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We demonstrate ultrafast graphene spin-field-effect junctions, where gate-tunable superdiffusive spin
currents across graphene-ferromagnet interfaces enable electric field control of magnetization dynamics in
the ferromagnet. By electrostatically tuning the Fermi level in graphene underlying a cobalt thin film, we
modulate the ultrafast spin transport across graphene-cobalt interfaces, reducing femtosecond laser-induced
demagnetization time from 203 fs in bare cobalt thin films to 93 fs, a more than 100% increase in the rate of
magnetization quenching. Supported by superdiffusive spin transport calculations, our findings unlock
field-tunable magnetic speeds in devices, paving the way for innovations in subpicosecond spintronic
memory-logic operations. Furthermore, this work creates new possibilities for electrical modulation of spin
dynamics and ultrafast spin injection into two-dimensional quantum materials, with potential for next-
generation quantum sensors and faster magnetic technologies.
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Harnessing spin currents in magnetic tunnel junctions
has driven spintronic inventions of nonvolatile, high-den-
sity memory storage, precision magnetoresistive sensors,
and energy-efficient magnetic random-access memories.
Beyond these existing technologies, realizing electrical
manipulation of ultrafast magnetic phenomena can pave
the way for energy-efficient, fast spin-logic integrated
circuits [1], neuromorphic devices [2], precision quantum
sensors [3], and terahertz technologies [4]. Conventionally,
femtosecond magnetization dynamics in metallic multi-
layers [5,6] has been attributed to superdiffusive spin
transport across ferromagnet (FM)-nonmagnet (NM) met-
allic junctions [7]. However, due to the screening effect and
low spin diffusion lengths in metals, the electric field
manipulation of ultrafast spin transport in metallic junc-
tions is not feasible. Although semiconductors offer electric
field tunability of interfaces, conductivity mismatch [8] and
low spin diffusion limit junctions involving semiconduc-
tors, and realizing precise modulation of ultrafast spin
currents remains a challenge. Here, electrically tunable

two-dimensional (2D) materials like graphene offer distinct
functionality in proximity to magnets [9]. Graphene’s linear
dispersion and massless fermions enable high carrier
mobility and ballistic transport [10,11], which along with
its intrinsically low spin relaxation [12], make it ideal for
spin transport [13–15] and spin-dependent junctions [9].
The field-tunable carrier density provides a unique means
to control spin currents in graphene-ferromagnet hetero-
structures, toward advancing high-speed graphene spin-
tronic applications.
In this Letter, we demonstrate graphene spin-field-effect

junctions (GSFEJs), where the electric field can control
ultrafast spin currents and spin dynamics in thin-film
ferromagnets. We combine electrical measurements and
all-optical time-resolved magneto-optical Kerr effect (TR-
MOKE) probes to measure rapid demagnetization in the
FM contacts while tuning the carrier concentration in
graphene. Our experiments employing direct contacts as
well as contacts involving tunnel barriers show efficient
gate control, with over 100% enhancement in the demag-
netization rate (magnetization quenching speed) compared
to bare Co by modulating the junction resistance.
Superdiffusive spin transport calculations validating our
experimental results establish a new mechanism of field-
enhanced magnetization dynamics in a device without
structural or material modifications. Our findings represent
a major step toward low-power, faster spintronic devices
for memory-logic applications and emerging quantum
technologies.
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In Fig. 1(a), we show a schematic of the GSFEJ devices,
illustrating graphene overlaid with FM contacts (GrjFM)
and a bottom gate electrode integrated with a TR-MOKE
pump-probe setup. The gate voltage tunable carrier con-
centration in graphene modulates the GrjFM junction
resistance (RJ), controlling superdiffusive spin currents
and the ensuing FM demagnetization. The GSFEJs were
fabricated [Supplemental Material (SM) [16] ] with chemi-
cal vapor deposited (CVD) graphene and ferromagnetic
contacts (with and without TiOx tunnel barriers) with
thicknesses of the order of the typical spin diffusion length
(λs) and mean free path (λp) in Co [23] to facilitate nearly
ballistic spin transport across junctions. When an ultrashort
laser pulse is incident on the FM, it excites nonthermal hot
electrons. These electrons, with different spin-dependent
scattering rates for up (↑) and down (↓) spin (σ↑ > σ↓, with
σ the spin-dependent conductivity), generate spin currents
that superdiffuse into adjacent materials (graphene),
instantly quenching the magnetism in the FM layer.
Since the magnetic moment is transferred by the spin-
polarized electrons injected from the FM layer to the
underlying graphene layer in GSFEJs, the ultrafast spin
dynamics in the FM are expected to depend on the GrjFM

