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Two-dimensional (2D) van der Waals (vdW) heterostructures fabricated by combining 2D materials with
unique properties into one ultimate unit can offer a plethora of fundamental phenomena and practical appli-
cations. Recently, proximity-induced quantum and spintronic effects have been realized in heterostructures of
graphene (Gr) with 2D semiconductors and their twisted systems. However, these studies are so far limited
to exfoliated flake-based devices, limiting their potential for scalable practical applications. Here, we report
spin-valley coupling and spin-relaxation anisotropy in Gr-MoS2 heterostructure devices prepared from scalable
chemical vapor-deposited (CVD) 2D materials. Spin precession and dynamics measurements reveal an enhanced
spin-orbit coupling strength in the Gr-MoS2 heterostructure in comparison with pristine Gr at room temperature.
Consequently, large spin-relaxation anisotropy is observed in the heterostructure, providing a method for spin fil-
tering due to spin-valley coupling. These findings open a scalable platform for all-CVD 2D vdW heterostructures
design and their device applications.

DOI: 10.1103/PhysRevMaterials.7.044005

I. INTRODUCTION

Two-dimensional (2D) materials host unique charges,
spins, and orbital degrees of freedom that can be uniquely
manipulated in van der Waals (vdW) heterostructures for
quantum and spintronic applications [1–7]. Graphene (Gr)
is well known for hosting Dirac fermions and high carrier
mobility along with long-distance spin transport due to its
low spin-orbit coupling (SOC) property [8–13]. However,
significant efforts have been made to enhance SOC in Gr to
realize gate-tunable spintronic functionalities [14]. One way
to achieve sizable SOC in Gr is by employing chemically
adsorbed heavy adatoms [15,16]; nevertheless, doping can
introduce defects in Gr and compromise the fascinating elec-
tronic properties [17]. Alternatively, the vdW heterostructures
of Gr with high-SOC 2D materials, such as transition metal
dichalcogenides (TMDCs) [18–21], Rashba materials [22],
and topological insulators (TIs), have emerged as promising
platforms for proximity-induced SOC [23,24] while preserv-
ing their electronic properties [25–29]. Moreover, introducing
SOC in twisted Gr heterostructures can yield correlated elec-
tronic phases and quantum phenomena [30,31].
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The signatures of the increased SOC demonstrate the
potential of Gr-TMDC heterostructures in quantum and spin-
tronic devices [24,32]. First, an increase of SOC strength
in Gr-TMDCs, its gate modulation and hydrostatic pressure
dependence are demonstrated at low temperatures [33–37].
The spin transport in Gr-MoS2 heterostructures revealed spin
field-effect modulation functionality up to room temperature,
where the spin signal could be controlled by a gate elec-
tric field [38,39]. Moreover, valley-polarized spin injection
and proximity-induced spin Hall and Rashba-Edelstein effects
have been realized in Gr-TMDC heterostructures [40–44].
Another exciting aspect of proximity-induced SOC in Gr is
the spin-lifetime anisotropy, which results in spin-filtering
functionalities due to the different spin-relaxation times for
spins in different orientations [45]. However, experimental
reports on the spin-valley coupling are so far limited to
exfoliated flakes, and realization in a scalable Gr-TMDC het-
erostructure is still missing and challenging as well due to the
complex fabrication process.

Here, we report spin transport and dynamics in scal-
able Gr-MoS2 vdW heterostructure spintronic devices grown
by chemical vapor deposition (CVD) methods. The CVD-
grown materials and their vdW heterostructure devices
show excellent charge transport properties. Spin transport
and precession properties were investigated in the het-
erostructure channel using a nonlocal (NL) spin valve (SV)
and Hanle spin-precession measurements at room tempera-
ture. Detailed oblique field dependence of spin-precession
measurements are performed to estimate spin-valley cou-
pling and spin-relaxation anisotropy. These studies open
a scalable platform for all-CVD 2D heterostructure-based
devices.
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FIG. 1. All–chemical vapor-deposited (CVD) graphene (Gr)-MoS2 heterostructure spintronic device and electrical properties. (a)
Schematic representation of the Gr and MoS2 van der Waals (vdW) heterostructure device on Si/SiO2 substrate along with the ferromagnetic
(FM) contacts. Pictorial depiction of the band diagram of Gr, MoS2, and their heterostructure with spin-split bands. (b) Optical image of
CVD-Gr (orange dotted line) and CVD-MoS2 (green dotted line) vdW heterostructure along with the different FM contacts. The scale bar is
5 μm. The width and shapes of the FM contacts are designed on Gr to facilitate spin injection and detection. (c) Source-drain current Ids as a
function of the applied backgate voltage (Vg) of single layer of CVD-MoS2 field-effect transistor with different source-drain bias voltages Vds.
Inset shows Ids vs Vds at different Vg. (d) Ids vs Vds plots at different gate voltages between Gr-MoS2 along with the measurement geometry in
the inset. (e) Transfer properties (Ids vs Vg) between Gr-MoS2 at Vds = 1 V in linear (pink) and log (violet) scale. (f) Gate-dependent resistivity
of Gr channels in pristine and heterostructure regions probed with four-terminal measurement geometry.

