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Semiconductor transition metal dichalcogenides are an archetype for spin-

tronic devices due to their spin-to-charge interconversion mechanisms.
However, the exact microscopic origin of this interconversion is not yet
determined. In our study, we investigated light-induced spin pumping in
YIG/MoS, heterostructures. Our findings revealed that the MoS, monolayer
microsized flakes contribute to spin current injection through two distinct
mechanisms: metallic edge states and semiconductor area states. The com-
petition between these mechanisms, influenced by the flake size, leads to

different behaviors of spin-pumping. Our calculations of the local density of
states, by means of density functional theory, of a flake show that light-driven
spin current injection can be controlled based on the intensity of light with a
suitable wavelength. We demonstrate that a lightdriven spin current injection
can enhance up to very high values, attenuate, or even switch on/off the spin-

to-charge interconversion. These results hold promise for developing low
energy-consuming opto-spintronic device applications.

Spintronics has emerged as a promising field for developing next-
generation devices that intertwine the spin and charge degrees of
freedom'>. Research shows that the spin Hall effect (SHE) in metals
with high spin-orbit coupling is a key effect on the interconversion of
spin and charge currents*”’. However, other effects might be even
greater than the SHE. Systems with orbital degrees of freedom can
exhibit a significant orbital Hall effect (OHE)®. Materials with a non-zero
Berry curvature are capable of generating spin accumulation, termed
as valley Hall effect (VHE)°™. In addition, the Rashba-Edelstein effect
(REE), stemming from the breaking spatial inversion symmetry at
interfaces, can lead to orbital and spin currents ™. Generally, these
effects are called Hall effects.

One of the main challenges in practical applications of spintronics
is the energy efficiency control of magnetic and spin states and the
interconversion between charge and spin currents, especially at ultra-
fast time and small scales. In this scenario, light can play a pivotal role

as an energy-efficient way to overcome these issues. However, several
challenges still need to be addressed, such as optimizing the efficiency
of light-induced magnetic effects, improving the stability of materials,
and designing scalable spintronic light drive devices'. A deeper
understanding of the fundamental interaction of light with spintronic
materials is crucial for actual applications of opto-spintronic devices.

The 2-dimensional (2D) transition metal dichalcogenides (TMDs),
especially semiconductors with hexagonal structures, stand out as an
excellent investigation archetype to explore the fundamental origins
of spin-to-charge interconversion and the influence of light. Encom-
passing a distinctive set of features, TMDs can manifest various phe-
nomena, including SHE, OHE, VHE, and REE. Among the TMDs,
molybdenum disulfide (MoS,) is particularly interesting. A MoS,
monolayer comprises two S layers sandwiching one Mo layer in a
covalently bonded hexagonal structure. This structure leads to a
semiconductor state in the bulk and broken inversion symmetry,
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resulting in a combined spin-momentum locking and high spin-orbit
coupling (SOC) required for the Hall effects” . MoS, monolayers can
exhibit different edge states depending on their termination. When
grown in a sulfur-rich environment, the flakes of MoS, monolayer take
on triangular shape and zigzag edge terminations?**. This specific
termination results in the emergence of metallic edge states, which
have been both experimentally observed and theoretically calculated
in a narrow region a few nanometres wide along the edges of triangular
flakes?**°, Hence, the semiconductor states in 2D are expected to
coexist with the metallic states located at the edges of the flakes. As a
result, the edge and the 2D semiconductor area states can contribute
differently to the spin-to-charge interconversion through Hall effects
and its Kelvin-Onsager thermodynamic reciprocal effects.

Several experiments have been recently conducted to measure
the spin-to-charge current conversion in MoS,. These experiments
were carried out on various MoS, systems, such as a single flake of
monolayer®*, large areas®, several monolayered flakes*, a few layers
thick flakes®?¢, and the dependence of its thickness”. These studies
provide insights into the fundamental physics of spin transport in
MoS, based devices. However, since all contributions were observed
simultaneously in those works, it was impossible to disentangle the
different edge and area contributions.

One of the most common approaches to analyze the spin-to-
charge interconversion is to measure the broadening of the ferro-
magnetic resonance (FMR) linewidth spectrum of soft ferromagnetic
materials in contact with the material under investigation. This process
is known as spin pumping, and it occurs due to the injection of angular
momentum from the magnetization precession of the ferromagnetic
layer to the MoS; layer, allowing controlled probing of a material’s spin
current injection. Since the spin current can only be injected in the
TMDs in direct contact with the ferromagnetic layer, this technique
can be used to probe small areas, such as tiny flakes, as well as large
areas, such as big or abundant flakes®. Spin pumping is a method that
has the advantage of averaging the flakes and reducing the impact of
local defects in comparison to localized techniques like Kerr micro-
scopy, spin transfer torque, and electrical measurements, which
examine only one flake at a time**~*’. Moreover, spin pumping does not
need electrical contacts in the sample, which could suppress some
contributions from Hall effects. This is particularly important because
of the differences in conductivity between the 2D semiconductor and
the metallic edge states present in the MoS, flakes. In addition, if the
material used to inject the angular momentum is a magnetic insulator,
such as yttrium iron garnet (YIG), it injects a pure spin current,
avoiding unwanted electrical effects*®*’.

Although significant efforts have been made to develop new tools
and theories to better understand TMD spintronics, a study that dis-
entangles the fundamental contributions of the Hall effects and the
influence of light has yet to be explored. In this context, we conducted
a spin pumping study on the enhancement of YIG’s Gilbert damping,
which revealed a competitive interplay between two distinct spin
pumping channels: one arising from the metallic edge states and the
other originating from the 2D semiconductor area states. This com-
petition was modulated by varying the aspect ratio of MoS, monolayer
flakes. No existing theoretical framework or model, to the best of our
knowledge, adequately explains these phenomena. Furthermore,
using density functional theory (DFT) to calculate the local density of
states (LDOS) in triangular MoS, flakes, we demonstrated how the
balance between these two channels —metallic and semiconductor—
can be finely controlled by adjusting the intensity of illumination with
appropriately tuned wavelength. These theoretical insights guided our
experiments, which confirmed that it is possible to precisely tune the
interplay between the metallic and semiconducting phases.