interface conductivity, which we modulate here via an
applied gate voltage (VG). Typically, interfaces extend over
∼1 nm, across which the electronic chemical potentials of
the metal and graphene equilibrate.
To characterize the GrjFM heterostructures in GSFEJ

devices, we measured the magnetic behavior of the as-
deposited Co heterostructures using a static nanoMOKE
system. Figure 1(b) presents the magnetization curves at
room temperature for 30 nm Co in GrjCo, GrjTiOxjCo, and
Co heterostructures, showing coercivities of 25.7, 22.5, and
16.1 Oe, respectively. Compared to bare Co, the enhanced
coercivity in the heterostructures with graphene can be
linked to greater domain pinning centers [17]. All samples
revealed magnetic uniformity throughout the patterned
magnetic contact structures (Fig. S1 in SM shows the
mapping of different sample thicknesses with and without
graphene, as well as with and without a tunnel barrier [16]).
We performed gate-voltage-dependent charge transport
measurements on the devices to assess the electrical quality
of the channel and interfaces (Fig. S2 in SM shows carrier
density n tuning with VG [16]). In Fig. 1(c), we display the
gate-dependent Dirac curves obtained by three-terminal
measurements (contacts) and four-probe measurements
(channel) [13]. Despite a shift in charge neutrality points
(VD) due to surface charge transfer doping [13,24], sharp
Dirac curves for GrjCo contacts, similar to the graphene
channel, indicate an unaltered band structure of graphene,
maintaining the electron-hole symmetry and carrier mobil-
ity of ∼2000 cm2 V−1 s−1. Graphene exhibiting such elec-
trical quality shows high diffusive [25] and long-distance
spin transport [13,26]. In addition, as shown in Fig. 1(d),
the current-voltage (I-V) characteristics and the differential
conductance (dI=dV) plot for junctions with TiOx show
pronounced tunneling behavior. The introduction of TiOx is
known to improve spin injection into graphene [13],
circumventing the conductivity mismatch issue [8].
These measurements confirm the magnetic nature and
electrical tunability in GrjðTiOxÞCo junctions.
Having assessed the magnetic properties and electrical

control in GSFEJs, we probed the ultrafast spin dynamics
in the junctions. As depicted in Fig. 1(a), we employ all-
optical TR-MOKE magnetometry using a two-color optical
pump-probe technique [18] to perform spin dynamics
measurements on all samples (further described in SM
along with Fig. S3 [16]). Different heterostructure con-
figurations of GrjðTiOxÞCo junctions, with and without
TiOx (0.8 nm), with and without graphene, and varying Co
thicknesses (10, 20, and 30 nm) allow for a wide range of
conditions under which GrjFM interface-controlled super-
diffusive spin transport can be investigated and compared.
Figure 2(a) shows the distinct demagnetization curves of
30 nm Co layers, obtained on four different samples viz.,
Co, TiOxjCo, GrjCo, and GrjTiOxjCo (see Fig. S4 in
SM for 10 and 20 nm Co layers [16]). We quantify the
observed spin dynamics with demagnetization (τm) and fast
remagnetization (τe) times using the phenomenological

FIG. 1. Device scheme and static characterization. (a) Exper-
imental setup for spin dynamics measurements in GSFEJs,
featuring a CVD graphene channel and ferromagnetic contacts,
with a fabricated device and pump-probe spots indicated in the
inset. (b) Static MOKE magnetization curves for GrjCo,
GrjTiOxjCo, and bare Co with 30 nm thick Co. (c) Gate-
voltage-dependent normalized resistance (relative to the resis-
tance at the Dirac point voltage VD) for GrjTiOxjCo and GrjCo
junctions measured in three-terminal (3T) configuration, and for
the graphene channel measured in four-probe (4P) configuration.
(d) I-V and differential conductance dI=dV (inset) of GrjTiOxjCo
and GrjCo devices, showing tunneling behavior.
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three-temperature thermodynamic model (described in
Appendix A).
Figure 2(b) shows the τm of the four different hetero-

