
faces [20]; and spin-flips mediated by SOC [10]—they
have been largely focused on computing magnetization
vs. time, M(t). Thus, computation of spin and charge
currents, as well as the ensuing EM radiation generated
by the latter as directly observed quantity [5, 23–27], re-

main largely unexplored. This forces experiments to rely
on plausible interpretations of measured THz radiation,
such as that: a single FM layer emits [23–25] magnetic
dipole radiation due to M(t); or that interlayer spin cur-
rent in FM/NM bilayers [Fig. 1] must be efficiently con-
verted [5, 23, 26] into parallel-to-the-interface charge cur-
rent within NM layer whose time dependence is the main
source of THz radiation. The spin-to-charge conversion
mechanisms invoked include the inverse spin Hall effect
(ISHE) [28] in the bulk of NM layer or other SOC-driven
mechanisms at FM/NM interfaces [29–31]. The demand
to compute EM radiation and understand which mech-
anisms contribute the most to it is further emphasized
by the fact that experiments analyze emitted THz sig-
nal to extract the temporal shape of charge, and from it
spin, current, and then infer from the latter underlying
ultrafast spin dynamics [23, 32]. However, very recent ex-
perimental [32] and phenomenological analyses [33] find
that assuming a straightforward connection between out-
going THz signal, the laser pulse and the spin physics can
be highly misleading. These issues could be resolved rig-
orously by a microscopic and first-principles approach,
as offered by TDDFT+Maxwell scheme [34, 35] where
TDDFT calculations are coupled in multiscale and self-
consistent fashion to the Maxwell equations. But such
a task has only recently been initiated in TDDFT soft-
ware development [34, 35], and its application to poten-
tially large supercells of magnetic multilayers and nec-
essary usage of noncollinear exchange-correlation (XC)
functional [36, 37] is computationally very expensive.
In this Letter, we introduce TDDFT+Jefimenko ap-

proach for computing EM radiation from systems simu-
lated by TDDFT, which is computationally inexpensive
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FIG. 1. Schematic view of systems employed in demagneti-
zation [1, 23] and THz emission [5, 23–26] experiments where
fs laser pulse irradiates either a single FM layer (such as Ni
we choose), or FM/NM bilayer where NM layer hosts strong
SOC (such as Pt we choose). The thickness of Ni layer is 3
MLs, while in the second setup we add two MLs of Pt. The
local magnetization (red arrows) of Ni layer is along the y-axis
in equilibrium, as well as during demagnetization in nonequi-
librium.

while offering direct insight into how time dependence of
both uncompensated charge and current densities con-
tribute to electric E(r, t) and magnetic B(r, t) fields of
EM radiation. The insight is made possible by the struc-
ture of the Jefimenko formulas [38]

E(r, t) =
1

4πε0

∫
d3r′

[
ρretR

R3
+
∂tρretR

cR2
− ∂tjret

c2R

]
,

(1a)

B(r, t) =
µ0

4π

∫
d3r′

[
jret
R3

+
∂tjret
cR2

]
×R, (1b)

which can be viewed [39] as time-dependent generaliza-
tions of the Coulomb and Biot-Savart law, respectively.
They are, in fact, an integral solution of the Maxwell
equations in the approximations: fields vanish at infin-
ity; their sources are confined to a finite region of space;
and self-consistent effects, such as emitted EM radiation
exerting backaction [35, 40] onto the source, can be ne-
glected. They are properly retarded due to relativistic
causality, i.e., the sources in Eq. (1) are charge den-
sity ρret(r, t) = ρ(r, t − R/c) and charge current density
jret(r, t) = j(r, t − R/c), as well as their time deriva-
tives, computed at the retarded time t − R/c. Here c is
the velocity of light and R = r − r′ is the vector from
source at a point r′ within magnetic heterostructure to
the observation point r. We also use shorthand notation
∂t ≡ ∂/∂t and R = |R|. The observation point is cho-
sen as r = 1000aBez, where aB is the Bohr radius, and
the origin of the coordinate system is in the lower left
corner of Ni layer [Fig. 1]. Since Jefimenko Eq. (1) oper-
ate with directly measurable quantities, they can provide
clarity even for problems solvable using abstract EM po-
tentials [39, 41]. For example, they show that ∂tj is one of
the sources of electric field [Eq. (1a)], while often invoked

