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Ultrafast spin injection in graphene via dynamical carrier filtering at transition metal
dichalcogenide interfaces

Shunsuke Yamada®,"" Arqum Hashmi®,”> and Tomohito Otobe

1

'Kansai Institute for Photon Science, National Institutes for Quantum Science and Technology (QST), Kyoto 619-0215, Japan
2Department of Nuclear Engineering and Management, Graduate School of Engineering, The University of Tokyo,
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan

® (Received 10 September 2025; accepted 10 February 2026; published 19 March 2026)

We report a real-time first-principles study of ultrafast spin injection in a WSe,-graphene heterobilayer under
circularly polarized laser irradiation, using time-dependent density functional theory. Contrary to conventional
expectations, spin transfer into graphene is not a passive process but is actively driven by spin-selective carrier
filtering at the interface. Spin-polarized carriers generated in the WSe, layer induce a preferential migration
of opposite-spin carriers from graphene, which results in net spin magnetization in graphene. This process is
governed by interlayer band offsets, density-of-state asymmetry, and Pauli blocking. These findings indicate a
microscopic mechanism of spin injection in nonmagnetic systems and identify a guiding principle for the design
of ultrafast optospintronic functionalities in van der Waals heterostructures.
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I. INTRODUCTION

Two-dimensional (2D) materials such as transition metal
dichalcogenides (TMDs) and graphene have emerged as
promising platforms for spintronic applications, where the
spin degrees of freedom are utilized as information carri-
ers [1-4]. In particular, graphene exhibits exceptional carrier
mobility and long spin diffusion lengths that exceed several
micrometers, which makes it ideal for spin transport [5,6].
However, the intrinsically weak spin-orbit coupling (SOC) in
graphene limits the efficient generation and manipulation of
spin polarization, which poses a challenge for its integration
into spintronic devices [7].

To address this limitation, van der Waals (vdW) het-
erostructures composed of graphene and TMDs have attracted
considerable attention [8]. TMD monolayers possess strong
intrinsic SOC due to the presence of heavy metal atoms
and exhibit valley-dependent spin polarization that arises
from spin-valley locking [9-11]. A first-principles compu-
tational study predicted ultrafast magnetization via SOC in
nonmagnetic 2D materials including TMD monolayers under
circularly polarized laser pulses on the femtosecond timescale
[12]. Although graphene cannot generate spin magnetization
optically due to its negligible SOC, its high mobility makes it
an ideal medium for spin transport. Therefore, efficient spin
transfer from a TMD layer to a graphene layer in a stacked
heterostructure could enable optospintronic devices that com-
bine efficient spin generation and long-range spin transport.
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Such spin injection and transfer processes have been
experimentally demonstrated in several TMD-graphene het-
erostructures using circularly polarized light pulses [13-16].
These systems have also exhibited several spintronic function-
alities, such as spin-charge conversion via the spin Hall and
Rashba-Edelstein effects [17,18], and tunable spin relaxation
dynamics [19,20]. In particular, spin injection in TMD-
graphene heterostructures has been discussed phenomenolog-
ically; however, its microscopic mechanism remains largely
unexplored.

Most theoretical studies on TMD-graphene heterostruc-
tures have focused on their static band structures [21-29]. In
contrast, real-time first-principles calculations based on time-
dependent density functional theory (TDDFT) [30] provide
a robust framework for the simulation of ultrafast spin and
charge dynamics beyond empirical models. Previous TDDFT
studies on ultrafast spin dynamics in 2D heterostructures
[31-34] have primarily addressed the optical intersite spin
transfer effect in magnetic materials [35,36]. A previous
first-principles study of electron dynamics in TMD-graphene
heterostructures addressed charge transfer, but it did not con-
sider spin degrees of freedom [37]. The ultrafast dynamics
of spin injection in TMD-graphene heterostructures via laser
pulses remains unexplored to date.

In this paper, we reveal a dynamical mechanism of spin
injection in a heterobilayer (HB) of WSe, and graphene
in a nonequilibrium phase using real-time first-principles
simulations based on TDDFT. Spin polarization generated
in the WSe, layer induces the preferential migration of
opposite-spin carriers from graphene, which leads to net spin
polarization in graphene.

The remainder of this paper is organized as follows:
Section II describes the theoretical methods and numerical
conditions. In Sec. III, the calculation results are presented
and analyzed in detail. Finally, the conclusions are presented
in Sec. IV.
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II. COMPUTATIONAL METHODS
A. Structure optimization

The lattice constants of monolayer WSe, and graphene,
which are 3.32 and 2.46 10\, respectively, were used to con-
struct the bilayer heterostructure. The HB was modeled using
a2 x 2 supercell for WSe, and a 3 x 3 supercell for graphene,
with the graphene layer rotated by 19°. This configuration
leads to a lattice mismatch within a tolerable range of 1.65%.
Structural relaxation is performed using the OPENMX code
[38,39]. During ionic relaxation, the shape and size of the
supercell are fixed, while allowing for full relaxation of the
atomic positions. The pseudoatomic basis sets used are s> p>d
for carbon and s° pzd2 for both tungsten and selenium, with
norm-conserving pseudopotentials taken from the OpenMX
library [40]. Exchange-correlation effects are treated with
the local spin density approximation (LSDA), namely, the
LSDA-CA functional [41]. The Brillouin zone is sampled
using a 15 x 15 x 1 k-point grid, and an energy cutoff of
320 Ry is employed. A vacuum layer of 20 A is introduced
along the z direction to eliminate spurious interactions be-
tween periodic images. The optimization proceeds until the
Hellmann-Feynman force on each atom is less than 0.0003
hartree/bohr, with the electronic energy convergence thresh-
old set to 3.7 x 1076 hartree. The bilayer distance between
WSe, and graphene is found to be 3.47 A, which is in good
agreement with previous studies [22-24,42]. The interlayer
distance reflects a weak vdW interaction, indicating that the
interlayer coupling is minimal and the intrinsic electronic
properties of graphenelike linear dispersion near the Fermi
level are well preserved in the heterostructure. The optimized
structure of the HB is parallel to the xy plane and the posi-
tions of the tungsten (W) and graphene layers are z = 0 and
z = 5.2 A, respectively. The selenium (Se) layers are located
atz=+1.7A.