structures, all with varying Co thicknesses of 10–30 nm.
The extracted values of τm and τe for various heterostruc-
tures are listed in Table S1 in SM [16]. Figure 2(b) shows
similar τm for Co and Co on TiOx. This similarity arises
because the thin layer of TiOx, as a band insulator, is not
expected to have much of an impact on the demagnetization
process. However, when the Co is evaporated on top of
graphene, the τm is reduced by 12.6%–16.4% compared to
the bare Co thin films, confirming spin current across
GrjFM heterostructures [7]. Similarly, in heterostructures
containing an ultrathin (0.8 nm) TiOx barrier between the
graphene and the Co, we observe a reduction between
12.7% and 19.3% compared to the bare Co thin films.
Across all samples, thicker Co thin films exhibit longer τm,
likely due to slower hot electron scattering at the boundary
or longer time spent by the electrons within the Co thin
film. Overall, within the estimation error of all these
samples, the presence of graphene decreases τm by 15%
due to the superdiffusive spin transport across the GrjFM
interface. Note that 0.8 nm TiOx is an optimal tunnel barrier
width employed for efficient spin-polarized tunneling in
graphene spintronic devices [13]. Therefore, for hot elec-
tron transport, the ultrathin TiOx barrier is expected to
exhibit a similar transparency as direct Co on graphene and,
accordingly, a similar reduction of τm in samples with and
without tunnel barriers. In contrast to the decrease in τm, the
extracted remagnetization times obtained from fitting
remain largely unaltered with τe ∼ 350 fs for all the
samples [Fig. S4(c) in SM [16] ]. Since remagnetization
is a slower process linked to the electron-lattice interaction
and subsequent heat dissipation out of the magnetic thin
film, the effect of the heterostructure on τe is rela-
tively minor.

The proximity of a nonmagnetic conducting medium,
such as graphene or copper, can accelerate magnetization
quenching in NMjFM heterostructures. Here, varying the
heterostructure composition allows further control of RJ
and τm, as displayed in Fig. 2(b), showing a sizeable
variation of the τm with interface media. To advance further,
exploring the tunability of interface conductance
(GJ ¼ 1=RJ) is critical for electrical control of spin dynam-
ics, where GrjFM heterostructures with and without tunnel
barriers can be harnessed, as the adjacent graphene layer,
offers tunability of spin current transmission. Since gra-
phene is a semimetal with a linear energy-momentum
dispersion and a high spin diffusion coefficient, it can
conduct spin currents thousands of times longer than
ordinary metals [13]. Moreover, by applying a gate voltage,
the carrier concentration can be effectively tuned to alter RJ.
As shown in Fig. 1(c), the gate serves as a reliable means to
tune RJ by a factor of 2 or more by electrostatically tuning
the Fermi level, which presents the potential for significant
engineering in the spin dynamics of the overlying Co thin
film. Enabling high electrical control of graphene is key
here, and by optimized fabrication, we have obtained such
tunability for graphene under Co, both with and without a
tunnel barrier. To uncover field-effect spin dynamics in
GSFEJs, we performed TR-MOKE measurements under
various gate voltages (VG) relative to the Dirac point (VD),
enabling Fermi-level tuning across both electron and
hole conduction regimes. Figure 3(a) presents gate-
voltage-dependent TR-MOKE traces measured on the
GrjTiOxjCo (30 nm) junctions (full datasets for 10, 20,
and 30 nm junctions are provided in Fig. S5 in SM [16]).
Distinct demagnetization curves are observed for different
gate voltages (ΔV ¼ VG − VD). The extracted τm as a
function of theΔV shown in Fig. 3(b), demonstrates that τm
in Co can be tuned by gate voltage in GSFEJs. Notably,
Fig. 3(b) shows a clear peak at the Dirac point for all the
samples. In Fig. 3(c), we compare the fastest demagneti-
zation rates (∼1=τm) for each heterostructure in GSFEJs
with those of TiOxjCo junctions. Since the laser absorption
is expected to be more efficient in thicker films, the thicker
junctions exhibit enhanced and reliable field tunability in
τm. To understand the junction conductance-dependent
demagnetization times, we measured RJ in the three-
terminal configuration [shown in Fig. 1(a)] while the
magnetization dynamics were acquired. In Fig. 3(d), we
show a striking dependence of τm on theGJ of each sample,
normalized to its maximum value for each junction, with
the horizontal error bars representing the spread in GJ,
primarily arising from laser-induced drift. These plots show
a slower τm in the same samples when the contact resistance
is maximized, with the maximum τm observed at VD. As
gate voltages reduce the RJ, we observe faster magnetiza-
tion quenching, with the effect being more pronounced for
voltages farther away from the Dirac point, where maxi-
mum electron or hole doping is achieved in graphene.