in THz spintronics literature E ∝ j—or E ∝ jspin, assum-
ing unwarrantedly [32, 33] [see also Fig. 3(g)] a one-to-one
correspondence between spin jspin and charge currents—
cannot be justified from Eq. (1a). However, Jefimenko
Eq. (1a) seems to suggest that EM radiation has both
transverse and longitudinal electric field components de-
caying as ∝ 1/R. This is only apparent as Eq. (1a) can
be re-written [42], using the continuity equation, as

E(r, t) =
1

4πε0

∫
d3r′

[
ρretR

R3︸ ︷︷ ︸
Eρ

− jret
cR2

+ 2R
jret ·R
cR4

R
∂tjret ·R
c2R3

− ∂tjret
c2R︸ ︷︷ ︸

E∂tj

]
. (2)

Here, only the last two terms on the right-hand side
(RHS), denoted as E∂tj, contribute to far-field EM ra-
diation decaying as ∝ 1/R. Rather than thinking in
terms of microscopic sources of EM radiation, as divulged
by Eq. (1), analyses of EM radiation in THz spintron-
ics experiments have often employed plausible assump-
tions [24, 25, 27], such as that a single FM layer emits
magnetic dipole radiation in THz range whose electric
field is given by [43]

E∂2
t M

(r, t) =
1

4πε0c3
R

R2
× ∂2tM(r, t−R/c), (3)

where we use ∂2t ≡ ∂2/∂t2. Since it decays as ∝ 1/R,
we include this contribution to the total electric field of
far-field EM radiation, Erad = E∂tj +E∂2

t M
.

Results and Discussion.—Our principal results are
shown in Figs. 2 and 3. The charge response to a laser
pulse is instantaneous [Figs. 2(a)–(c) and 3(a)–(c)], while
demagnetization [Figs. 2(e) and 3(e)] lags behind the
pulse. Magnetization shrinks along the y-axis, while the
other two components are zero in Ni case or negligible
in Ni/Pt case. We note that damagnetization features
of Ni/Pt [Fig. 3(e)], with dip around ≃ 50 fs and slight
recovery around ≃ 60 fs, are quite similar to experiments
of Ref. [8] on the same system. Since the nonequilibrium
charge dislocated into interatomic space [21] cannot be
compensated by the positive background charge of ionic
cores, it generates ρ and Ex

ρ [Figs. 2(a) and 3(a)] con-
tributing to near-field EM radiation Ex

ρ ∝ 1/R2. This
is relevant only at distances of the order of wavelength
from the source, which is a few µm in the case of THz
frequencies. The Fourier transform (FFT) of Ex

ρ does
have nonzero power at THz frequencies, even for NM
layer alone, but since the near-field region is not scanned
experimentally [5, 23–26], no THz radiation is detected
from laser pulse-driven NM layers [26].
In prior [10] TDDFT simulations, demagnetization was

explained as a two-step process involving two types of
electrons—the valence ones respond fast to laser pulse by
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FIG. 2. (a)–(d) Time-dependence of the x-component of Eρ [Eq. (2)] as near-field, and three components [Eq. (4)] of far-field,
EM radiation emitted by a single Ni layer driven by fs laser pulse [gray curve in (e) depicts its vector potential Ax

ext(t) in Eq. (6)].
(e) Demagnetization dynamics of Ni. (f) Time-domain THz signal, radiated by charge (in near-field) or current (in far-field)
density pumped by demagnetization dynamics, as reconstructed from FFT components in (g) at frequencies ω ∈ [0, 10] THz.
(g) FFT power spectrum of curves in (b)–(d), as well as of their sum. (h) The angular distribution of (normalized) output

energy [Eθ,ϕ
out ]norm, as obtained from the Poynting vector, within the time interval of nonzero EM radiation emitted into the

solid angle dΩ at a distance 1000aB .