II. RESULTS AND DISCUSSION

A. All-CVD Gr-MoS2 heterostructure device fabrication
and electrical characterization

Figure 1(a) shows the schematic of a device structure
consisting of a CVD-grown Gr-MoS2 heterostructure on a
Si/SiO2 substrate, which allows us to apply backgate voltage
(Vg). The bottom panel in Fig. 1(a) illustrates the band dia-
gram of Gr and MoS2 with spin-split bands for up and down
spins [46,47]. MoS2 in the Gr-MoS2 vdW heterostructure
region can induce spin-valley SOC in Gr via the proximity
effect and modify the band structure and spin transport in
the channel [26,48]. An optical micrograph of a fabricated
device is presented in Fig. 1(b), where the monolayer CVD-Gr
channel is covered with a monolayer CVD-MoS2, which was
transferred by a wet transfer technique [49]. Subsequently, e-
beam lithography was performed to make ferromagnetic (FM)
tunnel contacts of TiO2 (∼1 nm)/Co (∼80 nm) suitable for
studying charge and spin-transport properties in the devices
(see the Methods for details).

First, we describe the characterization of the individual
CVD-grown monolayer materials to inspect their electrical

properties. The transport properties (source-drain current Ids

vs gate voltage Vg) of MoS2 are depicted in Fig. 1(c) for
different bias voltages Vds, along with Ids vs Vds at different Vg

in the inset. Here, Ids increases monotonically with increasing
Vds, and Ids increases with increasing Vg for fixed Vds due to
increasing carrier concentration in the MoS2, which corre-
sponds to n-type transport properties [50]. We estimated the
field-effect mobility μ = Lgm

WCgVds
= 1.21 cm2 V−1 s−1; where

L, W , Cg, and gm are the channel length, width, gate capac-
itance per area (1.15 × 10−8 F cm−2 for 285-nm SiO2), and
transconductance, respectively.

Next, charge transport properties are measured for the Gr-
MoS2 vdW junction. Figure 1(d) shows the measured Ids as
a function of applied Vds at various Vg along with the mea-
surement geometry. The asymmetric Ids-Vds properties with
diodelike behavior could be attributed to the work function
mismatch between the electrodes and the materials [51,52].
The transfer characteristic (Ids vs Vg) of the Gr-MoS2 het-
erostructure for Vds = 1 V is depicted in Fig. 1(e). We found
an increase of Ids with increasing positive Vg that is derived
mainly from the transport properties of MoS2, where Gr acts
as a vdW contact. The field-effect mobility μ is estimated to
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FIG. 2. Spin transport and precession across the all–chemical vapor-deposited (CVD) graphene-MoS2 heterostructure at room temperature.
(a) Schematic of the nonlocal (NL) measurement geometry to measure spin transport and precession in Gr-MoS2 heterostructure region. (b)
NL spin-valve (NLSV) signal with changing magnetic field along the y axis. Up and down magnetic field sweep directions are indicated by the
arrows. (c) Hanle spin-precession signals with out-of-field magnetic field sweep and the data fittings (solid lines) to estimate spin parameters
in the heterostructure region for parallel and antiparallel magnetization of the ferromagnetic (FM) electrodes. Measurements were performed
in Device 1 with I = −250 µA and Vg = 60 V, and a small linear background is subtracted from the data. (d) Gate-dependent Gr channel
resistance in the Gr-MoS2 heterostructure. The Dirac point of Gr in this Gr-MoS2 heterostructure channel is 7 V. (e) Evolution of Hanle
spin-precession signal in Gr-MoS2 heterostructure measured at different Vg in Device 2 with I = −400 µA. The scale bar for the magnitude
of the signal Rnl is 10 m�. (f) Gate dependence of the Hanle spin-precession signal amplitude (�Rnl ), spin-diffusion length (λs ), diffusion
constant (Ds ), and spin lifetime (τs ). (g) Estimation of spin-orbit coupling (SOC) strength in Gr-MoS2 heterostructure along with fitting (solid
line) to Eq. (2).