FIG. 2. Ultrafast demagnetization in GrjFM heterostructures.
(a) TR-MOKE curves showing demagnetization and recovery
dynamics of 30 nm thick Co in different heterostructure con-
figurations, with solid lines representing fits using Eq. (A1).
(b) τm versus Co thickness on four different heterostructures (for
visualization purposes, the error bars are divided by 3).
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The minor asymmetry in τm about ΔV can propagate from
the asymmetry in RJ for electron-hole doping regimes and
an uneven junction spin dependence, leading to asymmetry
in electron-hole spin injection [27]. Compared to the
slowest τm (maximum τm at VG ¼ VD), the junctions with
the oxide barrier display a significant decrease in τm up to
29%, 46%, and 39% for 10, 20, and 30 nm Co thickness,
respectively. For the sample without TiOx and 30 nm Co, a
maximum decrease of 41% is obtained. Strikingly, com-
pared to bare cobalt films (Table S1 in SM [16]), as shown
in Fig. 3(c), the demagnetization speed effectively doubles
for gate-tuned GSFEJs as τFM=τmin

GrjFM > 2. Thus, by apply-
ing gate voltage and tuning the carrier density to
∼1011–1012 cm−2 in graphene, more than 100% faster
demagnetization rates can be achieved in GSFEJs.
Notably, for all our heterostructures, a substantial reduction
in τm (with the lowest τm ≈ 93 fs) is observed in both
electron and hole conduction regimes as the carrier con-
centration in graphene is tuned. The ability to significantly
control demagnetization through gate-tunable field-effect
junctions represents a major advancement.
To support our experimental results, we performed

numerical simulations based on the superdiffusive transport
theory [7] to model the magnetization quenching in Co.

Details of the model, including parameter descriptions and
the governing equations, are provided in Appendix B. The
results of these simulations are illustrated in Fig. 4(a),
where we display ΔM in the ferromagnetic layer of
30-nm-thick Co for different interface transmission coef-
ficients (T). While T does not explicitly appear in Eq. (B1),
it is accounted for through the dynamic electron flux term.
As the transmission coefficient increases, we observe a
corresponding faster decay.
Figure 4(b) shows the simulated results for three Co

layers of 10, 20, and 30 nm, respectively, with varying T, to
simulate the effect of the change in the gate voltage on the
graphene layer. We observe that for higher T (i.e., higher
injection into the graphene layer), τ is significantly reduced.
The τ at low T is about 40%–180% larger than for high T,
depending on the layer thickness. Thus, the demagnetiza-
tion rate increases for higher transmission, corresponding
to a faster injection of spin currents flowing into graphene.
Such a trend is partially observed in experiments, where
thinner Co layers demagnetize faster [Fig. 2(b)], with
deviations in the thickness dependence for thicker samples
and gate-dependent enhancements [Fig. 3(b)]. The exper-
imentally obtained τm values vary less with Co thickness
than the calculated ones. These differences can be attrib-
uted to extrinsic scattering caused by inhomogeneities,
roughness, grain boundaries, and charge transfer doping in
graphene. In addition, for higher thickness (t > λs and λp),
the density of electrons injected into the graphene layer
varies, and the transmission effect on the τm becomes less
relevant. Additionally, the observed differences can play
out in the experimental error bars resulting from time
resolution and sample preparation. Despite these factors,
our simulations unambiguously reveal that the electric field
tuning of T is an efficient method for controlling interface
spin transport and magnetization dynamics for all thick-
nesses. It is worth noting that this mechanism is distinct
from other interfacial effects like resonant precession-
induced spin pumping, which are specific to a particular
FM thickness, lead to transverse spin injection, and usually
dominate at lower thicknesses [28]. Considering that
conductance varies as transmission, comparing Figs. 3(d)

FIG. 4. Superdiffusive spin transport simulations. (a) Simulated
magnetization decay for varying transmission coefficients (T) in
30 nm Co. (b) τ versus T for Co thicknesses of 10, 20, and 30 nm.