going into higher-energy delocalized states, with subse-
quent reduction and change in orbital angular momen-
tum of atoms leading also to spin-flip, due to SOC,
and the ensuing demagnetization on longer timescale
of electrons closer to atomic cores where the strength
of SOC is larger. However, there is still no consensus
on indispensable microscopic mechanisms behind ultra-
fast demagnetization. For example, laser pulse-driven
spin-polarized [44, 45] currents, or even unpolarized
one [46, 47] (when laser pulse exciting NM caping layer,
so that photons never reach FM layer), of hot electrons
have been invoked as alternative mechanisms to spin-
flips [45–47]. It is clear, however, that SOC̸=0 [forth
term on the RHS of Eq. (6)] is sine qua non to obtain
demagnetization in TDDFT simulations [10, 20]. Thus,
the case SOC=0 for which magnetization is constant,
My(t)/My(t = 0) = 1, appears uninteresting and was
not analyzed in prior TDDFT studies. Nevertheless, elec-
trons of FM layer with SOC=0 will also respond to laser
pulse, as is the case of any nonmagnetic layer [47], so
that examining the difference in charge current in SOC ̸=0
vs. SOC=0 cases can reveal whether demagnetization dy-
namics itself can generate charge and spin currents, on
the top of the ones driven by laser pulse. For example,
several experiments have been interpreted [23, 48] as the
consequence of “dM/dt mechanism” [49] where pumped
spin current ∝ ∂tMy is conjectured to exist and then con-
verted by adjacent NM layer into charge current. How-
ever, in the standard model [50] and its extensions [51–
53] of spin current pumping by magnetization dynamics

only rotation of its vector of fixed length is allowed, i.e.,
precession, so that spin current [50] ∝ M × dM/dt is
apparently zero when M(t) is shrinking in length while
not rotating [Figs. 2(e) and 3(e)]. We also note that
direct pumping of charge current by magnetization pre-
cession, without any spin-to-charge conversion necessary,
is rarely found as it requires a number of conditions to
be satisfied [51, 53–56].
Here we focus on possibility of direct pumping of

charge current by demagnetization dynamics, extracted
as jpump = jSOC̸=0 − jSOC=0 [57] and we also define
ρpump = ρSOC̸=0 − ρSOC=0. We find jxSOC=0 ̸= 0 [57]
solely due to laser pulse, with thereby generated
Ex

∂tjxSOC=0
of far-field EM radiation shown in Fig. 2(c).

Therefore, jpump = (jxpump, j
y
pump, j

z
pump) quantifies ex-

cess charge current pumped by demagnetization dy-
namics, My(t)/My(t = 0) < 1, with the corresponding
Ex

∂tjxpump
shown in Fig. 2(b). In addition, jzSOC=0 ≡ 0 [57]

means that no charge (or spin) current flows along the z-
axis if M(t) = (0, const., 0), so that jzpump ≡ jzSOC̸=0 [57]
is solely due to demagnetization dynamics. Correspond-
ingly, we break electric field of far-field EM radiation of
single FM layer as

Erad = E∂tjpump
+E∂tjSOC=0

+E∂2
t M

. (4)

The FFT of these contributions reveals [Fig. 2(g)] that
in THz range probed experimentally [5, 23, 26], E∂2

t M

contribution [Eq. (3)] often invoked intuitively [23–25]
is negligible [Figs. 2(d) and 2(g)] because of being 1/c
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FIG. 3. (a) Time-dependence of the x-component of Eρ [Eq. (2)] as near-field, and three components [Eq. (5)] of far-field, EM
radiation emitted by Ni/Pt bilayer driven by fs laser pulse [gray curve in (e) depicts its vector potential Ax

ext(t) in Eq. (6)].
(e) Demagnetization dynamics within Ni side of Ni/Pt bilayer. (f) Time-domain THz signal, radiated by charge (in near-field)
or current (in far-field) density, as reconstructed from FFT components in (g) at frequencies ω ∈ [0, 30] THz. (g) FFT power
spectrum of curves in (b)–(d), as well as of their sum. (h) The same information as in Fig. 2(h), but for Ni/Pt bilayer.

smaller than E∂tj. In the same frequency range, Erad

is dominated by E∂tjpump , thereby demonstrating that
charge current pumping by demagnetization is the key,
but overlooked, mechanism behind measured [23–25] THz
radiation of single ultrafast-light-driven FM layer.