be 4.06 cm2 V−1 s−1 in the Gr-MoS2 heterostructure, which
is ∼3× higher than in pristine MoS2 with metallic contacts.
This mobility enhancement of MoS2 field-effect transistor
with Gr contact can be attributed to reduced defect states
in the MoS2 contact region and lower Schottky barrier at
the Gr-MoS2 vdW interface [52–54]. Figure 1(f) presents the
gate-dependent Gr resistivity (ρ� = R4T W

L ) in the pristine and
Gr-MoS2 heterostructure region, with Dirac points at 6.8 V
and −5 V, respectively. We estimate the maximum μ to be
2340 cm2 V−1 s−1 for pristine Gr and ∼3000 cm2 V−1 s−1 for
the Gr-MoS2 heterostructure region. The electrical properties
of the heterostructure region indicate the excellent quality of
materials; even wet transfer of CVD-MoS2 on CVD-Gr does
not have a detrimental effect on its electrical transport prop-
erties [10,55]. The heterostructure devices were quite stable
during the measurements, and the essential charge transport

characteristics could be remeasured even several months af-
ter device fabrication, although some contact resistance and
transistor properties varied with time. Development of scal-
able methods to encapsulate such all-CVD devices with 2D
insulators (for example, with hBN) should further enhance the
stability of devices.

B. Spin transport and precession across the all-CVD Gr-MoS2

vdW heterostructure

To investigate the spin dynamics in the all-CVD Gr-MoS2

heterostructure, NL spin-transport measurements [Fig. 2(a)]
were carried out with varying magnetic fields (B) along dif-
ferent directions. We adopted NL measurement geometry,
where the injected current and detected voltage circuits are
secluded to detect pure spin-polarized current. SV measure-
ments are performed to detect in-plane spin transport in the
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Gr-MoS2 heterostructure channel, where By field is applied
along the magnetic easy axis of the FM contacts to switch their
magnetization. The switching of the FM contacts renders a SV
signal between parallel and antiparallel magnetization states
of the injector and detector FM contacts. Figure 2(b) shows
the NLSV signal in Device 1 of the Gr-MoS2 heterostructure
with a channel length L = 9.6 µm.

Next, we measured the Hanle spin-precession signal by
applying a perpendicular magnetic field (Bz ) to the Gr-MoS2

plane. In this measurement geometry, the magnetic field
dephases the diffusing spins in the channel and renders a
cosine-dependent Hanle spin-precession signal that dimin-
ishes with increasing magnetic field. Figure 2(c) shows the
measured Hanle signals for parallel and antiparallel FM mag-
netizations along with the fitting with Eq. (1) [2,56]:

Rnl ∝
∞∫

0

1√
4πDst

exp

(
− L2

4Dst

)
cos(ωLt ) exp

(
− t

τs

)
dt .

(1)

Here, ωL = gμB

ћ
B⊥ is the Larmor frequency, where B⊥ is a

perpendicular magnetic field applied to the easy axis of the
FM contacts, g = 2 is assumed, Ds is the spin diffusion con-
stant, and λs = √

Ds τs and τs are the transverse spin-diffusion
length and lifetime in Gr, respectively. The fitting parameters
provide spin-transport parameters in the xy plane. We found
that the in-plane spin lifetime in the Gr-MoS2 heterostructure
channel is about τ‖ = 125 ± 6 ps, and spin-diffusion length
λ‖ = 2.2 ± 0.13 µm. Here, Ds is found in a similar range
(0.022 m2 s−1) at Vg = 40 V as the charge diffusion constant
(D = 0.025 m2 s−1), as expected for Gr on SiO2 [57].