B. TDDFT

TDDFT calculations for the HB under an electric field,
E@) = —(1/c)dA(t)/dt, were performed using the SALMON
code [43-46]. The orbital wave functions are defined in a
box that contains the unit cell of the 2D material sandwiched
between vacuum regions. Each Bloch orbital u,(r,t) is a
two-component spinor, where n and k denote the band index
and 2D crystal momentum, respectively.

The time-dependent Kohn-Sham equation is described as
follows:
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where the scalar potential ¢(r, #) includes the Hartree poten-
tial from the electrons and the local component of the ionic
pseudopotentials and we have defined D, = e Dy e .
Here, Onp and vk (T, t) represent the nonlocal component of

the ionic pseudopotentials and exchange-correlation potential,
respectively.

The dynamics of the valence electrons are treated with
the norm-conserving pseudopotential [47], and the adiabatic
local spin density approximation (ALSDA) is assumed for
the exchange-correlation energy functional [48]. SOC is in-
corporated through the j-dependent nonlocal potential [49].
Although the ALSDA exchange-correlation term is unable to
describe spin torque effects, the SOC term in the nonlocal
potential converts the angular momentum of excited carriers
into spin-flipping torque [12]. ALSDA remains a standard
choice in state-of-the-art TDDFT studies for femtosecond
spin dynamics [12,36,50]. Because the exchange-correlation
spin-torque contribution is very small on tens-of-femtosecond
timescales even in magnetic systems [51], it can be safely
neglected in our nonmagnetic case.

The o component (o = x, y, z) of the spin magnetization
per unit area is defined as

ank

where o, is the Pauli matrix and Q2 is the area of the 2D
unit cell. N, is the number of k-points and f,x is the occu-
pation rate. Based on the first-order perturbative expansion
of the wave function u,k(r, 1) =~ uux ,(r) + Suuk(r,t), where
uk () is the adiabatic eigenstate and Su, (r, ¢ ) represents the
first-order correction, the first-order contribution to Eq. (2) is
given by
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while the second-order contribution is
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The o component of the spin-current density averaged
over the unit cell is defined as
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where J3" (1) is a correction term that stems from the

nonlocal potential. Without the Pauli matrix o,, the above
definition is equivalent to the 8 component of the electron
current density averaged over the unit cell, Jg ().

The occupancy of the time-dependent wave functions at
time ¢ is estimated by projecting {u,k(¢)} onto the ground-state
orbitals {u S1 as

F®) =Y o (58 i )" )
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Att = 0, Fyk(¢) reduces to the ground-state occupancy fx. To
visualize changes in occupancy, we define the weighted local
density of states as

wie, v, 1) = le 3 AFAO[uSm)[%8(e — £%5), (8

k,n

where AF(t) = Fx(t) — fuk. This quantity represents the
density distribution of excited carriers at time ¢. In the absence
of AF,k(t), the above expression is equivalent to the conven-
tional local density of states (LDoS), D(e, r). By sorting each
component with respect to (n, k), the spin-up and spin-down
contributions can be separated as w4 (e, r, ).

Using the atomic structure of the WSe,-graphene HB ob-
tained in Sec. IT A, first-principles TDDFT calculations are
performed via SALMON code [45,46]. The norm-conserving
pseudopotentials are the same as those used in the struc-
ture optimization via the OPENMX code. The spatial grid
sizes and k-points are optimized according to the converg-
ing results. For both the conventional WSe, monolayer and
WSe,-graphene HB, the determined parameter of the real-
space grid spacing is 0.21 A. The optimized k-mesh in the 2D
Brillouin zone is 16 x 16 for the conventional WSe, mono-
layer and 8 x 8 for the WSe;-graphene HB. The time step
is set to dt = 5 x 10™* fs. The calculation conditions for the
conventional WSe, monolayer are almost the same as those
employed in Refs. [52-55].

The vector potential of the applied circularly polarized
light pulse is given by

Em X . t
A(t) — _C_a S1n4 (l)
w T
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X [XCOS {a)(l - E)} + ysin {a)([ — 5>}i|
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where fiw = 1.5 eV and T =20 fs unless otherwise de-
scribed. The peak electric field amplitude Ey,,x is chosen to
yield a peak intensity ranging from 7 = 108 to 10'> W /cm?.

II1. RESULTS

Figure 1(a) shows the applied electric field associated
with a left-handed circularly polarized pulse as a func-
tion of time. Here, we employ a sin* envelope of the
vector potential with a pulse duration of 7 =20 fs, a
peak intensity of / = 10° W/cm?, and a photon energy of
how = 1.5 eV. In Fig. 1(b), the polarization along the z axis,
P,(t) = /Ot dt' J,(t'), is compared across a range of laser in-
tensities from 10° to 10'> W/cm?. This quantity represents
the amount of electron transfer between the two layers.
The excited carrier density is expected to be proportional
to the square of the electric field; therefore, the lines in
panel (b) are scaled by a factor of 0.1" (n =0, 1, 2,3 for
I = 10°t" W /cm?) for comparison. The negative sign of the
curves in this figure indicates that electrons are transferred
from the graphene layer to the WSe, layer. This observa-
tion is consistent with a previous first-principles study for
a MoS,-graphene HB under a linearly polarized laser pulse
[37]. Electrons are transferred from the graphene layer to the
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FIG. 1. (a) Applied electric field. (b)—(d) Various quantities for
WSe,-graphene HB under laser intensity 7, in the range from 10° to
10" W/cm?. All curves are scaled by a factor of 0.1" (n = 0, 1, 2, 3
for 1 = 10°*" W /cm?) for comparison. (b) Electron transfer P.(t).
(c) Nonlinear component of spin transfer APSP"(¢). Inset: Spin trans-
fer, PP"(¢). (d) Nonlinear component of spin magnetization around
graphene, Amf’”‘ (t). Inset: Spin magnetization around graphene,
m?‘a(t), (e) Total spin magnetization m,(t), and its decomposition
into contributions from each layer under I = 10'> W /cm?.

TMD layer due to the imbalance in the density of states (DoS)
between the two layers. In the low-intensity regime, the po-
larization is proportional to the square of the electric field, as
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discussed in Ref. [37]. At higher intensities, the polarization
saturates with increasing intensity, which can be attributed
to Pauli blocking by excited and transferred carriers. Here,
we use “Pauli blocking” in the general sense of phase-space
filling: Photoexcitation and interlayer transfer populate final
states and reduce the available phase space for further transi-
tions.