These experimental results, in line with the theoretical frame-
work, lead to an unprecedented level of control over the spin-pumping
behaviour of the system, allowing us to amplify, diminish, switch on, or

completely turn off the spin-pumping effect. We believe that this
ability to finely control spintronic effects offers a significant break-
through in the field of Hall effects and spintronics in general, with
potential implications for advanced applications in spin-based devices.

Results

To investigate the different contributions of the Hall effects to the spin
pumping in molybdenum disulfide (MoS,), we fabricated several YIG/
MoS, heterostructures, as illustrated in Fig. 1. Monocrystalline yttrium
iron garnet (YIG) thin films oriented along the (111) direction were sput-
tered on the top of a gadolinium gallium garnet (GGG) substrate to act as
spin injectors into MoS,**"". The triangular-shaped MoS, monolayer flakes
were synthesized by atmospheric pressure chemical vapor deposition
(APCVD) on SiO,/Si substrates®®?, As the growth of MoS, crystals starts at
a nucleation point, the flake size can be controlled, ranging from 1um in
lateral size to a continuous monolayer film by increasing the growth time.
It is important to note that larger flakes and even films are formed by
merging two or more flakes. The previously prepared and magnetically
characterized YIG samples were then covered with different amounts and
sizes of MoS, flakes via an etching-free transfer method®.

To support the flake quality and the transfer method, Section S1 of
the Supplementary Information shows and discusses the optical
microscopy maps, Raman spectra, Raman map, photoluminescence
spectroscopy, atomic force microscopy, and light absorption spectra
of samples. The Methods and Experiments section describes sample
preparation, Raman and photoluminescence spectroscopy, scanning
electron microscopy, ferromagnetic resonance, spin pumping mea-
surements, and density functional theory calculations.

The spin-to-charge interconversion can be analyzed through the
thermodynamic Kelvin-Onsager reciprocal effects when the magneti-
zation precession of the YIG injects a spin current into MoS,. It is
important to note that the YIG has very low Gilbert damping and, as a
magnetic insulator, the angular momentum injection is expected to
occur as a pure spin current, thus avoiding unexpected electrical
effects that could lead to artefacts in the measurements***°, Therefore,
as proposed by Tserkovniak et al. **>* for SHE (which can be extended
to OHE and VHE), the enhancement of the magnetic layer (FM) Gilbert
damping when coupled to a metallic layer (M) is proportional to the
Hall effects following the equation:
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where YIG is the FM layer and we are considering the MoS, (triangular
flake or film) in the place of the metallic layer, S0 ay;g/p0s, and ayg are
the Gilbert dampings for YIG/MoS; and YIG, respectively, ¢ is the spin-
flip probability at each scattering which is proportional to the spin-
orbit coupling, S is the interface YIG/MoS, area, g; is the g factor, u is
the total film magnetic moment in units of ug, g"* is the interfacial
mixing conductance, kr is the Fermi wave vector, L is the YIG film
thickness, and Asp is the spin-diffusion length.

In Eq. 1, it is clear that spin pumping is influenced by the interface
area (S) and the thickness (L) of the metallic film. The thickness
dependence is related to the Hall effects in MoS,, where spin pumping
increases for smaller thicknesses and saturates for thicker films®’.
There’s an ongoing debate about the mechanism of the spin-to-charge
conversion phenomenon in semiconductor MoS,. Experimental stu-
dies suggest the Rashba-Edelstein effect as the primary effect® >, while
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Fig. 1| Disentanglement of the spin-to-charge interconversion in MoS, mono-
layer flakes. Spin pumping (asp) dependence as a function of the: (a) total edge
length (Proear), (b) total MoS; area (Ar,.q), and (e) total MoS; area divided by the
total perimeter (A7oa/Pror)- The normalization on the (e) x-axis is based on the
fact that the metallic edge states are proportional to the perimeter multiplied by
the width of the metallic edge states, resulting in an adimensional unit. The

highlighted samples S1to S4 were selected for studying the light influence in the SP.
Illustrations of the YIG/MoS, heterostructures with small (red region) and larger

flakes (blue region) are shown in (c) and (d), respectively. Representative scanning
electron microscopy of MoS; flakes with small Azo.q)/Prowa ratio is shown in (f) with a
scale bar of 2 um and with higher A7.q/Protq ratio in (g) with a scale bar of 100 um.

theoretical works attribute it to Hall effects®***. Both the REE and its
Kelvin-Onsager reciprocal, steamed inverse REE (IREE) results from a
broken inversion symmetry, which, for MoS,, is expected only at the
YIG/MoS, interface, making it independent of MoS, thickness. The
Supplementary Information Section S2 details the thickness-
independent behavior of spin pumping®, leading to the conclusion
that the semiconductor state dictates the main spin pumping behavior
as expected for IREE.

On the other hand, the contribution of the MoS, metallic edge
states to the spin pumping remains unexplored. It is worth noting that
when MoS, is grown in a sulfurrich atmosphere, the MoS, triangular
flakes terminate in a zig-zag-type edge® . Both theoretical and
experimental studies state that the MoS; zig-zag termination produces
metallic (conductive) edge-states®® 2,

To explore the influence of these edge states in the spin pumping,
a set of samples varying the MoS, triangular size and the number of
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flakes deposited onto the YIG film were measured by spin pumping.
Henceforth, we define two important parameters: the total area of the
MoS, flakes (A7) and the total perimeter of the MoS, flakes (Prozar).
These parameters are calculated using the following equations:

n
Arotal = Z aq; (2a)
i=1
n
PTntal =w- Zpi, (Zb)

i=1

The total area, Ar,q;, is the sum of the areas of each MoS, flake, a;,
covering the YIG film, where n is the number of flakes. Similarly, Pry.qs is
the sum of the perimeters of the individual MoS, flakes, p; w, is a
constant width of a few nanometers along the edges of the triangle, to
provide a two-dimensional aspect to Pr,. To measure the area a; and
perimeter p; of individual flakes, images obtained by optical micro-
scopy were analyzed by the ImageJ software®. The MoS, merged edges
and grain boundaries were not included in the total perimeter esti-
mate. For more information on quantifying the area and perimeter of
the samples, as well as their appearance, please refer to Section S1.8 of
the SI.