In the case of Ni/Pt bilayer, the near-field EM radi-
ation governed by Eρ [Eq. (2)] increases [Figs. 3(a) and
3(f)] when compared to single Ni layer [Figs. 2(a) and
2(f)]. We split far-field EM radiation from Ni/Pt bilayer

Erad = E∂tj,Ni +E∂tj,Pt +E∂2
t M

, (5)

to find Ex
rad, surprisingly, being dominated by radiation

from charge current jxNi [57] within Ni side [compared
Fig. 3(b) vs. 3(c), or cyan vs. magenta curves in
Fig. 3(g)]. Thus, our results transform standard pic-
ture [5, 23, 26] where Ex

rad ≃ Ex
∂tj,Pt is expected due

to charge current jxPt [57] in Pt generated by ISHE-based
conversion of interlayer [i.e., flowing along the z-axis in
the coordinate system of Fig. 1] spin current of unclear
microscopic origin [23]. In fact, its origin is the same
as in the case of charge current within Ni layer—it is
pumped by demagnetization dynamics. Figures 2 and
3 clarify that charge current along the x-axis responsi-
ble for far-field EM radiation, in either FM or FM/NM
systems, is present even if spin-to-charge conversion via
SOC-based mechanisms [28–31] is nonexistent (as in sin-
gle FM layer) or inefficient. Our results are also fully
compatible with recent experiments [23, 25] finding that
THz radiation from both FM and FM/NM systems is
directly related to ∂tM

y(t), where the presence of NM
layer in our picture simply accelerates demagnetization

rate and increases charge current pumping by demagne-
tization dynamics. That is, My(t) in Fig. 3(e) is faster
and with deeper reduction than in Fig. 2(e), as observed
in numerous experiments [58, 59]. This effect can be at-
tributed to both the presence of FM/NM interface [11]
and to SOC proximity effect [52, 60] by which SOC within
FM, and thereby any spin-flip scattering mechanism de-
pendent on it [11], is strongly modified by hybridization
of FM and NM wavefunctions [52, 60]. Finally, by re-
constructing the time-domain THz signal, from only the
Fourier components at THz frequencies, we obtain curves
in Figs. 2(f) and 3(f) that are remarkably similar to typ-
ical THz signal reported experimentally [5, 23, 26].

We also examine the Poynting vector,
S(r, t) = 1

µ0
E(r, t)×B(r, t), of incoming light and

outgoing EM radiation to compute the efficiency of con-
version, |Eout|/|Ein|, which is 7.66× 10−5 for Ni layer
and 3.50× 10−4 for Ni/Pt bilayer. The power radiated
into the solid angle dΩ = sin θdθdϕ at distance R in the
direction R/R is given by dP = S ·RRdΩ. Integrating
dP over the time interval [ti, tf ] of nonzero emitted EM

radiation gives total output energy, Eθ,ϕ
out =

∫ tf
ti
dt dP ,

as a function of the azimuthal (ϕ) and polar (θ) angles.
The normalized output energy [Figs. 2(h) and 3(h)] is

then defined by [Eθ,ϕ
out]norm = (Eθ,ϕ

out − [Eθ,ϕ
out]mean)/2σEθ,ϕ

out
,

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

out within the
interval [ti, tf ] and σEθ,ϕ

out
is its standard deviation. The

total input energy Ein is constructed in the same fashion
for the laser pulse irradiating Ni surface.

