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ABSTRACT: Manipulation of spin degree of freedom (DOF) of electrons is the fundamental aspect of spintronic and
valleytronic devices. Two-dimensional transition metal dichalcogenides (2D TMDCs) exhibit an emerging valley
pseudospin, in which spin-up (-down) electrons are distributed in a +K (—K) valley. This valley polarization gives a DOF
for spintronic and valleytronic devices. Recently, magnetic exchange interactions between graphene and magnetic insulator
yttrium iron garnet (YIG) have been exploited. However, the physics of 2D TMDCs with YIG have not been shown before.
Here we demonstrate strong many-body effects in a heterostructure geometry comprising a MoS, monolayer and YIG.
High-order trions are directly identified by mapping absorption and photoluminescence at 12 K. The electron doping
density is up to ~10"> cm ™, resulting in a large splitting of ~40 meV between trions and excitons. The trions exhibit a high
circular polarization of ~80% under optical pumping by circularly polarized light at ~1.96 eV; it is confirmed experi-
mentally that both phonon scattering and electron—hole exchange interaction contribute to the valley depolarization with
temperature; importantly, a magnetoresistance (MR) behavior in the MoS, monolayer was observed, and a giant MR ratio
of ~30% is achieved, which is 1 order of magnitude larger than the reported ratio in MoS,/CoFe,0, heterostructures. Our
experimental results confirm that the giant MR behaviors are attributed to the interfacial spin accumulation due to YIG sub-
strates. Our work provides an insight into spin manipulation in a heterostructure of monolayer materials and magnetic substrates.
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Figure 1. MoS,/YIG heterostructure and optical selection rules at the +K (—K) point. (a) Schematic of valley and spin optical transition selection
rules at the Kand K’ points in the crystal momentum space. The bands of the same electron spin are in the same color. The spin degeneracy at the
valence-band edges is lifted by spin—orbit interactions. The valley and spin degrees of freedom are coupled. The right- (left-) hand circular
polarized light 6— (6") generates spin-up (-down) electrons and spin-down (-up) holes in the +K (—K) valley. (b, c) Schematic and optical image
of a monolayer MoS,/YIG heterostructure. (d) Raman spectra of monolayer Mo$S, on the YIG substrate. (e) Magnetization M of ~60 nm YIG
films on a Si substrate as a function of magnetic field at ~300 K. The out-of-plane and in-plane saturation magnetization M, are ~0.2 and ~0.01 T,

respectively.

WSe,, is half a unit cell of the bulk crystal and thus induces the
breaking of space-reversal inversion symmetry. Two sublattices
are occupied by one transition metal atom and two chalcogen
atoms in the honeycomb lattice structure, thus generating a local
in-plane electric field.* This gives rise to optical selection rules for
interband transitions at the +K (—K) momentum valley and the
valley Hall effect.”~"" The spin-up (-down) electrons and spin-
down (-up) holes mostly exist in the +K (—K) momentum valley
under optical pumping by right-handed (left-handed) polarized
light (Figure la). The orbital magnetic moment p; (27ug),
the spin magnetic moment y, (2s,45), and the valley magnetic
moment y, (Aatug) contribute to the total magnetic moment y
of electrons (holes), which is perpendicular to the MoS,
monolayer,' "' where y; is the Bohr magneton, 7 = +1 for the
+Kvalleys, s, is the spin in the z direction, @ = my/m™*, where m*
is the effective mass of electrons (holes) in the conduction
(valence) band, and Aa = a, — a,. Thus, the band gap should be
increased in the +K momentum valley under a positive magnetic
field (B > 0) and contrarily decreased in the —K momentum
valley,"® and the band gap shift AE = uB = —(2 — Aa) uyB. The
magnetic manipulation of valley splitting, however, is only
feasible under high external magnetic field (B = ~7 T)."!