FIG. 3. Gate-tunable ultrafast spin dynamics in graphene spin-
field-effect junctions. (a) TR-MOKE curves for GrjTiOxjCo
(30 nm) at gate voltages (VG) around the Dirac point (VD) with
solid lines representing fits using Eq. (A1). (b) τm versus gate
voltage for four heterostructures. The green reference line
represents τm for bare TiOxjCo (30 nm). Dashed lines are guides
to the eye. (c) Maximum demagnetization rates in GSFEJs after
gate tuning (black) compared to bare TiOxjCo (gray). (d) τm as a
function of normalized contact conductance GJ for each
thickness.

PHYSICAL REVIEW LETTERS 135, 097001 (2025)

097001-4



and 4(b), we can observe an evident correlation, with nearly
or more than 100% enhancement in 1=τ as the conductance
or transmission values are increased. Although we cannot
entirely rule out spin-flip scattering events at the GrjFM
boundary, to the extent that the transmission dependence of
the τm is concerned, the superdiffusion of laser-excited
electrons across the GrjFM junction can satisfactorily
explain our observed gate-controlled spin dynamics within
a quantitative order of magnitude. Electrostatic gating
directly tunes the longitudinal spin current transmission
across the GrjFM interface. Applying gate voltage away
from VD linearly increases the carrier density in graphene,
thereby shifting its Fermi level, reducing the junction RJ,
and consequently enhancing the transmission coefficient
T (∝ GJ). In the superdiffusive spin transport model, a
larger T facilitates more efficient drainage of spin angular
momentum from Co, leading to a reduction in τm. This
mechanistic picture is directly demonstrated in our spin-
field-effect junctions: gate-induced enhanced GJ results in
faster τm, a trend reproduced by our simulations (Fig. 4).
This understanding enables a new class of devices where
spin dynamics can be dynamically modulated through gate
control, without altering material composition or geometry.
The femtosecond laser-induced demagnetization phe-

nomenon in FMs [29] has been widely discussed in terms
of Elliott-Yafet and similar spin-flip scattering processes,
such as the cooperative effect of intrinsic spin-orbit coupling
and the laser field [30], local magnon-mediated spin-flip
scattering [31], Coulomb exchange [32], impurity centers or
phonons [33], and relativistic electron-phonon interactions
[34]. On the other hand, the superdiffusive spin transport
theory [7] explains how longitudinal spin-dependent trans-
port of hot electrons to the adjacent conducting layer can
account for rapid magnetization quenching [35], even in the
absence of direct laser absorption by the FM, as seen in the
indirect demagnetization of Ni by hot electrons generated in
an adjacent Au layer [5]. Similarly, in Ni=Ru=Fe trilayer
structures, the demagnetization of a Ni layer enhances
transient magnetization in Fe, attributed to spin currents
generated upon laser excitation [6]. Heterostructures of FMs
with graphene have been seen to give rise to proximity-
inducedmagnetic interactions [36–38] and are promising for
subpicosecond magnetization decay [39,40]. The field-
tunable spin currents demonstrated in GSFEJs enable faster
demagnetization, establishing a new functional pathway for
high-speed graphene spintronics. By electric-field-tuned
GrjFM junction conductance, our experiments directly
corroborate the predictions of superdiffusive spin transport
theory. This is a significant development because the carrier
density in graphene can be increased to very high values
beyond 1014 cm−2, reaching van Hove singularities [41] for
further reduction in τm approaching predictions of a few
femtoseconds [30]. Thus, the GSFEJ provides a framework
for a whole new set of investigations to directly validate and
explore ultrafast spin transport and spin injection in

semiconducting 2D materials such as MoS2, MoSe2, and
WSe2, as well as 2D magnetic materials like CrI3, and their
electrically tunable van der Waals spinterfaces [9].
Exploration of this domain is of key significance for
precision spin current sensors, spin memory and logic
operations with lower energy-delay products, which are
vital for handling data-intensive tasks. It could enable
components with greater longevity [42], reduced latency,
and faster data speeds for magnetoresistive random-access
memory and gate-based spintronic compute-in-memory
architectures [43], with potential for hot-carrier accelerated
subnanosecond operations [44]. In addition, due to graphe-
ne’s high thermal conductivity and better heat management,
CVD graphene is promising for the scalability of GSFEJs.
In summary, we have demonstrated gate-tunable ultrafast

spin currents and dynamics in graphene spin-field-effect
junctions, achieving more than a 100% enhancement in
demagnetization rate. These results establish electrical
control over superdiffusive spin transport and ultrafast spin
injection into 2D quantum materials, offering new oppor-
tunities for tunable femtosecond spin dynamics experi-
ments. The demonstrated mechanism enables dynamic
control of spin angular momentum flow, with implications
for scalable spin-logic, quantum sensing, and next-gener-
ation THz spintronic technologies.
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End Matter