Next, we investigated the influence of the gate electric
field on the Hanle spin-precession signal in the Gr-MoS2

heterostructure (Device 2) with a channel length of 10.6 μm.
The Dirac curve of the heterostructure region is presented
in Fig. 2(d), where the Dirac point of Gr is Vg ∼ 7 V, and
mobility is estimated to be ∼2700 cm2 V−1 s−1. Figure 2(e)
shows the evolution of the Hanle spin-precession signal mea-
sured with different Vg at room temperature. The amplitude
(�Rnl ) and extracted spin parameters from the Hanle spin-
precession measurements at different Vg are shown in the
panels in Fig. 2(f). It is noticeable that λs, Ds, and τs are steady
at ∼1.35 μm, 0.01 m2 s−1, and 160 ps, respectively, in the
higher Vg range. However, near the Dirac point, a reduction of
all spin parameters is observed, which can be originated from
the conductivity mismatch between FM injector and detector
contacts on the Gr channel [58,59].

The spin-transport studies in exfoliated Gr-MoS2 het-
erostructures showed spin field-effect functionality, where the
spin signal in the channel could be controlled by an appli-
cation of the gate electric field [38,39]. The reduction of
the in-plane spin lifetime in the heterostructures can be at-
tributed to proximity SOC and spin-relaxation anisotropy. The
gate tunability of spin parameters can be attributed to the
variable degree of spin absorption from Gr into the TMDC,
governed by the gate-dependent Schottky barrier strength
at the Gr-MoS2 interface and by the strong modulation of
MoS2 conductivity because of its n-type properties. Contrary
to these studies in exfoliated Gr-TMDC samples, where the

gate-dependent spin transport showed the disappearance of
the spin signals at the higher positive gate voltages [38,39,48],
the all-CVD Gr-MoS2 samples exhibited the spin signals to
be present also at higher gate voltages. The observation of
spin signals at higher Vg in the all-CVD sample indicates
the absence of the tunable spin absorption effect by CVD-
MoS2 on the CVD-Gr channel. Moreover, spin absorption by
CVD-MoS2 on the CVD-Gr channel in our device might be
effective in all gate voltages [60,61]. This behavior can be
understood from the very low Schottky barrier estimated in
our all-CVD MoS2/Gr interfaces with 	B ∼ 20 meV (to be
reported elsewhere) in comparison with ∼100 meV obtained
in previous exfoliated MoS2/Gr samples [38,39,48] in the flat
band conditions [51,52].

Spin scattering in the all-CVD Gr-MoS2 channel is eval-
uated by considering two main spin-relaxation mechanisms,
i.e., Elliott-Yafet (EY) and D’yakonov-Perel’ (DP). Here,
EY includes the spin-flip events that are due to momentum
scattering (τp), where τs is proportional to τp. On the other
hand, DP accounts for the spin-scattering events due to an
effective magnetic field between the momentum scattering
events, where τs is inversely proportional to τp. The SOC can
be correlated to these scattering mechanisms, which can be

expressed as τ−1
s,DP = 4( �DP

h̄ )
2
τp and τs, EY = ( EF

�EY
)
2
τp. Here,

EF is the relative Fermi energy in Gr with respect to the Dirac
point, and �EY and �DP are energy scales due to EY and
DP mechanisms, respectively. The total spin lifetime in the
channel can be expressed as τs = (τ−1

s,EY + τ−1
s,DP)

−1
, which

yields [56,62,63]

E2
F

τp

τs
= �2

EY + 4

(
�DPEF τp

h̄

)2

. (2)

Figure 2(g) shows the estimated data points along with the
fitting to Eq. (2), and we found �EY = 488 µeV and �DP =
227 µeV. The estimated DP strength mainly incorporates SOC
due to broken inversion symmetry [64], which resembles
Rashba SOC that turns the spin orientation toward the Gr
plane. In addition to the Rashba SOC, MoS2 can imprint
spin-valley coupling due to the Zeeman effect that turns the
spin orientation toward the out-of-plane (z axis) direction, and
the associated strength is discussed in a later section.