Models and Methods. For the purpose of demonstrat-
ing the capability of the TDDFT+Jefimenko approach,
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we use a single layer of Ni or Ni/Pt bilayer driven by fs
laser pulse [Fig. 1]. The thicknesses of Ni and Pt layers
are three and two monolayers (MLs) along [100] direc-
tion, respectively. In the TDDFT formalism, the time-
dependent Kohn-Sham (KS) equation for Pauli spinors
of KS orbitals is given by (using ℏ = 1)

i
∂ψj(r, t)

∂t
=

[
1

2

(
− i∇+

1

c
Aext(t)

)2

+ vs(r, t)

+
1

2c
σ ·Bs(r, t)

+
1

4c2
σ ·

(
∇vs(r, t)×−i∇

)]
ψj(r, t), (6)

where Aext(t) is the vector potential of the applied
laser pulse; vs(r, t) = vext(r, t) + vH(r, t) + vXC(r, t)
is the effective KS potential, as the sum of the exter-
nal potential vext provided by the nuclei (treated as
point particles), the Hartree potential vH and XC po-
tential vXC; Bs(r, t) = Bext(t) + BXC(t) is the KS
magnetic field with Bext being the external magnetic
field and BXC the XC magnetic field; σ = (σx, σy, σz)
is the vector of the Pauli matrices; and the last term
on the RHS describes SOC which necessitates usage of
noncollinear XC functionals [36, 37] even when long-
range noncollinearity of local magnetization does not
play a significant role. The particle density of an in-
teracting electronic system, as the fundamental quan-
tity in (TD)DFT, is obtained from noninteracting KS

electrons orbitals through n(r, t) =
∑

j ψ
†
j (r, t)ψj(r, t).

Similarly, magnetization density, as an additional fun-
damental quantity in noncollinear (TD)DFT, is ob-

tained from m(r, t) =
∑

j ψ
†
j (r, t)σψj(r, t), so that to-

tal magnetization is given by M(t) =
∫
d3rm(r, t). Since

the system is electrically neutral in equilibrium due
to positive background charge of ionic cores, we sub-
tract equilibrium charge density en(r, t = 0) from
the nonequilibrium one en(r, t) in order to obtain
charge, ρ(r, t−R/c) = en(r, t−R/c)− en(r, t = 0), dis-
located into interatomic space [21] and plug it into
Eq. (1a). We employ adiabatic local density approxima-
tion (ALDA) for XC functional [61] within full-potential
linearized augmented plane-wave method as implemented
in the ELK code [62, 63]. The GS is also obtained from
ELK using noncollinear static DFT calculations with
LDA XC functional. The grid of k vectors is chosen as
7 × 7 for Ni and 5 × 5 for Ni/Pt. After obtaining the
GS, the dynamics for TDDFT calculations is generated
by applying a Gaussian laser pulse with: central wave-
length 800 nm; ≃ 50 fs pulse duration; the peak intensity
of 5.45 TW/cm2; and 272.5 mJ/cm2 fluence. Since the
wavelength of applied laser light is much larger than the
supercell, we assume dipole approximation and disregard
spatial dependence of the vector potential Aext(t).
Conclusions and Outlook.—In conclusion, despite be-

ing one of the principal measured [5, 23–27] quanti-

ties in experiments on ultrafast demagnetization, emit-
ted THz radiation is rarely calculated [6, 64], and never
in prior TDDFT [10–22] simulations which have pro-
vided some of the most detailed microscopic insights.
Our coupling of time-dependent charges and currents
from TDDFT to the Jefimenko equations demonstrates
a first-principles route to obtain EM radiation, thereby
allowing us to replace guesses about the origin of charge
current [Eq. (2)] and far-field EM radiation by it with
microscopic and rigorous picture—charge current in Ni
layer, as well as major contribution to it in Ni/Pt bi-
layer, originates from previously unexplored phenomenon
of charge pumping by magnetization changing length
while not rotating. The present TDDFT simulations [10–
22] are limited to ≃ 100 fs timescale and capture only de-
magnetization [9] while harboring nonequilibrium charge
within interatomic spaces which never relaxes [21]. On
longer ≳ 500 ps timescales [9], magnetization slowly re-
covers [9, 59] while nonequilibrium charge density should
relax ρ(r, t) → 0 [21], thereby also influencing current via
the continuity equation, via electron-electron or electron-
phonon scattering. Capturing such features would re-
quire TDDFT employing XC functionals beyond [61] adi-
abatic ones and/or inclusion of dissipative bosonic envi-
ronment (the latter direction is barely explored [65]). We
relegate coupling of such more complex TDDFT calcula-
tions to Jefimenko equations to future studies.
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This Supplemental Material provides three additional Figures with information about time [Fig. S1, Fig. S2(a) and
Fig. S3] or frequency [Figs. S2(b)] dependence of total charge current