The interfacial magnetic exchange field can enhance the
interaction of the total magnetic moment of electrons with the
external magnetic field."*"® The ferromagnetic insulators, such
as EuS and yttrium iron garnet (YIG), have given rise to the
strong magnetic proximity effects, imparting ferromagnetic
properties and an anomalous Hall effect in graphene, WSe,,
and Pt films.'°”"® However, the low Curie temperature (T =
~15 K) and large saturation magnetization (M, = ~2 T) inherent
in EuS thin films limit practical applications. The T of YIG films
is above room temperature and the M is ~0.2 T, which is critical
for spin manipulation at high temperature and low magnetic
field."” However, the interface physics of 2D TMDCs with YIG

12258

films have not been explored before. This raises two fundamental
questions in the MoS,/YIG heterostructure: (1) How do the
YIG magnetic substrates affect the photoluminescence (PL)
and valley polarization of a MoS, monolayer? and (2) do the
magnetoresistance effect and interfacial magnetic exchange field
take place in the MoS, monolayer? Moreover, in theory, the
valley-spin relaxation originates from the electron—hole
exchange interaction;”"~>* however, few experimental reports
exist on the relaxation mechanism of valley polarization as a
function of temperature.”” Here we investigate the optical
response and valley polarization of monolayer MoS, in a MoS,/
YIG heterostructure by means of absorption and photo-
luminescence spectroscopy. We demonstrate that the high
electron doping of ~10" cm™ gives rise to the trions in the
whole MoS, monolayer. The splitting between trion resonance
and neutral exciton A resonance is distinct below 170 K, which is
~40 meV. The valley polarization of trions is ~80% at 12 K. Our
results experimentally demonstrate that the synergy of phonon-
assisted intervalley scattering and electron—hole exchange
interaction contributes to the valley depolarization with increas-
ing temperature. Importantly, a giant magnetoresistance (MR)
ratio of ~30% is observed in MoS,/YIG heterostructures. Both
valley polarization and linear Hall resistance results exclude the
possibility of an interfacial magnetic exchange interaction; thus
the MR behaviors originate from the spin accumulation at the
interface of the MoS, monolayer and YIG substrates.

RESULTS AND DISCUSSION

Trions in the MoS,/YIG Heterostructure. In our
investigation, MoS, monolayers were mechanically exfoliated
from bulk crystal onto polydimethylsiloxane (PDMS) films and
transferred onto ~60 nm YIG films on a Si substrate. The MoS,/
YIG heterostructure is shown in Figure 1b and c¢. The Raman
in-plane Ezgl mode and out-of-plane A;, mode of the exfoliated
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Figure 2. Electronic structure of the MoS, monolayer. (a) Absorption spectra of the MoS, monolayer as a function of temperature in the range of
12—290 K. The trion and exciton (A and B) resonances are noticeable and clearly distinguishable. (b, ¢, d) Absorption maps of trion and exciton
(A and B) resonances of the MoS, monolayer on a YIG substrate at 12 K. This unambiguously demonstrates that trion resonances are uniformly
formed in the MoS,/YIG heterostructure. (e) Absorption spectra of the MoS, monolayer on PDMS substrates as a function of temperature, which

do not offer any detectable trion feature.

MoS, monolayer are at 383.3 and 401.8 cm™, respectively
(Figure 1d). The energy difference between E,,' and A;, modes
is used extensively in the literature as the fingerprint of the
number of layers, in this case the energy difference between the
E,,! and Ay is 18.5 cm™!, confirming that MoS, is a mono-
layer.”*™*” The YIG film is pure polycrystalline garnet phase
(Supplementary Figure S1). The out-of-plane (hard axis) and
in-plane (easy axis) M, of the YIG films are ~0.2 and 0.01 T at
room temperature (Figure le), respectively, which highlights the
teasibility of applying a low magnetic field toward the interfacial
magnetic exchange field at high temperature.