C. Spin transport and precession in pristine CVD Gr

As a reference, we measured spin transport in a pristine
CVD Gr channel [Fig. 3(a)] to compare with the heterostruc-
ture. NLSV and Hanle spin-precession signals are presented
in Figs. 3(b) and 3(c), respectively. The gate dependence of
pristine Gr channel resistivity is shown in the top panel of
Fig. 3(d), where the channel length is ∼6 μm, the field-effect
mobility is calculated to be ∼3000 cm2 V−1 s−1, and the Dirac
point voltage is Vd = 30 V. The extracted spin parameters λs,
Ds, and τs from the Hanle signals as a function of Vg are
presented sequentially in Fig. 3(d). At higher gate voltages,
away from the Dirac point, the spin parameters in the Gr
remain unchanged. For instance, τs, Ds, and λs are ∼420 ps,
0.03 m2 s−1, and 4.21 μm, respectively, at Vg � −30 V. How-
ever, near the Dirac point of the Gr channel, the lowest
values of all parameters are observed. The spin-transport
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(e) (c)
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FIG. 3. Spin-transport parameters in pristine chemical vapor-deposited (CVD) graphene (Gr) at room temperature. (a) A schematic
representation of the device with a pristine Gr channel and the measurement geometry with injector and detector ferromagnetic (FM) contacts.
(b) Nonlocal (NL) spin-valve measurement with changing magnetic field along the y axis (magnetic easy axis). (c) NL Hanle spin-precession
signal with changing magnetic field along the out-of-plane direction (z axis). (d) Gate-dependent channel resistivity of Gr along with extracted
spin-diffusion length (λs ), diffusion constant (Ds ), and spin lifetime (τs ) from the Hanle signals. (e) Estimation of spin-orbit coupling (SOC)
strength in pristine Gr channel along with fitting (solid line) to Eq. (2). Measurements were performed with bias current I = −100 µA at room
temperature.

parameters start to increase again at Vg � 60 V due to the
reduction of Gr channel resistivity, ameliorating the conduc-
tivity mismatch issue between Gr and injector and detector
FM contacts [58,59]. The extracted SOC strength in pristine
Gr due to EY and DP spin-relaxation mechanisms [using
Eq. (2)] are �EY = 1.43 meV and �DP = 80 µeV [Fig. 3(e)].
A similar �EY strength (≈ 0.5–1.5 meV) is reported in pris-
tine Gr on SiO2 and hBN, which can be attributed to the
nonproximity-induced SOC scattering mechanisms [62,63].
We observed significantly higher �DP in the Gr-MoS2 het-
erostructure region due to the strong proximity effect, which
is ∼3× higher than what is manifested in pristine Gr.

Proximity-induced SOC phenomena in heterostructures
of Gr with high-SOC materials like TMDCs and TIs have
been extensively studied both theoretically and experimen-
tally; however, these studies were mostly limited to exfoliated
flakes [35–37,63,65]. These proximity-induced SOCs in Gr
have been explored experimentally by weak antilocalization,
spin-relaxation anisotropy, and penetration field capaci-
tance measurements [34,37,48]. The proximity-induced SOC
strength was estimated to be a few meV [25,26] in compar-
ison with ∼40 μeV of the intrinsic SOC in pristine Gr [66].
For instance, spin-transport studies in Gr-MoS2 heterostruc-
tures showed a reduction of spin lifetime with estimated

SOC strength of ∼1 meV [38,39], where the spin field-effect
switch functionality is attributed to spin absorption and spin-
relaxation anisotropy.

D. Spin-valley coupling and spin-lifetime anisotropy in all-CVD
Gr-MoS2 heterostructure

It is predicted that Gr in proximity to high-SOC ma-
terials can give rise to large spin-lifetime anisotropy (ξ =
τ⊥
τ || ), mainly by means of induced Rashba SOC or spin-
valley coupling [67]. The SOC associated with Rashba
spin-split bands gives rise to a higher in-plane spin lifetime
(τ‖ > τ⊥) and anisotropy of less than unity (ξ < 1). On the
other hand, induced spin-valley coupling in the heterostruc-
ture renders higher out-of-plane spin polarization (τ‖ < τ⊥)
and results in ξ > 1 because of dominant out-of-plane spin
polarization in different valleys (K and K ′) of the TMDC
[32,48,64]. To verify the SOC mechanisms in an all-CVD Gr-
MoS2 heterostructure, we estimated ξ by employing oblique
magnetic-field-dependent evolution of Hanle spin-precession
signals [68]. In this measurement scheme [Fig. 4(a)], the
changing magnetic field (B) is applied at an angle (β ) to
the FM contact in the yz plane and lets the spins, perpen-
dicular to the external magnetic field, to dephase. Hence, the
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(a)