The spin pumping dependence of Pryq and Ay are shown in
Fig. 1a, b, respectively. In previous discussions, it has been established
that the semiconductor phase of MoS, exhibits IREE as the primary
mechanism for spin pumping. Since this effect occurs at the interface,
the spin pumping in these heterostructures is expected to be directly
proportional to the YIG/MoS, interfacial area (S), as documented in
refs. 31,33-37. If the spin pumping in the YIG/MoS, heterostructures
were solely attributable to the semiconductor phase, one would
anticipate a linear increase in asp with A7, However, as illustrated in
Fig. 1b, it is evident that asp does not exhibit a linear relationship with
Aroear, indicating that factors other than interfacial area need to be
taken into account. This suggests that the metallic edge states could
also play a role in the injection of spin current into the MoS, flakes.

Moreover, if only the metallic edge states, which are the areas
along the sides of the triangles**°, contribute to spin pumping due to
the inverse spin Hall effect (ISHE) as predicted by Eq. 1, for the case
where a metallic layer is in direct contact with the FM, there should be a
linear relationship between asp and the total edge Pry.. Figure 1a
contradicts this expectation as there seems to be no correlation
between the spin pumping and Py, Based on the analyses conducted
so far, it appears that asp does not depend solely on either Az,.q OF
Procar- This suggests that a more complex scenario needs to be con-
sidered to understand the origin of spin current injection into the
MoS, flakes. To comprehend this point, both semiconductor area and
metallic edge states have to be taken into account.

In order to differentiate between the contributions of the semi-
conductor area states and the metallic edge states, Fig. 1e illustrates
the variation of asp as a function of the ratio of the total MoS, coverage
area to the total MoS, perimeter (A7o:a/Prora)- The graph displays a
V-shaped curve with two distinct behaviors. The first, highlighted in
light red, demonstrates a decrease in spin pumping as the Ao/ Protar
ratio increases. Conversely, after a certain compensation point, where
asp is extrapolated to zero (highlighted in light blue), the slope
becomes positive, and asp increases as Ao/ Prowar increases. Notably,
the data can be fitted by the absolute value of a single linear function,
as shown in Fig. le, where the solid line represents the experimental
data fit by the equation displayed on the graph. Despite the complexity
of the sample preparation, the entire dataset follows a linear behavior
with minimal dispersion. These results suggest that both semi-
conductor area states and metallic edge states contribute to the
injection of spin current into the MoS, triangular flake.

This V-shaped curve can be explained by a competitive interplay
between the two channels contributing to the overall spin current
injection. One channel is associated with the semiconductor area
states, proportional to A7y, and the second is associated with the
metallic edge states, proportional to Pr,.. To better understand those
behaviors, it is helpful to visualize the diagram located above the graph
in Fig. 1e. This diagram displays the red and blue arrows that represent
the metallic edge and the semiconductor area channel contributions
to the asp, respectively. Meanwhile, the gray arrow indicates the overall
measured spin pumping, which corresponds to the difference between
these channels.

It is worth noting that when considering the samples with small
Atoral/ Prowar 1atio (light red region), they have a higher proportion of
total edge (Prorq) compared to the area (A7) because they have
smaller MoS; flakes. A representative scanning electron microscopy of
the flakes of this region (light red) is shown in Fig. 1f with a 2 um scale
bar. To better visualize the largest metallic edge contribution in rela-
tionship to the semiconducting area in this region, a scheme of the
spin pumping in these samples is depicted in Fig. 1c. The semi-
conductor contribution becomes more significant as the Azoa/Protar
ratio increases since the samples in the light blue region have bigger
flakes. An illustration showcasing the relationship between these two
contributions in samples is depicted in Fig. 1d, and representative
scanning electron microscopy of a bigger flake is displayed in Fig. 1g
with a 100 um scale bar.

To better understand this picture, first we focus on the light red
region, where the Arya/Proat 1atio is small. Here, the contribution
from the metallic edge state channels dominates, as represented by
the red arrows in the diagram of Fig. le, leaving the semiconductor
area state channels a secondary role. This area contribution has an
opposite sign and is denoted by the smaller and opposite blue arrows
in the diagram. Increasing the ratio, the metallic edge state channel’s
dominance remains, but its importance decreases. This means that the
spin current injected by the semiconductor area states becomes more
noticeable as the ratio increases. Considering the channels as having
opposite polarity, a decrease in the overall spin pumping is observed,
represented by the gray arrow in the diagram. This trend continues
until, by extrapolation, both channels balance each other at the com-
pensation point, where the value of asp would be zero, and therefore
no spin current is injected into the MoS,. Actually, so far, it is not clear
why area and edge states have opposite contributions, but as we will
discuss later, ab initio calculations will be useful to clarify this question.