The optical absorption spectra of an atomically thin monolayer
allow us to gain an understanding of the basic features of the
exciton in the MoS,/YIG heterostructure. The strong spin—orbit
coupling of the electrons in d-orbitals of the metal atoms results
in the splitting of the valence band at the K points, giving rise to
exciton A and B resonances in the band-edge transition. Figure 2a
shows the typical absorption spectra of a MoS, monolayer as a
function of temperature in the range of 12—290 K. It shows three
pronounced absorption features at 12 K. The feature at 2.08 eV is
associated with direct optical transitions of B excitons. Because of
the electron doping, two peaks at 1.97 and 1.93 eV are identified,
which are attributed to neutral A exciton resonance and a nega-
tively charged trion resonance, respectively.”* " To further
validate the trions in the MoS, monolayer, microabsorption
mapping was performed at 12 K. All optical absorption mea-
surements were carried out in a vacuum with ~500 nm spatial
resolution in the photon energy range of 1.6—2.2 eV. Figure 2b—d
show the corresponding absorption intensity image of the
trion, exciton A, and exciton B at 12 K, which visualize that
the MoS, monolayer is homogeneously doped by electrons
(Supplementary Figure S3a), giving rise to a trion accompanied

by exciton A and exciton B across the whole MoS, monolayer.
Below 170 K, the absorption features of trion and exciton A are
distinct, which however are broadened as the temperature
increases and become almost indistinguishable above 190 K
(Figure 2a and Supplementary Figure S2). All three absorption
resonances of the trion, exciton A, and exciton B are red-shifted
as the temperature increases, which contributes to the interac-
tion of electrons with optical phonons resulting from the high-
frequency Bose—Einstein oscillations, in which E(T) = E; + 24,/
(exp(E,/kgT) — 1) + A,, where E, is the average energy of the
Bose—Einstein oscillators corresponding to the optical phonons
(Supplementary S3). The temperature variation of the trion,
exciton A, and exciton B can be well fitted by the Bose—Einstein
oscillator model (Supplementary Figure S3b). The average energy
of the optical phonons of the MoS, monolayer is ~23 + 4 meV.
The splitting AE,, .. between the trion and exciton A is ~40 =+
2 meV, which is almost independent of the temperature
(Supplementary Figure S3b). Furthermore, to verify the electron
doping from YIG substrates, we studied the absorption prop-
erties of the MoS, monolayer on PDMS substrates, which are used
to exfoliate the corresponding MoS, monolayer (Figure 2e). The
exciton A and B features are clearly detected; however, no
detectable trion feature is observed; this indicates that YIG
substrates contribute to the electron doping toward the trions.
We speculate that the electron doping for trions may be due to
the oxygen dangling bonds on the surfaces of YIG substrates
(Y3FesOy,).

Valley Polarization of Trions. The temperature depend-
ence of trion PL intensity yields insight into the trion binding
energy. We photoexcite a MoS,/YIG heterojunction by a right-
hand (67) and left-hand (6") circular polarized laser at 1.96 €V,
giving rise to a right-hand (67) and left-hand (¢") circular
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Figure 3. Valley and spin control of trions as a function of temperature. (a) Absorption and right-hand circular PL emission (67) spectra of
monolayer MoS, at 12 K. The green arrow represents the photon energies at 1.96 eV used to excite the samples in the circular PL measurements.
(b) Right-hand circular emission (67) spectra as a function of temperature by right-hand (67) circularly polarized excitation at 1.96 V. (c) Two-

dimensional image of right-hand circular emission (¢7) in (b).