Let us now consider the spin transfer, as represented by
the time-integrated zz component of the averaged spin-current
density, P"(t) = [y dt' JP"(¢). This quantity corresponds
to the polarization of the z-component spin along the z axis.
Unlike the electron transfer P,(t), the spin transfer PY'"(¢)
includes a prominent first-order term that is proportional to
the electric field, as suggested by Eq. (3). Figure 1(c) presents
the nonlinear component of the spin transfer, APY" (¢), scaled
by the factor 0.1". This is defined as AP (¢) = PP (¢) —
\/I_O”HPZSZp )08 w/em2» Where the scaled linear compo-
nent obtained from the 108 W/cm? (linear response regime)
result is subtracted. This procedure reveals the behavior of
real excitation while eliminating the first-order contribution.
The inset shows the original data for the spin transfer PoX'" (¢)
scaled by the factor 0.1" and demonstrates that the first-order
contribution does not affect the nodal structure of the real ex-
citation. The positive sign of the curves in Fig. 1(c) indicates
that spin transfer occurs in the opposite direction to electron
transfer, i.e., from WSe; to graphene.

Next, we consider the transferred spin magnetization
around the graphene layer; mZGm(t) is defined in the same
manner as Eq. (2) but with the integration region restricted to
the vicinity of graphene [right-hand side of the vertical line

in Fig. 2(d)]. Figure 1(d) shows the nonlinear component,

; y n+1 y
AmS™(r) = m&™(t) = V10" mO™ ()] 08 weme- scaled by

the factor 0.1". The inset shows the original data mg’“‘(t)
scaled by the factor 0.1". A comparison of Figs. 1(c) and 1(d)
reveals that the behavior of spin magnetization in graphene
and spin transfer along the z axis is qualitatively similar.

Figure 1(e) shows the total spin magnetization m.(¢) and
its decomposition into contributions from each layer under
I =102 W/ cm?. The green dash-dotted line, m?ra(t), repre-
sents the same data as shown in the inset of Fig. 1(d) but with-
out the scaling. The thin black dotted line indicates the results
for the isolated WSe, monolayer, which were calculated using
the same atomic positions and supercell as in the HB case
but with graphene eliminated. The total spin magnetization of
the HB closely matches that of the isolated WSe, monolayer.
From the time average of the data in Fig. 1(e) over the interval
t =20-40 fs, the spin transfer efficiency from WSe, to
graphene is estimated to be approximately 0.1.

These results indicate that spin transfer occurs via mi-
gration of a portion of spin magnetization from the WSe;
layer to the graphene layer. The amount of spin transfer is
approximately proportional to the square of the electric field,
which is consistent with Eq. (4).

Figure 2 shows LDoS weighted by the change in occu-
pancy from the ground state, as a function of the orbital energy
¢ and z coordinate, w4 (g, z), at the pulse end (t = 20 fs)
with I = 10° W/cm?. The positions of the atomic layers are
indicated by small arrows. At z = 0, the conduction band min-
imum and valence band maximum for WSe, appear around
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FIG. 2. Local density of states weighted by the change in oc-
cupancy from the ground state, wy | (e, z), at the pulse end with an
intensity of I = 10° W/cm?. (a)—(c) [(d)—~(f)] Sum (difference) of the
spin-up and spin-down contributions. Panels (a) and (d) correspond
to the HB results, while panels (b) and (e) [(c) and (f)] show the
results for the isolated WSe, (graphene) monolayer.

0.5 and —1 eV, respectively. Panels (a)—(c) [(d)—(f)] show the
sum (difference) of the spin-up and spin-down contributions,
wy + wy (wy — wy). In panels (a)—(c) [(d)—(f)], the positive
and negative regions represent the spatial distributions of
excited electrons and holes (up-spin and down-spin polariza-
tions), respectively. Panels (a) and (d) correspond to the HB
results, while panels (b) and (e) [(c) and (f)] show the results
for the isolated WSe, (graphene) monolayer. At this low laser
intensity, the excitation is expected to remain within the linear
response regime.

In Figs. 2(a)-2(c), the result for the HB [panel (a)] shows
strong similarity to the superposition of the isolated mono-
layer results [panels (b) and (c)], but the hot spots of excited
carriers differ along the energy axis. Around z =0 and
e = 1 eV in Fig. 2(a), excited electrons are observed that are
absent in Fig. 2(b). These electrons are transferred from the
graphene layer to the WSe, layer due to the band offset and
the DoS imbalance between the two layers [37]. Regarding
the spin imbalance of excited carriers, Fig. 2(d) clearly shows
spin transfer from the WSe, layer to the graphene layer. As
expected, the isolated graphene does not exhibit spin excita-
tion [Fig. 2(f)]. From Fig. 2(d), the spin distribution in the
graphene layer corresponds to that in the WSe; layer.

Figure 3 presents the same analysis as Fig. 2, but under
a higher laser intensity of 7 = 10'> W/cm?. At this intensity,
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FIG. 3. Local density of states weighted by the change in occu-
pancy from the ground state, w4 (g, z), at the pulse end with an
intensity of 7 = 10> W/cm?2. (a)~(c) [(d)-(f)] Sum (difference) of
the spin-up and spin-down contributions. Panels (a) and (d) corre-
spond to the HB results, while panels (b) and (e) [(c) and (f)] show
the results for the isolated WSe, (graphene) monolayer.

excited carriers are distributed over a broader energy range
due to nonlinear multiphoton excitation. The nonlinear re-
sponse can arise from both multiphoton excitation and
strong-field modifications of the electronic structure such
as transient band renormalization or the dynamical Franz-
Keldysh effect [55]. While the overall trend remains similar
to that in Fig. 2, the spin distribution shown in Figs. 3(d) and
3(e) becomes more complex. The spin distribution around the
Se layer at z = 1.7 A appears to be transferred to the graphene
layer, although it differs from the distribution observed near
the W layer. In Figs. 2(d) and 3(d), the spin distribution in the
graphene layer corresponds to that in the Se layeratz = 1.7 A.
In Figs. 2(d) and 3(d), the prominent hole contribution in
graphene reflects spin-valley locking in the WSe, valence
band and favorable interfacial overlap of valence states be-
tween the adjacent Se layer and graphene layer, leading to
efficient coupling to graphene states just below the Fermi
energy.