Beyond the compensation point (light blue region), a further
increase in the A7y/Prow ratio leads to a switch in dominance.
Therefore, the semiconductor area states, here represented by the
largest blue arrows on the right side of the diagram (see Fig. le),
dominates the spin current injection, while the metallic edge state,
represented by the smaller and opposite red arrows plays a secondary
role. A further increase in the A7yqi/Procas ratio implies that the already
dominant semiconductor area states become even stronger than the
metallic edge states, leading to an overall increase in spin pumping.
The V-shaped behavior observed for spin pumping (asp) as a function
of the Aroa/Proa Yatio appears to be robust. In spin pumping studies,
it is also common to consider the mixed spin conductance (g.)
alongside asp, as g+, depends on both asp and the magnetic properties
of the ferromagnetic material. This makes it easier to compare across
different ferromagnetic materials. In Supplementary Information Sec-
tion S3, g4, is presented in more detail, along with its dependence on
the A7oras/Procar Yatio, which also exhibits the same V-shaped behavior.

The geometric properties of monolayer MoS, flakes have a sig-
nificant impact on the competition between semiconductor and
metallic edge states in spin injection to MoS,. Each point in the graph
in Fig. 1e corresponds to a different sample, so new samples are nee-
ded to better track the V-shaped curve in detail and uncover missing
information about the origin of the spin injection, especially near the
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compensation point and in the right region. However, producing new
samples with a given Az,q/Pro in this curve is a challenging task.

To further investigate the V-shaped curve, we can adjust the
balance between the metallic and semiconductor channels by
exciting electrons from the valence to the conduction band. This
can be done by illuminating the MoS, flakes with the appropriate
light wavelength. By controlling the light intensity, we can reg-
ulate the number of electrons promoted to the conduction
band, thus controlling the enhancement of the metallic con-
tribution of the spin pumping and precisely tracking the
V-shaped curve.

This approach is supported by density functional theory calcula-
tions of the electronic properties of MoS, flakes®*** (see Methods). To
investigate the metallic behavior of MoS; triangular flakes, we analyzed
atomic projected quantities, such as the LDOS and the real-space
representation of the charge density.

The Fig. 2 panel A shows the LDOS for a MoS, triangular flake with
a lateral distance of 57 nm and zigzag-terminated edges. We calculated
the LDOS for two distinct regions: edge and area. The edge region is
formed by the two outmost MoS, triangular flake atomic lines (green
curve). Whereas, all other atoms form the area region (red curve). The
shaded region corresponds to the MoS, monolayer bandgap (fully
periodic), which corresponds to a value of 1.7 eV. This bandgap value is
in good agreement with the literature®® (see Supplementary Informa-
tion Section S4). As shown in panel A, the area LDOS (red curve) is very
small within the monolayer bandgap (shaded region). In contrast, the
edge LDOS (green curve) exhibits a high density of states within the
bandgap, indicating the presence of metallic edge states in the MoS,
triangular flake with zigzag termination, as previously discussed. A
deeper understanding of the charge spatial distribution can be
obtained by examining the partial charge density (PARCHG) at selec-
ted energy levels. The vertical blue lines labeled (i), (ii), (iii), and (iv) in

/A

—— Edge
600 1 —— Area
3 400
Q
a 200 4
|
0
-6 =

N /o

LIGHT EXCITED STATES

. )
Koll)
o) @
)
)

/B

T
k=
I
,go
Occupied iy
states >
w
0
S
N 2
e
w
('8
_/ :
Empty I
states

%4
%05

A b A b A b bAb AL

E =1.56 eV

E=2.08 eV

-

E=208eV

GROUND STATE

AN /

Fig. 2 | Area and edge MoS, electronic states. In (A), the graph depicts the local
density of states (LDOS) as a function of the energy for a MoS, triangular flake with
zig-zag termination and a lateral distance of 57.3 nm. The green curve represents
the edge states LDOS, defined as the two outermost atomic lines along the flake’s
edge. The red curve is the area states LDOS, which is defined as all other atomic
sites on the flake. The grey region highlights the full MoS, monolayer (fully peri-
odic) bandgap energy region. The vertical blue lines labeled (i), (ii), (iii), and (iv)
correspond to selected energies, namely, 0.00, 0.45,1.67, and 2.08 eV, respectively.
B shows the MoS, triangular flake real space representation of the partial density of
states for each energy highlighted in panel (A). The isosurface value is 0.005
electrons/A%. Cillustrates the process of electronic excitation in the triangular MoS,
flake when exposed to 2.08 eV light, which promotes electrons from below the
Fermi level, as depicted in panel B (i), to the unoccupied states above the bandgap
(spatial distribution shown in panel B (iv)). Initially, the system is in its ground state,

with electrons occupying states below the Fermi level, as represented by flake (I),
leaving the states above the bandgap entirely unoccupied, as shown in flake (II).
Upon illumination, electrons are excited from the Fermi level to higher-energy
states, filling previously unoccupied states. As the intensity of the light increases,
electrons preferentially populate states with the highest LDOS, as illustrated by
flake (II1). With further increases in light intensity, more electrons are excited from
the Fermi level, progressively occupying states that are less probable, as reflected
by the increasing red contrast in the flakes (II-V). At maximum light intensity, all
available states become occupied, rendering the flake fully metallic, as demon-
strated by flake (V). Notably, the spatial distribution of LDOS in the fully illuminated
flake (V) mirrors that in panel B (iv), with the key difference being that the states in
flake (V) are fully occupied, whereas those in panel B (iv) remain unoccupied. The
color scale ranges from white, representing no empty states, to red, representing
the occupied states (i.e., the metallic states), as shown on the scale bar.
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panel A, correspond to energies of 0.00, 0.45, 1.67, and 2.08eV,
respectively.

The charge distributions at these selected energies are further
analyzed in Fig. 2 panel B, from (i) to (iv). These panels depict the real-
space representation of the PARCHG for the MoS, triangular flake at
each corresponding energy. Panel B (i), shows the spatial charge
density distribution at the Fermi level (E=0.00 eV), which represents
the ground state of the system. This result reveals that the most
populated sites are located at the edges of the flake, which confirms its
metallic behavior. The flakes in panel B (ii) and (iii) show the spatial
distribution of the LDOS at excited energy states within the system’s
bandgap. As previously discussed, the LDOS within the bandgap is
negligible (as indicated by the red curve in the shaded region of panel
A). The edge states dominate, so the spatial distribution of the LDOS at
these energies does not change significantly. In contrast, panel B (iv)
shows the LDOS at an excited energy state beyond the bandgap. Unlike
the previous PARCHG, the LDOS is more evenly distributed across
both the surface area and the edges of the flake.