(b) (d)

(c) (e)

FIG. 4. Spin-lifetime anisotropy in all–chemical vapor-deposited (CVD) graphene (Gr)-MoS2 heterostructure at room temperature. (a)
Schematic illustration of the device and measurement scheme for spin-precession in Gr-MoS2 heterostructure with an oblique magnetic field.
The applied magnetic field is at an angle β along the magnetic easy axis of the ferromagnetic (FM) contacts (y axis) in the yz plane. (b)
Spin-precession signals as a function of changing B field at different angles in Device 1 with I = −350 µA at Vg = 40 V at room temperature.
(c) Data points denote normalized nonlocal (NL) resistances (Rnl,β/Rnl,0) as a function of cos2(β∗) along with the fitting (red line) to Eq. (3) to
estimate anisotropy. (d) Spin-precession signals as a function of changing B field at different angles with I = −100 µA at Vg = 20 V in pristine
Gr. (e) Data points denote normalized NL resistances (Rnl,β/Rnl,0 ) as a function of cos2(β∗) along with the fitting (solid line) to Eq. (3) to
estimate anisotropy in pristine Gr. The dashed lines in (c) and (e) visualize the isotropic case.

manifested NL spin signal only measures the projection of the
dephashed spin onto that applied field direction. Figure 4(b)
shows measured Hanle spin-precession signals for different
magnetic field directions.

Figure 4(c) shows the normalized value of the NL resis-
tances (Rnl,β/Rnl,0) as a function of cos2(β∗) for the respective
applied field (B) direction in the dephased regime, which is
highlighted by the shaded region in Fig. 4(b). Here, β∗ is the
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angle with a smaller correction of the out-of-plane tilting an-
gle of the FM contacts due to the external magnetic field [68].
The average value of data points is accounted to reduce the
effect of the measurement noise in the analysis. We fitted the
data points with the following Eq. (3) [48,55,68] [Fig. 4(c)]:

Rβ

nl

R0
nl

=
√

cos2(β ) + 1

ξ
sin2(β )

−1

× exp

⎧⎨
⎩− L

λ ||

⎡
⎣

√
cos2(β ) + 1

ξ
sin2(β )−1

⎤
⎦

⎫⎬
⎭cos2(β∗).

(3)

Here, L represents the heterostructure channel length, and λ‖
is the in-plane spin-diffusion length. We found anisotropy
ξ ≈ 1.6 ± 0.13 in the Gr-MoS2 heterostructure channel. In
the derivation of Eq. (3), the g-factor is considered isotropic
and equal to the free electron value [68]. The g-factor is in-
trinsic to the material properties and can be anisotropic along
different orientations [69,70], but the anisotropy component
of the g-factor is ∼2 orders of magnitude lower than the
isotropic part and can be disregarded, as also discussed in the
literature [71,72].

Next, we estimated the spin-valley coupling in the Gr-
MoS2 heterostructure by using the following equation [32,67]:

ξ =
(

λVZ

λR

)2
τiv

τp
+ 1

2
. (4)

Here, λV Z and λR are the valley Zeeman and Rashba SOC con-
stants; τiv and τp are the intervalley and momentum-scattering
lifetimes. We found λV Z ∼ 238 μeV by cosidering τiv ≈ τp

and λR = 227 μeV. The exact ratio of τiv
τp

is difficult to es-
timate; however, the relatively lower ξ must be compatible
with our assumption, whereas the theoretical study reports
an anisotropy of ξ ≈ 20, considering τiv ≈ 5τp [67]. We also
compared the estimated anisotropy in pristine Gr by mea-
suring oblique Hanle spin signals in different magnetic field
directions, as shown in Fig. 4(d). Figure 4(e) shows the nor-
malized value of the NL resistances (Rnl,β/Rnl,0) as a function
of cos2(β∗) for the respective B direction in the fully dephased
regime, which is highlighted by the shaded region in Fig. 4(d).
The fit to Eq. (3) with the data points provides an estimation of
anisotropy close to unity ξ ≈ 0.91 ± 0.12, shown in Fig. 4(e).
It is expected that Gr on a SiO2 substrate with a lower SOC
should render isotropic spin lifetime [55,67].