We focus on the migration of up-spin electrons because it
is the main contribution to the spin transfer. The boxed areas
outlined by the black dotted lines in Figs. 2 and 3 highlight
the regions where the spin-up polarization emerges in the
graphene layer of the HB. The horizontal (z-axis) transport
of carriers within these regions gives rise to a net positive
spin current from WSe, to graphene, as indicated by the

‘o4

Graphene Se

Se

Graphene

Polarized Unpolarized Polarized Polarized

FIG. 4. Schematic of spin-selective electron migration between
the Se layer at z = 1.7 A and the graphene layer.

positive spin transfer in Figs. 1(c) and 1(d). A comparison of
the vicinity of graphene in Figs. 2(a) and 2(c), as well as in
Figs. 3(a) and 3(c), within the boxed areas, reveals that the
corresponding carrier densities exhibit a decrease in electron
density and an increase in hole density in the graphene layer
of the HB. This observation suggests that electrons are trans-
ferred from graphene to WSe,, which is consistent with the
negative electron transfer shown in Fig. 1(b).

Spin-polarized carriers are generated in WSe,, and the
electron current from graphene to WSe; is subject to Pauli
blocking, which selectively inhibits one spin channel. As a
result, migration preferentially occurs in the opposite-spin
channel, which leads to an accumulation of blocked spins in
the graphene layer. This spin-selective migration induces a
correlated spin distribution between the Se layer at z = 1.7 A
and the graphene layer (Fig. 4). The occurrence of Pauli
blocking due to excited carriers is supported by the saturation
of electron transfer observed in Fig. 1(b). The similarity in the
total spin magnetization between the HB and the monolayer
WSe, is consistent with photoexcitation occurring almost in-
dependently in the WSe, and graphene layers (Fig. 7). The
observed charge and spin transfer can be attributed to vertical
(energy-axis) photoexcitation within each layer, followed by
horizontal (z-axis) carrier transport across energy levels. Such
spin transfer has been reported in an HB of magnetic and
nonmagnetic 2D materials under a linearly polarized pulse,
but is attributed instead to intrinsic spin splitting of the static
band structure [34]. In the present case, the spin-selective
carrier filtering at the interface is entirely driven by dynamical
effects in the nonmagnetic system.

We note that Pauli blocking and spin accumulation via
asymmetric spin-dependent interfacial transport have been
extensively discussed in spintronics, including the concept of
spin extraction [56]. The present work extends this logic to an
ultrafast, optically driven, nonmagnetic vdW heterostructure
and identifies its time-domain microscopic implementation
from real-time first-principles calculations.

Recent experiments indicate that electron transfer from
graphene to TMD driven by DoS asymmetry is universal
in heterostructures [57,58]. Hence, the present mechanism,
based solely on electron transfer and Pauli blocking, is generic
and does not depend on fine details of the band structure. Con-
sistent with this, we find that varying the interlayer distance
by +0.5 A leaves the direction of spin transfer unchanged
(Appendix C). Clarifying the impact at small twist angles,

013300-5



YAMADA, HASHMI, AND OTOBE

PHYSICAL REVIEW RESEARCH 8, 013300 (2026)

where moiré minibands may form, is an important direction
for future work.

Although our study focuses on the initial <40 fs
regime, spin lifetimes in TMD-graphene heterostructures have
been experimentally confirmed to be on the picosecond
scale [13,17,19,20,24]. Therefore, the ultrafast spin injec-
tion identified here should be observable using time-resolved
angle-resolved photoemission spectroscopy, Kerr rotation,
or magnetic circular dichroism, all of which are standard
techniques for probing femtosecond spin dynamics in 2D
materials [59-62].

Our TDDFT framework treats the dynamics as fully coher-
ent and does not explicitly account for dissipative processes
(dephasing and scattering) in graphene or at the interface,
which may become relevant on ~10—100 fs timescales. Ac-
cordingly, we restrict our focus to spin-current transfer across
the interface during the laser pulse (<40 fs), ignoring dissipa-
tive processes. The subsequent decay governed by dephasing
and scattering, as the spin polarization propagates laterally
through graphene toward remote electrodes, lies beyond the
scope of the present work. Explicitly incorporating these dissi-
pative processes is an important direction for future research.

IV. CONCLUSION

In conclusion, the microscopic mechanisms behind spin
injection in TMD-graphene heterostructures under circularly
polarized laser irradiation were analyzed using TDDFT. First-
principles calculations reveal that Pauli blocking between
WSe, and graphene under laser excitation drives spin in-
jection via opposite spin and electron transfer. The carrier
transfer occurs on an ultrafast timescale that renders relax-
ation effects negligible. These nonequilibrium dynamics play
a crucial role in the establishment of spin polarization in
graphene. These findings clarify the microscopic mechanism
that underlies spin injection in nonmagnetic 2D heterostruc-
tures and provide a foundation for ultrafast optospintronic
applications.
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FIG. 5. (a) Applied electric field. (b) Spin magnetization per unit
area in the conventional WSe, monolayer under the applied electric
field. (c) Nonlinear contribution of panel (b) obtained by subtracting
the scaled linear response.

APPENDIX A: SPIN MAGNETIZATION
IN MONOLAYER WSe,

Here, we consider ultrafast spin dynamics in the conven-
tional WSe, monolayer under circularly polarized laser pulse.
Figure 5 shows the calculated spin magnetization per unit
area in monolayer WSe, under pulsed electric field excita-
tion. Panel (a) is the applied electric field with an intensity
of I = 10° W/cm?, while panel (b) shows the resulting spin
magnetization m,(t). Panel (c) isolates the contribution from
nonlinear components by subtracting the scaled linear re-
sponse. In panel (b), the spin magnetization is compared
across a range of laser intensities from 10° to 10" W /cm?.
The lines in panel (b) are normalized by a factor of 0.1"
(n=0,1,2,3 for I =10°""W/cm?). In the low-intensity
regime, the nodal structure for 10° W/cm? (black solid line)
coincides with that for 10'® W /cm? (orange dashed line), but
the former exhibits a pronounced oscillation with the same
frequency as that of the applied electric field. This indicates
that the spin magnetization in this regime is a superposition of
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FIG. 6. (a) Band structure of the WSe,-graphene HB. (b) Local
density of states. (c)—(e) Snapshots of the spin magnetization density
distribution from # =0 to + = 20 fs under laser irradiation with
I = 10" W/cm? (visualized by VESTA [63]).

components proportional to the first- and second-order terms
of the electric field [see Eqgs. (3) and (4)]. The second-order
component corresponds to the real excitation of the spin mag-
netization.