Figure 2 panel C illustrates the process of electronic excitation in
the flake when exposed to 2.08 eV light. This light promotes electrons
to unoccupied states above the bandgap, as shown in panel C (I) and
(ID). The red sites represent occupied states, while the white sites
represent vacant ones. Initially, the system is in its ground state, with
electrons occupying states below the Fermi level, as depicted panel C
(I) (or equivalently panel B, (i), leaving all other states unoccupied.
When the flake is illuminated, electrons are excited to higher energy
states, filling previously unoccupied states. As the intensity of the
2.08 eV light increases, electrons are first excited to the most probable
states—those crystalline sites with the highest LDOS—as shown in panel
C (IlN). With further increases in light intensity, more electrons near the
Fermi level are excited to unoccupied states above the bandgap, as
depicted in panel C (IV). These electrons gradually occupy less prob-
able sites, i.e., those with lower LDOS. This process is represented by
the increasing red contrast in the flakes in panel C (Il) to (V), reflecting
the growing number of electrons occupying these states. With a fur-
ther increase in light intensity, the red contrast intensifies (panel C
(IV)), indicating a greater number of sites being occupied by electrons,
effectively rendering more metallic sites. Eventually, at a given light
intensity, all states are occupied, and the flake becomes fully metallic,
as represented by the red triangle in panel C (V).

When analyzing the effect of the 2.08 eV light illumination (see
Fig. 2 panel C (lI-V)), it is evident that electronic excitation, leading to
the creation of light-induced metallic sites, initiates from the central
region of the flakes and spreads towards the edges as the light intensity
increases. Notably, the spatial distribution of LDOS in the fully illumi-
nated flake (panel C (V)) resembles that of Panel B (iv), except that
initially the states (panel B (v)) are occupied, while those at the second
(Panel B, (iv)) remain unoccupied.

Our results indicate that in the absence of any significant doping,
meaning the Fermi level is at zero energy, our samples will show a
metallic character that is controlled by the edge states.

According to this theoretical approach, we can analyze the
V-curve by focusing on the compensation point. This involves shining
the appropriate light wavelength on the MoS; flakes, as shown in Fig. 2.
As a result, one can expect the semiconductor’s contribution to spin
pumping to decrease while the metallic contribution increases. By
adjusting the light intensity, it is possible to control the number of
electrons moving to the conduction band, which in turn regulates the
enhancement of the metallic contribution to spin pumping. Therefore,
the V-curve can be accurately tracked by controlling the light intensity
and fine-tuning the balance between the semiconducting area and
metallic edge states.

To study the effects of light on the spin current generation, we
have performed spin pumping measurements in the presence of light
with different wavelengths to populate the conduction band of MoS,,

according to the illustration in Fig. 3a. The DFT bandgap of MoS, was
calculated to be 1.7 eV. However, it is well known that DFT tends to
underestimate the actual bandgap (see Supplementary Informa-
tion Section S4). Therefore, in the experiments, we chose to use violet
light with a wavelength of 405 nm (3.03 eV) which is expected to be
above the electronic bandgap. We selected four samples with different
Atoral/ Protar Tatios to cover the two regimes. These four samples are
labeled S1, S2, S3 and S4 in Fig. 1. As can be seen in this figure, through
the V-shape, the samples S1 to S4 are in order from left to right, i.e. for
smaller to larger flakes. Remembering that this is not the case for either
Atorar (Fig. 1b) or Pryq (Fig. 1a). The spin pumping variation of these
four samples and a bare YIG sample is shown in Fig. 3(b), where the
samples clearly exhibit different behaviors. To provide a more detailed
explanation of each sample, the results of S1-S4 are shown in Fig. 3c
through f, respectively. The diagram at the top of each figure uses the
same notation as before: the red arrows indicate the metallic edge,
while the blue arrows represent the 2D semiconductor contributions in
the opposite direction. The gray arrows represent the total spin
pumping measured, which is the difference between the metallic
edges and 2D semiconductor contributions. The purple arrows
represent the light-driven contributions.

The sample Sl is represented by purple squares in Fig. 3c. It has
the smallest A7/ Proca Tatio, far before the compensation point, lying
in the light red region (see Fig. le). Here, the contribution of metallic
edge state channels to spin pumping is more significant than that of
semiconductor area states. On the top of this figure is a diagram that
illustrates the contribution to overall spin pumping (the measured
asp). This sample presents a dominant metallic edge state (red arrwos)
while the smaller 2D semiconductor contribution is in the opposite
direction. By illuminating the S1 sample with violet light, electrons
within the semiconductor regions are excited from the valence to
conduction bands, as indicated by the violet arrows. This photo-
excitation results in an increase in the density of conductive carriers in
the semiconductor areas, thereby enhancing the metallic contribution
to the asp, which continues to rise with intensified light exposure.

Sample S2 is represented by yellow pentagons in Fig. 3d; it has the
same behavior as S1. In both samples, the spin pumping is already
dominated by the metallic edge state (red arrows in the diagram),
which has the same contribution intensified by the light (violet arrows
in the diagram). Therefore, the enhancement of spin injection (gray
arrow in diagram) is achieved by increasing the photon flux.