According to the theoretical calculations and recent
experiments in exfoliated Gr-TMDC heterostructures, the
anisotropy ξ can be in the range of 1–10 [45,48,64,67]. For
instance, exfoliated Gr-MoSe2 and Gr-WSe2 heterostructures
show ξ > 10 at 75 K, whereas the Gr-WS2 heterostructure
shows ξ ≈ 10 at room temperature [48,64]. Furthermore, the
anisotropy in the exfoliated Gr-MoS2 heterostructure is esti-
mated to be higher than unity (ξ > 1) at room temperature
[48]. We estimated spin-lifetime anisotropy of ξ = 1.6 in the
all-CVD Gr-MoS2 heterostructure using oblique Hanle mea-
surements, which can be due to proximity-induced spin-valley
locking in Gr from MoS2. Interestingly, the anisotropy in the
Gr-TMDC heterostructure significantly depends on the inter-

valley (τiv) and momentum scattering (τp) lifetimes, which
also depend on the charge scatterers in the spin-transport
channel [67]. The proximity SOC strength and anisotropy can
also be influenced by the interfacial interstitials, twist-angle,
and band alignment in the all-CVD Gr-TMDC heterostrcuture
channels [49,73].

III. METHODS

The devices were fabricated using all-CVD-grown mono-
layer Gr and MoS2. The 4-inch wafer-scale CVD Gr was
obtained from Graphenea on a highly doped Si/SiO2 substrate
(with a thermally grown 285-nm-thick SiO2 layer). First, Gr
stripes were patterned by electron beam lithography and oxy-
gen plasma etching and cleaned afterward by acetone and
isopropyl alcohol (IPA). The CVD monolayer MoS2 layers
of triangular shape with a typical size of ∼50–100 μm were
grown by the CVD process, as described in Refs. [74,75] on a
SiO2 (300 nm)/Si substrate. A wet-transferred technique was
employed to transfer CVD MoS2 on top of patterned CVD-Gr
stripes [49]. Appropriate heterostructure regions were identi-
fied by an optical microscope for device fabrication. We used
electron-beam lithography to define the contacts and e-beam
evaporation for depositing the contacts. We prepared ∼1 nm
of TiO2 tunnel barrier with deposition of Ti followed by in
situ oxidation for 30 min. We deposited Co contacts of 80-
nm thickness without breaking the vacuum, followed by the
liftoff process in warm acetone at 65 ◦C. The Co/TiO2 contacts
serve as injector and detector for spin-polarized carriers, and
the highly doped Si/SiO2 is used as a back gate. We found
the FM contact resistances with three-terminal measurement
geometry ∼3–8 k�. We used a Keithley 6221 current source
to apply bias current, Keithley 2182A nanovoltmeter to detect
voltage, and Keithley 2450 sourcemeter to apply back gate.
The transport measurements were conducted in a vacuum
cryostat at room temperature with the sample stage rotation
facilities and a variable magnetic field.

IV. SUMMARY

We demonstrated spin-valley coupling and spin-relaxation
anisotropy in scalable all-CVD-grown Gr-MoS2 vdW het-
erostructure devices at room temperature. The CVD-grown
materials and their heterostructures showed excellent charge
and spin-transport properties, showing the good quality of
the hybrid devices and interfaces. The spin transport and
Hanle spin-precession measurements in the heterostructure
channel showed increased SOC strength in the proximi-
tized Gr, which is 3× higher than that in pristine Gr. The
spin-relaxation anisotropy properties evaluated using oblique
Hanle spin-precession measurements revealed an anisotropic
spin dynamic of ξ ∼ 1.6 in the proximitized Gr compared
with ξ ∼ 1 in the pristine Gr channel. The associated spin-
valley coupling strength of 238 μeV is estimated in the
all-CVD Gr-MoS2 heterostructure. The observation of in-
creased SOC strength and spin-relaxation anisotropy between
the in-plane and perpendicular spin polarization in all-CVD
Gr-MoS2 heterostructures has enormous prospects for making
spin-filtering devices with scalable all-2D materials. These
advances will open opportunities to utilize all-CVD vdW
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heterostructures for the development of next-generation scal-
able spintronic and quantum devices.

The data that support the findings of this study are available
from the corresponding author on reasonable request.
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