TABLE L. List of the spin transfer efficiency with the pulse dura-
tion T (fs) and laser intensity I (W /cm?).

T =10 T =20 T =30
I1=10° —-1.2 0.42 0.24
I =109 —14 0.40 0.19
I =101 0.66 0.15 0.11
I=10" 0.023 0.10 0.10

As the intensity increases, the contribution from the linear
(first-order) term diminishes its importance. To isolate the
nonlinear response, panel (c) subtracts the scaled linear com-
ponent obtained from the 108 W/cm? result and multiplied
by mﬂH from each spin magnetization, Am,(t) = m_(t) —
\/1_On+1mz(t)| 1=108W/cm?- This procedure reveals the behavior
of the higher-order terms of the spin magnetization. As ex-
pected, the curves for 10° and 10'® W /cm? closely overlap. At
higher intensities, nonlinear excitation involving higher-order
terms becomes significant. The behavior indicates that the
spin magnetization scales approximately with the square of
the electric field.
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FIG. 7. The same as Fig. 5 but for the WSe,-graphene HB.
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APPENDIX B: BAND STRUCTURE AND TOTAL SPIN
MAGNETIZATION IN WSe,-graphene HB

In this Appendix, we consider the WSe,-graphene HB.
Figures 6(a) and 6(b) show the band structure and LDoS, re-
spectively, for the atomic structure obtained through structural
optimization [Fig. 6(c)]. In panel (b), the origin of the z axis
(horizontal axis) is set at the position of the tungsten (W)
layer. The selenium (Se) layers are located at z = £1.7 A. At
z = 0, the conduction band minimum and valence band maxi-
mum of WSe, appear around 0.5 and —1 eV, respectively. The
graphene layer is positioned at z = 5.2 A, and its Dirac cone is
centered around the Fermi energy (= 0). Panels (c), (d), and
(e) present snapshots of the density distribution of the spin
magnetization [integrand of Eq. (2)] at time ¢ = 0, 10, and 20
fs, respectively, under laser irradiation with I = 102 W /cm?.

Figure 7 presents the same analysis as Fig. 5, but for the
WSe,-graphene HB. Panels (b) and (c) show the total spin
magnetization per unit area of the HB. The behavior of the
total spin magnetization is qualitatively similar to that of the
WSe, monolayer (Fig. 5), but the results at higher intensities
exhibit a slight increase due to changes in the density of states
of the WSe; layer induced by the heterojunction. This DoS
change originates mainly from the cell compression of the
WSe, layer in the xy plane.

In the main text, the spin transfer efficiency from WSe; to
graphene (ratio of the spin magnetization around the graphene
layer to that around the WSe, layer) is estimated to be about

0.1 for the case of T = 20 fs and I = 10'> W/cm?, using the
pulse shape defined in Eq. (9). Table I lists the spin transfer
efficiencies for various combinations of pulse duration 7 and
laser intensity I, where the time average is taken over the
interval [T, T + 20 fs]. This provides a rough estimate based
on the short-time average. In the low-intensity cases with
T = 10 fs, negative values are observed because the pulse
duration is too short to induce sufficient real excitation of
the total spin magnetization. For T > 10 fs, the spin transfer
efficiency remains stably positive and decreases monotoni-
cally with increasing intensity. This trend further supports the
interpretation that spin transfer arises from Pauli blocking by
excited carriers.

APPENDIX C: INTERLAYER DISTANCE DEPENDENCE

Finally, we present first-principles calculations to in-
vestigate the dependence of spin transfer on interlayer
spacing.

Here, we perform band-structure calculations by varying
the interlayer distance. Figure 8(a) shows the binding energy
as a function of §,, the deviation of the interlayer spacing
from the optimal interlayer spacing. We calculated the binding
energy per carbon atom between the graphene sheet and the
WSe, layer using

_ EWSez+Gra - (EWSez + EGra)

E, = N, (ChH
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FIG. 9. (a) Total spin magnetization and (b) spin transfer of the
HB under laser intensity of I = 10° W /cm?. The optimized, —0.5 A
reduced, and 4+0.5 A increased interlayer spacing results are plotted
as the red, blue, and green lines, respectively.

where Ewse,+Gra 1S the total energy of the WSe,-graphene
HB, Ewse, (Egra) is the total energy of the isolated WSe,
(graphene) layer, and N, is the number of carbon atoms in
the unit cell. A negative binding energy indicates that the
heterostructure is stable.

By changing the interlayer distance (§,), we observe sig-
nificant modifications in the electronic structure. We plot the
band structure for the equilibrium interlayer distance, as well
as for £0.5 A compression and expansion relative to equi-
librium [Figs. 8(b)-8(d)]. We also examined the electronic
structure for several in-plane displacements and confirmed
that it shows no significant changes.

Figures 9 and 10 show the total spin magnetization [panel
(a)] and spin transfer [panel (b)] of the HB under laser in-
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FIG. 10. (a) Total spin magnetization and (b) spin transfer of the
HB under laser intensity of I = 10'2 W /cm?. The optimized, —0.5 A
reduced, and 4+0.5 A increased interlayer spacing results are plotted
as the red, blue, and green lines, respectively.

tensities of 7 = 10° and 10'> W/cm?, respectively. The red
solid lines in panel (a) [(b)] correspond to the data used in
Fig. 7(b) [Fig. 1(c)], representing the structure-optimized HB.
The blue dashed and green dotted lines show the results for
HBs with the interlayer spacing reduced and increased by 0.5
A, respectively.

In the low-intensity case [Fig. 9(b)], spin transfer in-
creases with decreasing interlayer spacing. In contrast, the
high-intensity case [Fig. 10(b)] shows a decrease in spin
transfer under the same compression. This reduction is at-
tributed to the decrease in total spin magnetization [Fig. 10(a)]
caused by the reduced spacing. An unrealistically small inter-
layer spacing may hinder spin excitation in the high-intensity
regime.

[1]1 Y. P. Feng, L. Shen, M. Yang, A. Wang, M. Zeng, Q.
Wau, S. Chintalapati, and C. Chang, Prospects of spintronics
based on 2D materials, WIREs Comput. Mol. Sci. 7, 1313
(2017).