Iα□(t) =

∫
Ni or Pt or Ni/Pt

d3 rjα□(r, t) (1)

flowing along the α = x, y, z axis (see coordinate system in Fig. 1 of the main text) within a single Ni layer or Ni/Pt
bilayer, as obtained from time-dependent density functional theory calculations (TDDFT) via ELK package [1, 2]. In
addition, in Fig. S3, we spatially-resolve IαNi/Pt(t) to its contributions flowing within Ni or Pt sides of Ni/Pt bilayer,

as denoted by labels IαNi or I
α
Pt, respectively (□ in Eq. (1) should be replaced by a relevant subscript).
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FIG. S1. (a)–(f) Time-dependence of total charge current [Eq. (1)] flowing along the α-axis within ultrafast-light-driven single
layer of Ni. The spin-orbit coupling (SOC) is switched on in panels (a)–(c) and switched off in panels (d)–(f), leading to either
demagnetization dynamics [My(t)/My(t = 0) < 1, see Fig. 2(e) in the main text] or no such dynamics [M = (0, const., 0). Note
that for SOC= 0 only IxSOC=0 ̸= 0 [panel (d)] is nonzero, as driven solely by linearly polarized light of laser pulse whose electric
field oscillates along the x-axis; while for SOC̸= 0 additional charge current flows along the x-axis [panel (a) and Fig. S2(a)]
and z-axis [panel (d)] which are, therefore, caused/pumped by demagnetization dynamics occuring only [3] in SOC̸= 0 case.
The gray curve in panels (a) and (c) depicts the vector potential, Ax

ext(t) in Eq. (6) in the main text, of the laser pulse.
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FIG. S2. (a) Time-dependence and (b) fast Fourier transform (FFT) power spectrum of charge current,
Ixpump = IxSOC ̸=0 − IxSOC=0, pumped by demagnetization dynamics, My(t)/My(t = 0) < 1, in ultrafast-light-driven single Ni
layer. Note that IxSOC̸=0 and IxSOC=0 are total charge currents [Eq. (1)] plotted in Figs. S2(a) and S2(d), respectively. The gray
curve in panels (a) and (c) depicts the vector potential, Ax

ext(t) in Eq. (6) in the main text, of the laser pulse. The fact that
both demagnetization of single Ni layer [Fig. 2(d) in the main text] and Ixpump(t) in panel (a) start around t ≃ 30 fs highlights
their causal connection.
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FIG. S3. Time-dependence of total charge current [Eq. (1)] flowing along the α-axis within ultrafast-light-driven Ni/Pt bilayer
where current is spatially resolved for: (a)–(c) whole Ni/Pt bilayer; (d)–(f) Ni layer; and (g)–(i) Pt layer. The electromagnetic
(EM) radiation from IyNi/Pt(t) within experimentally probed [4–6] THz range (ω ∈ [0, 30] THz) is negligible compared to EM

radiation from IyNi/Pt(t) due to their two orders of magnitude difference [panel (a) vs. panel (b)]. The interlayer charge current

IzNi/Pt(t) is also accompanied by (not plotted) interlayer spin current (i.e., interlayer charge current is spin-polarized) whose
conversion [4, 6? ] into charge current by the inverse spin Hall effect [7] within Pt layer gives rise to contribution to charge
current IxPt [panel (g)] where electric field of EM radiation by it and its FFT power spectrum are shown in Figs. 3(c) and 3(f),
respectively, in the main text. The gray curve in panels (a)-(c) depicts the vector potential, Ax

ext(t) in Eq. (6) in the main text,
of the laser pulse.
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