It is worth noting that when MoS, is illuminated, there is a sig-
nificant increase in spin injection from YIG to MoS, in both S1 and
S2 samples. For sample S1 the spin injection doubles from
asp=3.2x10"* to asp=6.5%x107*, when illuminated. For comparison,
this value is in the same order as the YIG/Pt system, among the highest
values reported so far’®'. These findings are particularly impressive
given the low coverage of TMD (A7) in the S1 sample, which only
covers about 28% of the YIG’s total area (Fig. 1b). Additionally, one can
notice that the light-driven spin pumping enhancement in sample S1
(Fig. 3¢) is higher than in sample S2 (Fig. 3d). This is possibly due to the
number of available states depending on the average size of flakes. The
overall MoS, covered area of sample S1 is much smaller than that of
sample S2, therefore, the light intensity required to achieve the flakes
fully metallic (as exemplified in Fig. 2 panel C (V)) could be smaller for
smaller flakes.

In sample S4, represented by red hexagons in Fig. 3e, the Ary/
Proeq ratio is the highest and far beyond the compensation point lying
in the light blue region (see Fig. 1e). As illustrated in the diagram the 2D
semiconductor state represented by the blue arrows dominates the
spin pumping. The metallic edge state contribution to the spin
pumping in this region is smaller, with an opposite signal, as illustrated
by the smaller switched red arrows. As the light enhances the metallic
states, this contribution (represented by the violet arrows) will be
additive to the metallic edge contribution. Hence, as the overall spin
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Fig. 3 | Light-driven spin-to-charge conversion. In (a) is presented a schematic
representation of the light-induced spin pumping. The spin pumping (asp) as a
function of photon flux (light intensity) is shown in (b) to (f) for violet light

(405 nm), (g) for red light (650 nm), and (h) for green light (532 nm). In the dia-
grams (c) to (f) the overall spin pumping (SP) and the individual contributions from
the metallic (M), semiconducting (SC) and metallic excited (ME) states are

Photon flux (ph/s x 10'5)

represented by gray, red, blue and purple arrows, respectively. Samples S1to S4 are
represented by purple squares, yellow pentagons, green circles, and red hexagons,
respectively. The solid symbols represent the data recorded on the coplanar
waveguide without light incidence, and the open symbols represent the data
recorded in the cavity with light incidence. The solid blue circles represent the
bare YIG.

pumping measured is the difference between metallic and semi-
conductor channels, the overall spin pumping (gray arrows) will
experience a decrease with the increasing photon flux.

The sample S3 represented by green circles in Fig. 3f is note-
worthy. The nonilluminated sample is in the same region as sample S4.
However, the A7y to Proq ratio is close to the compensation point,
where aspis zero. As deciped in the diagram, at lower photon flux, the
sample S3 behaves similarly to the S4 sample. This means that the light

enhances the metallic contribution, which has an opposite signal
regarding the semiconductor contribution, reducing the total asp, as
represented by the leftmost set of arrows on the diagram. This trend
continues as the photon flux increases until the contribution of the
metallic states reaches the same intensity as the semiconductor. At this
point, both contributions cancel each other, and the overall spin
pumping is zero. The central set of arrows in the diagram represents
this compensation point. As depicted by the rightmost set of arrows,
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the system switches with a further increase in photon flux. The metallic
states become the major contributor to asp, in detriment to the 2D
semiconductor contribution. From this point, increasing the light
intensity will promote the already dominant contribution, the metallic
state. At this point, sample S3 will behave like the S1 and S2 samples,
meaning that the overall asp will increase with the photon flux. In fact,
with higher photon flux, the sample S4 is expected to behave similarly
to the S3.

For comparison, Fig. 3b shows the asp measure for all samples and
the bare YIG (as reference sample) as a function of the violet light
(405nm and 3.03 eV) intensity while keeping the symbols and the
color notation of the samples.

A recent theoretical work reported by Habara and Wakabayashi®’
has shown that in a monolayer of metallic NbSe,, a TMD with strong
spin-orbit coupling field, this field can act as an effective Zeeman field,
leading to unconventional topological spin properties. The authors
predict that a pure spin Hall current can be generated by light irra-
diation due to the topological nature of monolayer NbSe, and its finite
spin Berry curvature. As the same ingredients are also present, a similar
effect can likely occur in MoS,. Since NbSe, is metallic, one can con-
jecture that illumination with a suitable light (violet here) can enforce
the already existent metallic edge states spin injection from YIG to
MoS, flakes. This explanation might be the microscopy origin of
enhancing the metallic state contribution driven by light. In addition,
our results also support the predictions made by the authors, i.e., the
light-driven spin-polarized current in TMDs.

Further tests were performed with the samples under different
conditions to ensure that the observed light-induced effects were done
by promoting electrons to the conduction band and not due to spur-
ious effects or any measurement artifact. To verify that the promotion
of electrons was responsible for the observed effects, asp was mea-
sured as a function of photon flux for the four samples and a bare YIG
sample for distinct wavelengths. Figure 3g, h show the spin pumping
with the samples excited by red light (1.91 eV and 650 nm) and green
light (2.33eV and 532 nm), respectively. By using these two wave-
lengths, no change in asp was observed. Therefore, for these energies
the electrons cannot be excited into the conduction band, which does
not change the measured total spin pumping. It is important to note
that although the photon energy of the green light (2.33 eV) is above
the underestimated bandgap calculated by DFT, as discussed earlier
and in the SI, it is probably still smaller than the actual bandgap. This is
in agreement with recent experiments that have measured for the
MoS, monolayer an electronic bandgap as 2.40eV®. YIG sample
represented by the blue circles in Fig. 3 was measured under the same
conditions as the previous samples, and no change in the FMR line-
width was found, regardless of whether or not red, green or violet
lights were used. This confirms that the observed behavior is due
to MoS..