[2] I. Choudhuri, P. Bhauriyal, and B. Pathak, Recent advances in
graphene-like 2D materials for spintronics applications, Chem.
Mater. 31, 8260 (2019).

[3] Y. Liu, C. Zeng, J. Zhong, J. Ding, Z. M. Wang, and Z. Liu,
Spintronics in two-dimensional materials, Nano-Micro Lett. 12,
93 (2020).

[4] E. C. Ahn, 2D materials for spintronic devices, npj 2D Mater.
Appl. 4, 17 (2020).

[5] B. Dlubak, M.-B. Martin, C. Deranlot, B. Servet, S. Xavier, R.
Mattana, M. Sprinkle, C. Berger, W. A. D. Heer, F. Petroff, A.
Anane, P. Seneor, and A. Fert, Highly efficient spin transport in
epitaxial graphene on SiC, Nat. Phys. 8, 557 (2012).

[6] W. Han, R. K. Kawakami, M. Gmitra, and J. Fabian, Graphene
spintronics, Nat. Nanotechnol. 9, 794 (2014).

[7]1 S. Roche, J. Akerman, B. Beschoten, J.-C. Charlier, M.
Chshiev, S. P. Dash, B. Dlubak, J. Fabian, A. Fert,

013300-9


https://doi.org/10.1002/wcms.1313
https://doi.org/10.1021/acs.chemmater.9b02243
https://doi.org/10.1007/s40820-020-00424-2
https://doi.org/10.1038/s41699-020-0152-0
https://doi.org/10.1038/nphys2331
https://doi.org/10.1038/nnano.2014.214

YAMADA, HASHMI, AND OTOBE

PHYSICAL REVIEW RESEARCH 8, 013300 (2026)

M. Guimaries, F. Guinea, 1. Grigorieva, C. Schonenberger, P.
Seneor, C. Stampfer, S. O. Valenzuela, X. Waintal, and B. van
Wees, Graphene spintronics: The European flagship perspec-
tive, 2D Mater. 2, 030202 (2015).

[8] J. E. Sierra, J. Fabian, R. K. Kawakami, S. Roche, and S. O.
Valenzuela, Van der Waals heterostructures for spintronics and
opto-spintronics, Nat. Nanotechnol. 16, 856 (2021).

[9] D. Xiao, G.-B. Liu, W. Feng, X. Xu, and W. Yao, Coupled spin
and valley physics in monolayers of MoS, and other group-VI
dichalcogenides, Phys. Rev. Lett. 108, 196802 (2012).

[10] K. E. Mak, K. He, J. Shan, and T. F. Heinz, Control of val-
ley polarization in monolayer MoS, by optical helicity, Nat.
Nanotechnol. 7, 494 (2012).

[11] X. Xu, W. Yao, D. Xiao, and T. F. Heinz, Spin and pseudospins
in layered transition metal dichalcogenides, Nat. Phys. 10, 343
(2014).

[12] O. Neufeld, N. Tancogne-Dejean, U. D. Giovannini, H.
Hiibcbener, and A. Rubio, Attosecond magnetization dynamics
in non-magnetic materials driven by intense femtosecond lasers,
npj Comput. Mater. 9, 39 (2023).

[13] Y. K. Luo, J. Xu, T. Zhu, G. Wu, E. J. McCormick, W. Zhan,
M. R. Neupane, and R. K. Kawakami, Opto-valleytronic spin
injection in monolayer MoS,/few-layer graphene hybrid spin
valves, Nano Lett. 17, 3877 (2017).

[14] L. Du, Q. Zhang, B. Gong, M. Liao, J. Zhu, H. Yu, R.
He, K. Liu, R. Yang, D. Shi, L. Gu, F. Yan, G. Zhang,
and Q. Zhang, Robust spin-valley polarization in commensu-
rate MoS,/graphene heterostructures, Phys. Rev. B 97, 115445
(2018).

[15] E. Lorchat, S. Azzini, T. Chervy, T. Taniguchi, K. Watanabe,
T. W. Ebbesen, C. Genet, and S. Berciaud, Room-temperature
valley polarization and coherence in transition metal
dichalcogenide—graphene van der Waals heterostructures,
ACS Photonics 5, 5047 (2018).

[16] H. Zhou, Y. Chen, and H. Zhu, Deciphering asymmetric
charge transfer at transition metal dichalcogenide—graphene in-
terface by helicity-resolved ultrafast spectroscopy, Sci. Adv. 7,
eabg2999 (2021).

[17] C. K. Safeer, J. Ingla-Aynés, F. Herling, J. H. Garcia, M.
Vila, N. Ontoso, M. R. Calvo, S. Roche, L. E. Hueso,
and F. Casanova, Room-temperature spin Hall effect in
graphene/MoS, van der Waals heterostructures, Nano Lett. 19,
1074 (2019).

[18] T. S. Ghiasi, A. A. Kaverzin, P. J. Blah, and B. J. van Wees,
Charge-to-spin conversion by the Rashba—Edelstein effect in
two-dimensional van der Waals heterostructures up to room
temperature, Nano Lett. 19, 5959 (2019).

[19] S. Omar and B. J. van Wees, Graphene-WS, heterostructures
for tunable spin injection and spin transport, Phys. Rev. B 95,
081404 (2017).

[20] T. S. Ghiasi, J. Ingla-Aynes, A. A. Kaverzin, and B. J. van Wees,
Large proximity-induced spin lifetime anisotropy in transition-
metal dichalcogenide/graphene heterostructures, Nano Lett. 17,
7528 (2017).

[21] M. Gmitra and J. Fabian, Graphene on transition-metal
dichalcogenides: A platform for proximity spin-orbit physics
and optospintronics, Phys. Rev. B 92, 155403 (2015).

[22] M. Gmitra, D. Kochan, P. Hogl, and J. Fabian, Trivial and
inverted Dirac bands and the emergence of quantum spin Hall

states in graphene on transition-metal dichalcogenides, Phys.
Rev. B 93, 155104 (2016).

[23] M. Gmitra and J. Fabian, Proximity effects in bilayer graphene
on monolayer WSe,: Field-effect spin valley locking, spin-orbit
valve, and spin transistor, Phys. Rev. Lett. 119, 146401 (2017).