emission. It should be noted that the excitation energy is smaller
than the A exciton resonance energy below 90 K (Supplementary
Figure S3b). Figure 3a shows the right-hand PL and corre-
sponding absorption spectra of the MoS, monolayer in a MoS,/
YIG heterojunction at 12 K. The PL peak at ~1.93 eV matches
the trion absorption resonance in both its position and width.
Therefore, we attribute the PL emission to the trions.”> We
attribute the feature at 1.92 and 1.94 eV to the emission of defect-
trapped excitons.””*” The evolution of the trion emission energy
as a function of the temperature under a right-hand circular
polarized laser at 1.96 eV with 1.5 mW is plotted in Figure 3b,c.
As the temperature increases from 12 K to 290 K, the PL peak
energy monotonically decreases from 1.93 eV to 1.85 eV. The
trion binding energy (AE,) is estimated to be ~17 + 2 meV
(Supplementary Figure S4),>* which is comparable with the
reported value.”” The two PL peaks at 1.92 and 1.94 eV become
weak as the temperature increases and are almost indistinguish-
able and disappear above 150 K. We suggest thus that the PL
emission at 1.92 and 1.94 eV may be due to the defects in the
MoS, monolayer. The trion binding energy AE, is predicted to
obey AE,, = AE, . — 0.5(mey/mey)Ey”” where myy, = 2m, +my, =
1.13my and my, = m, + my, = 0.78mg, where my, is the effective mass
in units of electron mass of the MoS, monolayer.”> Thus, the
Fermi energy E¢is ~67 meV in the MoS,/YIG heterojunction.
In atomically thin 2D materials, the size confinement and weak
screening result in a dramatically enhanced exciton effect,
electron—electron interactions, and Coulomb interactions.*® The
Coulomb potential for electrons and holes separated by a distance
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of r is defined by V,;(2D) o —%(ln( .

) +(-In 2)e_'/'°),
r+r

where r, is the screening length, which is ~3—4 nm in 2D materials,
and y is the Euler's constant, ~0.5772.°°"*° Importantly, the
dimensionless strength of the charge interactions, r, can be

s

considered to be the ratio of Coulomb potential to kinetic energy,
which is given byr, = 2//7n (e,h"/m,e*). Thus, the Coulomb
potential of the MoS, monolayer is an order of magnitude larger
than that of 2DEG system at the conventional heterojunc-
tions, which also increases as a function of electron density
(Supplementary S5, Figure S5).*>* To clearly compare with
recently reported results, we still use the Fermi level equation from
ref 31, E; = i*zn./2m. €%, although which is more appropriate for a
2D electron gas in GaAs semiconductor heterojunctions; the
electron density 7, is thus estimated to be ~1.0 X 10" cm™2, which
is comparable with the reported value achieved under an 80 V gate
voltage.30 However, it should be noted that the effective electron
mass 1, is from the MoS, monolayer, and thus the obtained n, can
still be used to measure the electron density in the MoS, monolayer
to some extent.

Further, our polarization-resolved PL shows that the
luminescence of trions conserves valley polarization. The right
and left circularly polarized luminescence spectra of trions in a
MoS,/YIG heterostructure at 12 K are shown in Figure 4a and b,
respectively. Under the right-hand circular polarized (o7)
excitation at 1.96 eV with 1.5 mW, the P(¢”) is much larger
than P(c"), and the degree of circular polarization 7 is ~70%,
which is defined as 7 = (P(67) — P(6"))/(P(67) + P(c")),
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Figure 4. Valley depolarization mechanism. (a, b) Polarization-resolved photoluminescence spectra of the trions by right-hand (6”) and left-hand
(6%) circular polarized excitation at 1.96 eV at 12 K, nearly on-resonance with the trion and A exciton. The peak at ~1.89 eV is assigned to a Si
Raman feature, indicating that the system is in excellent calibration. The inset in (a) is a two-dimensional image of the degree of circular
polarization 7 at 12 K; 17 = ~70%. (c) Degree of circular polarization 7 as a function of temperature in the range of 1.70—1.96 V. (d) Temperature

dependence of 7 of the trions. The inset represents the spin relaxation.

where P(6”) and P(c") are the intensity of right-hand (¢7) and
left-hand (%) circular polarized PL. The distinct sharp peak at
~1.89 €V in the left-hand PL spectra is the Raman signals of
Si, however which is undetectable in the right-hand PL spectra,
thus validating that our system is in good calibration for valley
polarization measurement. The inset in Figure 4a shows the
mapping of # of the corresponding MoS, monolayer on YIG
substrates at 12 K, which indicates that the # is in the range of
70—80% in the MoS, monolayer.