Recent studies have shown that ultraviolet (UV) light can irre-
versibly alter the properties of MoS,. For instance, UV exposure can
modify the interaction between MoS, and oxygen, promoting the
formation of oxides on the MoS, surface®”’°. Furthermore, UV light can
introduce defect states and modify the surface bonding of MoS,,
leading to changes in its band structure”. Although these irreversible
effects have been observed with UV light, which has a higher photon
energy, it is crucial to verify that the violet light used in this study does
not induce similar alterations or damage to MoS,. To ensure that violet
light did not damage the MoS, flakes, we performed FMR measure-
ments before and after all experiments with varying incident light
power. As shown in Supplementary Information Section S5 the FMR
spectra and asp remained unchanged before and after the experiments
with light. This indicates that the light did not damage the MoS,
monolayer and that the experimental procedure is fully reversible.

All the narratives until now need further explanation about the
origin of spin pumping in a semiconductor material. MoS, has a gap of

approximately 2 eV, as discussed in detail throughout the manuscript.
Therefore, it is unclear how the excitation employed in the FMR essays,
which is in microwave order, can inject the angular momentum from
YIG to MoS,.

Considerable research has been conducted in the field of energy-
efficient magnetization manipulation. To minimize energy consump-
tion in magnetization switching, researchers have focused on using
light-assisted spin-orbit torque to control magnetization and spin
current generation in TMDs’>”*, Moreover, recent studies have
demonstrated the possibility of electrically controlling the modulation
of circular polarization and spin injection through magnetization
dynamics. This breakthrough is a significant step towards the devel-
opment of next-generation information and communication
technology””’. However, energy-efficient opto-spintronic devices are
still far from being achieved.

This work represents a significant advance in the understanding of
the physical nature of spin-charge interconversion in transition metal
dichalcogenides. Our results show distinct contributions from 2D
semiconductor area and metallic edge states to spin current injection
in MoS; and the role of light-excited states in these contributions.
Beyond the fundamental findings, our results allow us unprecedented
control over spin current injection. By exploiting the light intensity, the
spin pumping can be finely tuned by promoting light-excited states
where the spin currents can be amplified, attenuated, or even switched
on and off. Therefore, these results mark a significant milestone in
opto-spintronics by demonstrating the feasibility of controlling spin
currents via light excitation at room temperature.

Discussion

We studied the efficiency of light-driven spin current injection in tri-
angular MoS, monolayer flakes from YIG thought spin pumping
measurements. Alongside the detailed fabrication and comprehensive
characterisation, the main experimental results reported are: The
identification of two distinct channels contributing to spin pumping,
one originating from metallic edge states and the other from semi-
conductor area states. On this regard, we can conjecture that each may
have a different microscopic origin. The semiconductor phase, as
demonstrated in this work, is driven by the inverse Rashba
Edelstein effect, while the metallic phase likely arises from the spin
Hall effect.

This dual contribution opens up two promising directions for
these systems, either in device applications or as fundamental proto-
types for deeper studies in spintronics.

Our experimental evidence clearly demonstrates that these two
channels operate concurrently. While one channel transfers angular
momentum from the ferromagnetic layer (YIG) to the TMD (MoS,, in
our particular case), the other channel either returns angular
momentum from the TMD to the YIG or inject angular momentum with
an opossite sign. This competition gives rise to a compensation point
where these spin-pumping contributions cancel each other out. The
existence of various channels contributing to spin-to-charge inter-
conversion is well-established in the literature, with these mechanisms
typically realized through the use of multiple layers, either within the
same material or across different materials. For instance, Pt/FM/W
trilayers are often employed to enhance terahertz emission’®”®, While
Pt and W exhibit opposite spin Hall angles, their placement relative to
the FM layer leads to a geometry in which the spin currents from both
materials combine to enhance the emission. In contrast, Pt/FM/Pt
multilayers have recently been used to investigate the orbital Hall
effect in adjacent materials. In this case, the spin current injected by
the bottom Pt layer is either partially or fully canceled by the con-
tribution of the top Pt layer. This competition between the two Pt
layers facilitates the study of the adjacent material*®®". Despite the
distinct mechanisms of spin current injection, which in the case of Pt
and W is the spin Hall effect, an analogy can be drawn to better
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understand the interaction between the two spin current channels in
MoS,, the metallic edge and semiconductor area states.

It is noteworthy that the zigzag metallic edge states studied here
may not be the only additional channel capable of spin-to-charge
interconversion in TMDs. Recently, the existence of one-dimensional
metallic states in 1H-MoS, grain boundaries has been shown®’., How-
ever, this particular configuration, called mirror twin boundaries, only
occurs when the two adjacent crystals are exactly 60° rotated. In our
case, the relative crystal orientation of the adjoining flakes was not
controlled, so the formation of this specific case is unlikely. In addition,
no experimental evidence for boundary influence on spin pumping has
been found. Nevertheless, the existence of different one-dimensional
metallic channels in TMDs opens the possibility of investigating new
channels of spin-to-charge interconversion.

Moreover, we have shown experimentally that by shedding the
system with light with suitable energy (wavelength) and adjusting its
intensity, we can modulate the balance between metallic and semi-
conductor channels. This allows the fine control of the spintronic
manifestation in this system, either amplifying, diminishing, switching
them on, or even completely turning off the spin current injection. Our
experimental light-driven disentanglement results between the
metallic edge and semiconductor area phases were studied by the local
density of state of the MoS, flake calculations and its real-space
representation of the partial charge density (which depicted the spatial
distribution of the LDOS), comprehensively conducted by density
function theory calculations. These analyses helped to verify the con-
comitance of the states of the metallic edge and the semiconductor
area and how the intensity of the light (with the right energy) can
balance each other. In principle, a further spin pumping calculation
could be achived by including many body interactions and linear
response theory in a combination with DFT and effective
Hamiltonians.

It is crucial to note that although we can offer some plausible
insights into the underlying mechanisms, no existing model or theory,
to the best of our knowledge, adequately explains this phenomenon.
We believe that a study presenting such clear, reproducible, and highly
unexpected results—results that challenge conventional thinking and
stimulate new questions for the scientific community. Additionally, the
ability to control the spintronic properties of this system -amplifying,
attenuating, switching on, or completely turning off spin pumping-
simply by modulating the intensity of incident light represents a
breakthrough innovation. This capability not only introduces a pre-
viously unreported mechanism in the field but also opens the door to a
wide array of energy-efficient optoelectronic devices.