[24] B. Yang, E. Molina, J. Kim, D. Barroso, M. Lohmann, Y. Liu,
Y. Xu, R. Wu, L. Bartels, K. Watanabe, T. Taniguchi, and J.
Shi, Effect of distance on photoluminescence quenching and
proximity-induced spin—orbit coupling in graphene/WSe, het-
erostructures, Nano Lett. 18, 3580 (2018).

[25] Y. Li and M. Koshino, Twist-angle dependence of the proximity
spin-orbit coupling in graphene on transition-metal dichalco-
genides, Phys. Rev. B 99, 075438 (2019).

[26] A. David, P. Rakyta, A. Kormanyos, and G. Burkard, In-
duced spin-orbit coupling in twisted graphene—transition metal
dichalcogenide heterobilayers: Twistronics meets spintronics,
Phys. Rev. B 100, 085412 (2019).

[27] T. Wakamura, F. Reale, P. Palczynski, M. Q. Zhao, A. T. C.
Johnson, S. Guéron, C. Mattevi, A. Ouerghi, and H. Bouchiat,
Spin-orbit interaction induced in graphene by transition metal
dichalcogenides, Phys. Rev. B 99, 245402 (2019).

[28] T. Naimer, K. Zollner, M. Gmitra, and J. Fabian, Twist-
angle dependent proximity induced spin-orbit coupling in
graphene/transition metal dichalcogenide heterostructures,
Phys. Rev. B 104, 195156 (2021).

[29] J. Wang, M. Ge, R. Ma, Y. Sun, L. Cheng, R. Wang, M. Guo,
and J. Zhang, Twist angle dependent electronic properties in
2D graphene/MoS, vdW heterostructures, J. Appl. Phys. 131,
034301 (2022).

[30] E. Runge and E. K. U. Gross, Density-functional theory for
time-dependent systems, Phys. Rev. Lett. 52, 997 (1984).

[31] J. He, S. Li, A. Bandyopadhyay, and T. Frauenheim, Un-
ravelling photoinduced interlayer spin transfer dynamics in
two-dimensional nonmagnetic-ferromagnetic van der Waals
heterostructures, Nano Lett. 21, 3237 (2021).

[32] J. He, S. Li, T. Frauenheim, and Z. Zhou, Ultrafast laser pulse
induced transient ferrimagnetic state and spin relaxation dy-
namics in two-dimensional antiferromagnets, Nano Lett. 23,
8348 (2023).

[33] M. Li and J. He, Terahertz laser pulse boosts interlayer
spin transfer in two-dimensional van der Waals magnetic het-
erostructures, J. Phys. Chem. Lett. 14, 11274 (2023).

[34] Y. Guo, Y. Zhang, Q. L. Liu, Z. Zhou, J. He, S. Yuan, T.
Heine, and J. Wang, Laser-induced ultrafast spin injection in all-
semiconductor magnetic Crl;/WSe, heterobilayer, ACS Nano
18, 11732 (2024).

[35] P. Elliott, T. Miiller, J. K. Dewhurst, S. Sharma,
and E. K. U. Gross, Ultrafast laser induced local
magnetization dynamics in Heusler compounds, Sci. Rep.
6, 38911 (2016).

[36] J. K. Dewhurst, P. Elliott, S. Shallcross, E. K. U. Gross, and
S. Sharma, Laser-induced intersite spin transfer, Nano Lett. 18,
1842 (2018).

[37] K. Iida, M. Noda, and K. Nobusada, Photoinduced elec-
tron transfer at the interface between heterogeneous two-
dimensional layered materials, J. Phys. Chem. C 122, 21651
(2018).

[38] T. Ozaki, Variationally optimized atomic orbitals for large-scale
electronic structures, Phys. Rev. B 67, 155108 (2003).

013300-10


https://doi.org/10.1088/2053-1583/2/3/030202
https://doi.org/10.1038/s41565-021-00936-x
https://doi.org/10.1103/PhysRevLett.108.196802
https://doi.org/10.1038/nnano.2012.96
https://doi.org/10.1038/nphys2942
https://doi.org/10.1038/s41524-023-00997-7
https://doi.org/10.1021/acs.nanolett.7b01393
https://doi.org/10.1103/PhysRevB.97.115445
https://doi.org/10.1021/acsphotonics.8b01306
https://doi.org/10.1126/sciadv.abg2999
https://doi.org/10.1021/acs.nanolett.8b04368
https://doi.org/10.1021/acs.nanolett.9b01611
https://doi.org/10.1103/PhysRevB.95.081404
https://doi.org/10.1021/acs.nanolett.7b03460
https://doi.org/10.1103/PhysRevB.92.155403
https://doi.org/10.1103/PhysRevB.93.155104
https://doi.org/10.1103/PhysRevLett.119.146401
https://doi.org/10.1021/acs.nanolett.8b00691
https://doi.org/10.1103/PhysRevB.99.075438
https://doi.org/10.1103/PhysRevB.100.085412
https://doi.org/10.1103/PhysRevB.99.245402
https://doi.org/10.1103/PhysRevB.104.195156
https://doi.org/10.1063/5.0077669
https://doi.org/10.1103/PhysRevLett.52.997
https://doi.org/10.1021/acs.nanolett.1c00520
https://doi.org/10.1021/acs.nanolett.3c02727
https://doi.org/10.1021/acs.jpclett.3c03000
https://doi.org/10.1021/acsnano.3c12926
https://doi.org/10.1038/srep38911
https://doi.org/10.1021/acs.nanolett.7b05118
https://doi.org/10.1021/acs.jpcc.8b05684
https://doi.org/10.1103/PhysRevB.67.155108

ULTRAFAST SPIN INJECTION IN GRAPHENE VIA ...

PHYSICAL REVIEW RESEARCH 8, 013300 (2026)

[39] T. Ozaki and H. Kino, Numerical atomic basis orbitals from H
to Kr, Phys. Rev. B 69, 195113 (2004).

[40] Database of pseudopotentials for OpenMX, https://www.
openmx-square.org/vps_pao2019/.

[41] J. P. Perdew and Y. Wang, Accurate and simple analytic repre-
sentation of the electron-gas correlation energy, Phys. Rev. B
45, 13244 (1992).

[42] Y. Oh, S. Song, and J. Bae, A review of bandgap engineering
and prediction in 2D material heterostructures: A DFT perspec-
tive, Int. J. Mol. Sci. 25, 13104 (2024).