Figure 4c show the temperature dependence of the degree of
polarization 7 under right-hand circularly polarized excitation,
which decreases as the temperature increases (Supplementary S6,
Figure S6). Below 30 K, the 7 is nearly temperature independent
with a similar value. In the MoS, monolayer, the Elliot—Yafet
(EY) mechanism and the Dyakonov—Perel (DP) mechanism are
strongly suppressed for spin relaxation, and the large spin
splitting (0.5—1 eV) inhibits the intravalley spin flip.”” The
Bir—Aronov—Pikus (BAP) mechanism, which is due to the e—h
exchange interaction, contributes to the spin-flip and intervalley
scattering, which allows a hole spin to relax by a simultaneous
valley- and spin-flip scattering with the electrons. The circular
polarization 7 is equal to Py/(1 + 27,_/74_g), where 7,_is the PL
lifetime and 7, is the intervalley relaxation time of the trions
(Figure 4d, inset). It is supposed that the intervalley electron—
hole exchange interaction contributes to valley depolarization;
on the other hand, the intervalley scattering involved in the
Coulomb potential, phonons, and impurities also results in the
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valley depolarization.”"** It is hypothesized that the intervalley
scattering relaxation rate 1/7,¢ is proportional to both the
phonon population 1/e™/%T and the electron—hole exchange
interaction kT (2m,ky T)"/?; the radiative lifetime of trions obeys
a monotonically increasing relation with increasing temperature,
Trae & kg T;>*~* on the contrary, the nonradiative time decreases
with temperature, Tyga_ o /57" The lifetime of trions thus is
givenby 1/7,_ o< 1/ksT + e /5T We anticipate that the intervalley
spin relaxation may be due to the combination of various
mechanisms described above to some extent; thus the temper-
ature variation of the degree of circular polarization of the trions
is well fitted by 7 o< 1/(1 + bT*/(e¥’T + yT)) and a = 3.1, which is
close to the theoretical parameter of 2.5 (Figure 4d). Thus, the
synergy of electron—hole exchange interaction and phonon
scattering determines the temperature variation of valley polar-
ization. It should be noted that the energy difference between the
excitation laser (1.96 eV) and the trion resonance also increases
as the temperature increases (Supplementary Figure S3b), which
may also contribute to the decrease of valley polarization.*
The magnetic moment depends on the exchange coupling
strength of different atoms from YIG and the adjacent layer.
The YIG termination layer and defects contribute to the inter-
facial magnetic exchange, which also determines the electronic
and magnetic properties of the adjacent layer, such as Pt and
graphene.” We thus investigate the valley Zeeman splitting
in heterostructures comprising a MoS, monolayer and YIG,
GaMnAs, Eu-doping YIG, and YIG treated by Ar and O, plasma
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sample. The solid curves show Lorentzian fits. (d) FMR field (Hpyg) vs microwave frequency for bare YIG and MoS,/YIG samples, which can be

fitted well by f = y/H(H + 47M,), indicating 47M, = ~1678 + 3 G.

under a magnetic field of 0.2 T at 12 K. However, there is no
distinguished difference between the right- and left-hand PL
emission spectra (Supplementary S7, Figure S7). The first-
principles calculation results show that the Zeeman splitting of
MoS, can be neglected in a van der Waals heterostructure com-
prising a MoS, monolayer and a YIG terminated by a crystalline
plane (111) consisting of tetrahedral and octahedral Fe** and Y**
ions (Supplementary S8, Figure S8). Thus, we suggest that the
Zeeman-type splitting is too weak to be observed in the MoS,/
YIG heterostructures at 0.2 T magnetic fields.