The observed light-driven modulation of spintronic effects in
MoS; likely extends across the broader family of transition metal
dichalcogenides, including other 1H phase compounds (e.g., MoSe,,
MoTe,, WS;) and possibly the T and T’ phases, some of which may
exhibit topological insulating states. This generality suggests a sig-
nificant foundation for further research, potentially expanding control
over spintronic properties in two-dimensional materials. As detailed in
recent literature®, several TMD compounds may present similar
behaviors, although some are still theoretical predictions. By broad-
ening the applicability of our findings, our study paves the way for a
new avenue in spintronic research within TMDs.

Methods

Yttrium iron garnet growth

Thin films of yttrium iron garnet (YIG) were grown by magnetron
sputtering on monocrystalline gadolinium gallium garnet (GGG) sub-
strates oriented along the (111) direction. The sputtering chamber
pressure was 9.0 x 1078 Torr, and the working argon pressure and flow
were 10 mTorr and 15 sccm, respectively. We used an RF power of 75 W.
After deposition, an ex situ annealing was performed with oxygen flow.
The films had a thickness of 50 nm and a squareshaped pattern of

1x 1 mm?, which were achieved through photolithography using a laser
writer model pPG101 with 3 um resolution and AR-P3510 photoresist™.

MoS, monolayer growth and transfer

Triangular flakes of MoS, monolayers have been synthesized by
atmospheric pressure chemical vapor deposition (APCVD) on SiO,/Si
substrates. Flakes with different edge sizes were obtained by varying
the growth conditions, ranging from 1um to a continuous film. The
growth of the MoS, crystal starts from a nucleation point and is
obtained by sulphurisation of molybdenum oxide. By increasing the
growth time, the size of the triangular flakes continues to grow and
eventually coalesce to form a uniform continuous MoS; film. A given
number of MoS, triangles with a chosen edge size were individually
transferred from the Si substrate to the YIG using a simple etch-free
transfer method. Finally, several samples of YIG with different areas of
MoS, coverage were prepared following the procedure described in
refs. 20-22.

Surface and edge analysis

All samples were investigated by optical microscopy to evaluate the
covered area and the total length of the edges of the MoS, triangles.
Images were analyzed using the Image) software®’.

MosS, few-layer exfoliation

A few layers of MoS; were deposited on YIG films using an automated
technique based on mechanical abrasion. We used a soft polymer
(polydimethylsiloxane, PDMS) to cover a tip coupled to a computer
numerical control (CNC). This tip is then pressed into the MoS, powder
precursor, and the CNC acts as an XY writing pad, performing
mechanical abrasion and leaving TMD along the way, providing the
deposition. The CNC is coupled to a piezoelectric sensor that controls
the z coordinate to achieve excellent uniformity. This technique allows
the deposition of TMD thin films on large substrates without damaging
the substrate surface. Film properties are controlled through the
parameters of the deposition system. The thickness of the film is
mainly influenced by the number of exfoliations of the material on the
substrate surface. Consequently, this approach made it possible to
obtain a certain thickness by adjusting the number of exfoliations®".

Raman and photoluminescence spectroscopy

Raman and photoluminescence maps and spectra were obtained using
a micro-Raman spectrometer (NT-MDT, NTEGRA SPECTRA) in a
backscattering configuration equipped with a solid-state laser
(473 nm). We performed the experiments using a 100x objective and
anincident laser power of 0.2 mW. The Raman and PL mapping images
were collected using a 10 x 10 um? piezoelectric stage.

Scanning electron microscopy

The scanning transmission electron microscopy (STEM) imaging was
performed at an acceleration voltage of 3.0kV on a Jeol 7100FT
microscope.

Ferromagnetic resonance and spin pumping

Ferromagnetic resonance (FMR) was performed on all samples before
and after MoS, transfer. FMR measurements were performed using a
broadband coplanar waveguide from 3 to 14 GHz with AC magnetic
field modulation (0.5 Oe and 45kHz) for lock-in detection. A fixed-
frequency cavity configuration (9.8 GHz) was used with the same
modulation techniques for light-excited FMR measurements***'. More
details on the FMR and spin pumping analysis can be found in the
Supplementary Information Section S3.

Density functional theory calculation
We used the plane-wave-based code Vienna ab-initio simulation
package (VASP)**®. With the generalized gradient approximation
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(GGA)*** to treat the exchange and correlation potential. The ionic
cores were described using scalar relativistic projected augmented
wave (PAW) potentials®®. A plane-wave-expansion cutoff of 400 eV was
adopted with a 0.01eV/A force criterion for structural optimization.
The MoS, flakes were constructed with a triangular geometry and a
zigzag edge termination, to reproduce the experimental setup. Dif-
ferent flake sizes were explored and we are showing results for the
largest, with a lateral size of 57.3A and 604 atoms in the supercell.
Since VASP uses periodic boundary conditions, we included a vacuum
layer in all directions to ensure a minimum of 15 A distance between an
atom and its image.

Supplementary information

Optical images of the Si/SiO,/MoS, and GGG/YIG/MoS, samples.
Detailed Raman, photoluminescence, and light absorption spectro-
scopy. Raman frequency maps and atomic force microscopy of single
MoS,; flake. Details of the ferromagnetic resonance and spin pumping
measurements. A discussion about the bandgap in the MoS,, and the
Rashba-Edelstein Effect in the semiconductor states of the MoS,.

Data availability

The source data is available at https://doi.org/10.5281/zenodo.
14976824. All relevant data are available in the main text, supporting
information, and source data, and can be obtained from the authors
upon request. Source data are provided with this paper.

Code availability
The code is available at https://doi.org/10.5281/zenodo.14976862.
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