Appendix A: Three-temperature thermodynamic
model—We analyze the TR-MOKE curves with the
phenomenological three-temperature thermodynamic
model, wherein the dynamics of demagnetization and
fast relaxation are expressed as follows [45,46]:

−ΔMz

Mz
¼
��

A1ffiffiffiffiffiffiffiffiffiffiffi
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q þA1τm−A2τe
τe−τm

e−
t
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×HðtÞþA3δðtÞ
�
⊗GðtÞ; ðA1Þ

where A1 is the normalized magnetization amplitude at
the end of the fast remagnetization process, indicating re-
equilibration between the electron, lattice, and spin
systems. A2 scales with the initial electron-temperature
rise and hence the maximum magnetization quenching,
while A3 quantifies the state-filling effect at the onset of
demagnetization. HðtÞ denotes the Heaviside step func-
tion, δðtÞ is the Dirac delta function, and GðtÞ represents
the Gaussian laser pulse. The cooling time by heat
diffusion is described by τ0. According to this model,
when a femtosecond laser pulse strikes the device, the
electron temperature increases, generating hot electrons
that excite the spin subsystem [29]. Excitation of the spin
subsystem leads to a quenching of the macroscopic mag-
netization in approximately the first few hundred
femtoseconds, known as ultrafast demagnetization, where
the demagnetization time is denoted by τm. Subsequently,
the quenched magnetization relaxes to its original equili-
brium state due to the energy rebalancing between the

electron, spin, and lattice subsystems over two distinct
timescales. The first corresponds to the fast remagneti-
zation process with a characteristic time τe. Finally, slow
remagnetization occurs due to the energy dissipation from
the lattice bath of the magnetic layer to the substrate or
graphene. This phenomenological description with
characteristic times provides an established method of
characterizing femtosecond laser-induced demagneti-
zation processes in FMs.

Appendix B: Superdiffusive transport model and
simulation parameters—The superdiffusive spin transport
theory derives its name from the distinct transport
mechanism. On an fs timescale, laser-excited electrons
undergo a few scatterings, reducing their mobility and
placing them between ballistic and diffusive transport.
The higher mobility of the outward-diffusing laser-
excited majority spins directly leads to the longitudinal
quenching of the magnetization of the FM in the
excitation region. The different lifetimes of the
superdiffusive electron spins in different materials make
the spin dynamics (τm and τe) dependent on the
boundary between the FM and the adjacent material, in
our case, graphene and TiOx.
In the framework of this theory, we attribute the different

demagnetization dynamics that we observed upon the
electric-field-tuned conductance of the graphene layer to
the spin transport at the boundary in the heterostructure.
The model is a quasi-1D differential equation for the
density nσðϵ; z; tÞ of excited electrons with spin σ, energy
ϵ, and space and time coordinates (z, t), given by
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equation (B1),

∂nσ
∂t

þ nσ
τσ

¼
�
− ∂

∂z
ϕ̂þ Î

�
Seffσ : ðB1Þ

For the sake of simplicity, we omitted the energy, position,
and time dependence from Eq. (B1) (details on the
derivation of the equation are reported in Refs. [7,47].)
The quantity τσ is an energy-dependent quantity that
represents the lifetime of excited electrons, i.e., the time
between two scattering events, ϕ̂ is the flux operator
accounting for the dynamics of the electrons in the material,

such as electron scattering, spin-flip, and boundary scatter-
ing events. Î is the identity operator, while Seffσ is the
effective spin source, which is composed of the laser-
excited electrons Sext modeled as a Gaussian pulse, and the
electrons excited from scattering events Sp, so that
Seff ¼ Sext þ Sp. The longitudinal spin current derived
from the solution of Eq. (B1) quantitatively connects with
the magnetization quenching (ΔM) in the excited layer
[7,47,48]. Relevant details on the electron excitation
profiles, penetration depth, and parameter derivations used
in our simulations can be found in Refs. [19–22].
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