To validate interfacial spin interaction of a 2D TMDC mono-
layer and YIG magnetic insulator, the magnetoresistance of a
MoS, monolayer on YIG substrates is studied at 1.5 K. As shown
in the insets in Figure Sa and b, the longitudinal resistance of a
MoS, monolayer on YIG substrates is given by R, = V,./L.
when the current (I,,) flows along the longitudinal direction
under the out-of-plane magnetic field (H,), which is normal to
the MoS, monolayer plane and perpendicular to the I,,. The MR
ratio (MR,,) is defined by (R,.(H) — R.,(0))/R,,(0). A giant
MR behavior is clearly observed at 1.5 K (Figure Sa). The
resistance of the MoS, monolayer is decreased as the magnetic
field increases. A negative MR,, ratio thus is obtained and up to
—26% under a 2 T magnetic field, which is 1 order of magnitude
larger than that in MoS,/CoFe,0, heterostructures at least.

Recently, negative MR behaviors have been observed in Dirac
semimetal Cd,As, nanowires and ribbons,"”*® TaSb,,* and
ZrTes™ and Weyl semimetals TaAs’' and few-layer WTe,”” due
to the chiral anomaly effect and the weak localization. A giant
positive MR also has been detected in polycrystal graphene, which
originates from the ripples formed at nanodomain boundaries.>*
However, no detectable MR behavior is observed in a single-crystal
MoS, monolayer on Si/SiO, substrates (Figure 5a),”* which
indicates that the chiral anomaly, weak localization, and nano-
domain boundary effect can be ruled out in the MoS,/YIG
heterostructures. It should be noted that the YIG and SiO, films
are insulator materials, which cannot divert the electron current
away from the MoS, monolayer; thus we speculate that the
variation of resistance of the MoS, monolayer as a function of
magnetic field is due to the interface spin interaction in MoS, and
YIG. Generally speaking, two possible physical mechanisms
determine the MR behaviors: (1) the induced magnetic moment
by interfacial magnetic proximity effect; (2) accumulated spin at
the interface, in which the spin-current is coupled with the
electron current, leading to the resistance change. Since the right-
hand and left-hand circularly polarized PL spectra are almost
totally overlapped under a magnetic field correlated with the
saturation magnetization of YIG (Figure le), this indicates that
no magnetic proximity effect takes place at the interface of the
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MoS, monolayer and YIG. The Hall effect measurements show a
linear ordinary Hall resistance behavior (Figure Sb), which also
indicates that proximity-induced magnetism can be ruled out,
consistent with the polarization-resolved PL results. Thus, we
attribute the negative MR behavior to the interfacial spin accu-
mulation due to YIG.

To obtain an understanding of interfacial spin interaction
mechanism, ferromagnetic resonances (FMR) were carried out
in shorted waveguides and cavities. Figure Sc shows the FMR
absorption derivative profiles of bare YIG and MoS,/YIG hetero-
structures obtained with an 8.0 GHz cavity. The thickness of the
YIG layer in both samples is tuned to be S nm for facilitating the
observation of interfacial interaction.”> The FMR line-width
(AH) is assigned to be the peak-to-peak line-width of the FMR
absorption derivative profiles, which is given by \/ 3AH =2af/lyl +
AH,, where a is the effective damping parameter, f is the micro-
wave frequency, Iyl is the gyromagnetic ratio, lyl = 2.8 MHz/Oe,
and AH, represents the line-width inhomogeneity. The FMR
peak-to-peak line-widths of YIG (AH_YIG) and MoS,/YIG
(AH_MoS,/YIG) are 27.2 and 35.2 Oe, respectively. The larger
line-width of MoS,/YIG indicates an increasing damping and
the occurrence of spin pumping and transfer of spin angular
momentum between YIG and MoS, at the interface.'”” Com-
pared with a AH enhancement of 74.2% and 193.5% in
graphene/YIG and Pt/YIG,"” a 29.4% enhancement of AH is
absolutely observed in our MoS,/YIG heterostructures,
indicating lower but manifest interfacial coupling of spin angular
momentum at the interface. The spin pumping is attributed to
the interfacial coupling of the MoS, monolayer and spins in the
YIG films,> which results in a torque between MoS, and YIG
magnetization. This torque leads to an increase of the FMR
line-width and simultaneously influences the resistivity and
mobility of the MoS, monolayer and further results in the giant
magnetoresistance. Figure 5d shows the FMR field (Hgyg) as a
function of microwave frequency. The Hgyi of MoS,/YIG and
bare YIG are overlapped almost totally, which confirms that no
magnetic proximity effect takes place again and may also rule out
the static coupling of magnetization at the interface, consistent
with the polarization-resolved PL and Hall resistance results.
It is thus speculated that the interfacial spin coupling and accu-
mulation contribute to the magnetoresistance behavior. Further
systematic studies are needed on the other types of 2D TMDC
monolayers (such as Crl; and Cr,Ge,Te;), crystal stacking,
defects, and gate voltage, which may play a significant role in
defining the magnetic exchange interaction and interfacial spin
manipulation.