[43] G. F. Bertsch, J.-I. Iwata, A. Rubio, and K. Yabana, Real-space,
real-time method for the dielectric function, Phys. Rev. B 62,
7998 (2000).

[44] T. Otobe, M. Yamagiwa, J.-I. Iwata, K. Yabana, T. Nakatsukasa,
and G. F. Bertsch, First-principles electron dynamics simulation
for optical breakdown of dielectrics under an intense laser field,
Phys. Rev. B 77, 165104 (2008).

[45] SALMON official website, http://salmon-tddft.jp.

[46] M. Noda, S. A. Sato, Y. Hirokawa, M. Uemoto, T. Takeuchi,
S. Yamada, A. Yamada, Y. Shinohara, M. Yamaguchi, K. Iida,
I. Floss, T. Otobe, K.-M. K.-M. Lee, K. Ishimura, T. Boku,
G. F. Bertsch, K. Nobusada, and K. Yabana, Salmon: Scalable
ab-initio light-matter simulator for optics and nanoscience,
Comput. Phys. Commun. 235, 356 (2019).

[47] N. Troullier and J. L. Martins, Efficient pseudopotentials for
plane-wave calculations, Phys. Rev. B 43, 1993 (1991).

[48] J. P. Perdew and A. Zunger, Self-interaction correction to
density-functional approximations for many-electron systems,
Phys. Rev. B 23, 5048 (1981).

[49] G. Theurich and N. A. Hill, Self-consistent treatment of
spin-orbit coupling in solids using relativistic fully separa-
ble ab initio pseudopotentials, Phys. Rev. B 64, 073106
(2001).

[50] J. K. Dewhurst, S. Shallcross, P. Elliott, S. Eisebitt, C. v. Korff
Schmising, and S. Sharma, Angular momentum redistribution
in laser-induced demagnetization, Phys. Rev. B 104, 054438
(2021).

[51] J. K. Dewhurst, A. Sanna, and S. Sharma, Effect of exchange-
correlation spin-torque on spin dynamics, Eur. Phys. J. B 91,
218 (2018).

[52] A. Hashmi, S. Yamada, A. Yamada, K. Yabana, and T. Otobe,
Valley polarization control in WSe, monolayer by a single-
cycle laser pulse, Phys. Rev. B 105, 115403 (2022).

[53] A. Hashmi, S. Yamada, A. Yamada, K. Yabana, and T. Otobe,
Nonlinear dynamics of electromagnetic field and valley po-
larization in WSe, monolayer, Appl. Phys. Lett. 120, 051108
(2022).

[54] A. Hashmi, S. Yamada, K. Yabana, and T. Otobe, Enhancement
of valley-selective excitation by a linearly polarized two-color
laser pulse, Phys. Rev. B 107, 235403 (2023).

[55] S. Yamada, K. Yabana, and T. Otobe, Subcycle control of
valley-selective excitations via the dynamical Franz-Keldysh
effect in a WSe, monolayer, Phys. Rev. B 108, 035404 (2023).

[56] H. Dery and L. J. Sham, Spin extraction theory and its relevance
to spintronics, Phys. Rev. Lett. 98, 046602 (2007).

[57] B. Liu, L. Yan, J. Si, Y. Shen, and X. Hou, Ultrafast photoin-
duced carrier transfer dynamics in monolayer MoS,/graphene
heterostructure, J. Appl. Phys. 134, 213101 (2023).

[58] G. Wen, S. Fu, M. Bonn, and H. I. Wang, Compositional
engineering of interfacial charge transfer in van der Waals het-
erostructures of graphene and transition metal dichalcogenides,
J. Chem. Phys. 161, 054714 (2024).

[59] F. Boschini, M. Zonno, and A. Damascelli, Time-resolved
ARPES studies of quantum materials, Rev. Mod. Phys. 96,
015003 (2024).

[60] F. Liu, Time- and angle-resolved photoemission spectroscopy
(TR-ARPES) of TMDC monolayers and bilayers, Chem. Sci.
14, 736 (2023).

[61] E. Golias, I. Kumberg, I. Gelen, S. Thakur, J. Gordes, R.
Hosseinifar, Q. Guillet, J. Dewhurst, S. Sharma, C. Schiifler-
Langeheine, N. Pontius, and W. Kuch, Ultrafast optically
induced ferromagnetic state in an elemental antiferromagnet,
Phys. Rev. Lett. 126, 107202 (2021).

[62] E.J. McCormick, M. J. Newburger, Y. K. Luo, K. M. McCreary,
S. Singh, I. B. Martin, E. J. Cichewicz, B. T. Jonker, and R. K.
Kawakami, Imaging spin dynamics in monolayer WS, by time-
resolved Kerr rotation microscopy, 2D Mater. 5,011010 (2017).

[63] K. Momma and F. Izumi, Vesta 3 for three-dimensional visu-
alization of crystal, volumetric and morphology data, J. Appl.
Crystallogr. 44, 1272 (2011).

013300-11


https://doi.org/10.1103/PhysRevB.69.195113
https://www.openmx-square.org/vps_pao2019/
https://doi.org/10.1103/PhysRevB.45.13244
https://doi.org/10.3390/ijms252313104
https://doi.org/10.1103/PhysRevB.62.7998
https://doi.org/10.1103/PhysRevB.77.165104
http://salmon-tddft.jp
https://doi.org/10.1016/j.cpc.2018.09.018
https://doi.org/10.1103/PhysRevB.43.1993
https://doi.org/10.1103/PhysRevB.23.5048
https://doi.org/10.1103/PhysRevB.64.073106
https://doi.org/10.1103/PhysRevB.104.054438
https://doi.org/10.1140/epjb/e2018-90146-1
https://doi.org/10.1103/PhysRevB.105.115403
https://doi.org/10.1063/5.0077235
https://doi.org/10.1103/PhysRevB.107.235403
https://doi.org/10.1103/PhysRevB.108.035404
https://doi.org/10.1103/PhysRevLett.98.046602
https://doi.org/10.1063/5.0174742
https://doi.org/10.1063/5.0210906
https://doi.org/10.1103/RevModPhys.96.015003
https://doi.org/10.1039/D2SC04124C
https://doi.org/10.1103/PhysRevLett.126.107202
https://doi.org/10.1088/2053-1583/aa98ae
https://doi.org/10.1107/S0021889811038970