CONCLUSION

Our studies reveal that the YIG magnetic insulator gives a doping
electron density of ~10"* cm™, giving rise to trions in the MoS,
monolayer; the spin accumulation induces a giant magneto-
resistance ratio of ~30% at the interface of the MoS, monolayer
and YIG films, which derives from the torque due to spin
interfacial coupling. The trions show high circular polarization
and large binding energy, which may provide possibilities of the
manipulation of many-body states of the TMDC monolayer. The
electron doping density for trions also can be tuned from ~5 X
10" cm ™2 to ~1 X 10" cm™ by electric field under gate voltages
from 0 to 80 V.** Our YIG was grown on p-doped Si substrates,
which is facilitated to further deeply tune the trions to improve
the splitting energy, developing integrated optoelectronic and
photonic devices.

The time-reversal symmetry of 2D TMDCs is broken under
optical excitation by circularly polarized light, which gives rise to
the valley Hall effect.”® The 2D TMDCs/YIG heterostructures
show potential to give a magnetic freedom to manipulate the
electron spin for spintronic and valleytronic devices by spin and
valley Hall effects. Recently, YIG was shown to be an ideal
material for spin-wave spin-currents, although it is an insulator
for electric currents.”” The spin-wave spin-current is injected
from the YIG layer into the Pt layer, in which the spin-current is
converted into an electric voltage perpendicular to the spin
polarization direction via spin—orbital coupling.’®*” Therefore,
the 2D TMDCs/YIG heterostructures are a promising geometry
toward spin-wave spin-current devices.

EXPERIMENTAL METHODS

Sample Preparation. MoS, monolayer flakes were mechanically
exfoliated from bulk crystal onto PDMS films and then transferred onto
YIG/Si substrates, which were grown by pulsed laser deposition.'”

Optical Spectroscopy Measurement. The PL, Raman, and
reflection signals were recorded by a Witec Alpha 300R Plus confocal
Raman microscope, which is coupled with a closed cycle optical cryostat
(10 K) and a XY scanning stage. A long work distance S0X objective
(NA = 0.55) was used for the low-temperature PL and reflection
measurement. The polarization-resolved PL spectra were obtained
under a circular polarization excitation at 1.96 eV of 1.5 mW. The
Raman spectra were collected under 2.33 eV laser excitation of S mW.
The magnetic field of 0.2 T was home-built by a Nd,Fe ,B permanent
magnetism disk with a ~1 cm diameter and ~1.3 mm thickness, and a
hole of ~1 mm diameter is at the center of the disk. The sample was put
between two Nd,Fe ,B disks through the hole, which were put in the
cryostat.

Magnetoresistance Measurement. The magnetoresistance and
Hall resistance measurements were performed in an Oxford Teslatron
system at a base temperature of 1.5 K. All resistances were measured by
sourcing a DC current of 10 nA with a Keithley 2400 and measuring the
voltage signal using a Keithley 2000. A gate voltage of 80 V was supplied
with a Keithley 6430.
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