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ABSTRACT: We report on spin transport in WS2-based
2D-magnetic tunnel junctions (2D-MTJs), unveiling a band
structure spin filtering effect specific to the transition metal
dichalcogenides (TMDCs) family. WS2 mono-, bi-, and
trilayers are derived by a chemical vapor deposition process
and further characterized by Raman spectroscopy, atomic
force microscopy (AFM), and photoluminescence spec-
troscopy. The WS2 layers are then integrated in complete
Co/Al2O3/WS2/Co MTJ hybrid spin-valve structures. We
make use of a tunnel Co/Al2O3 spin analyzer to probe the
extracted spin-polarized current from the WS2/Co interface
and its evolution as a function of WS2 layer thicknesses. For
monolayer WS2, our technological approach enables the
extraction of the largest spin signal reported for a TMDC-based spin valve, corresponding to a spin polarization of PCo/WS2

= 12%. Interestingly, for bi- and trilayer WS2, the spin signal is reversed, which indicates a switch in the mechanism of
interfacial spin extraction. With the support of ab initio calculations, we propose a model to address the experimentally
measured inversion of the spin polarization based on the change in the WS2 band structure while going from monolayer
(direct bandgap) to bilayer (indirect bandgap). These experiments illustrate the rich potential of the families of
semiconducting 2D materials for the control of spin currents in 2D-MTJs.
KEYWORDS: tungsten disulfide, 2D, semiconductor, spin filtering, spintronics, magnetic tunnel junction

Prototypical in spintronics, magnetic tunnel junctions
(MTJs) are exploited in hard drives read heads,
MRAMs,1−4 and more recently highlighted beyond

spin logics5,6 for neuromorphic and stochastic calculation,
which may prove as an alternative to quantum calculation.7−9

They are schematically made of two ferromagnets acting as
spin polarizer and analyzer separated by an ultrathin tunnel
barrier. The spin polarization of the current tunneling through
the junction essentially depends on the specificities of the
electronic states at the ferromagnets interfaces.10 Thus, even
slight physical modifications of the interfaces might lead to
significant changes in the electrical and spin behavior of the
junctions. It is thus envisioned that spin current properties
might be controlled and tailored by the insertion of atomically
thin 2D materials in spin valves. In this direction, while very

recent, the introduction of 2D materials in MTJs has already
shown some promising properties (atomic thickness control,
spin filtering, perpendicular magnetic anisotropy, spin−orbit
torques modulation, etc.).11−15 Graphene, and later the 2D
insulator h-BN (6 eV bandgap), has been the first 2D material
to be studied for vertical spin transport in MTJs.16−22

Strikingly, in line with theoretical expectation,23 it was quickly
shown that a “bulk” K-point spin filtering was occurring in
graphene-based MTJs with the creation of an insulating
majority spin channel. The recent advent of 2D semi-
conductors has opened opportunities for further tailoring
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those spintronics properties.11,24 Among them, the transition
metal dichalcogenides (TMDCs) family offers a wide land-
scape of materials with varied transport properties due to
changes of the band structure depending on their atomic
composition and thickness.25−32 Initial focus has been centered
on MoS2,

33−40 and other promising TMDCs, such as WS2,
have been studied for spintronics devices.41−47 The broad
ranges of band structures and transport properties of TMDCs,
including field effect spin-split band structures,27,30,32,48−50

make them promising candidates for spintronics applica-
tions.51,52 Nevertheless, integration issues with ferromagnets
have so far hampered their full exploitation in magnetic tunnel
junctions:11 their properties have barely been unraveled in
experimental vertical spin structures.
In this paper, we report on spin transport in magnetic tunnel

junctions based on atomically thin chemical vapor deposition
(CVD) grown WS2 layers. The use of a reference Co/Al2O3

spin analyzer unveils the fundamental impact of WS2 band
structure, controlled by its thickness, on the polarizations of
extracted spin currents. CVD grown WS2 flakes are integrated
in spin valve structures (Figure 1) and analyzed by atomic
force microscopy (AFM), Raman spectroscopy, and photo-
luminescence (PL) (Figure 2). Magneto-transport measure-
ments are performed showing a spin polarization of the FM/
WS2 interface of up to 12%, corresponding to the highest value
reported to date in 2D semiconductor-based MTJs (Figure 3).
The study of 1, 2, and 3 layers thick WS2 in these junctions
(Figure 4) allows us to pinpoint a specific thickness dependent
spin-valve effect, highlighting an abrupt inversion of the spin
polarization for junctions with two and more WS2 layers
(Figure 5). Supported by ab initio calculations, we propose a
crystal momentum selection model to interpret the thickness
dependence of the Co/WS2 interface. The WS2 monolayer
exhibits a direct bandgap at the K-points of its Brillouin zone

Figure 1. Schematics of the fabrication steps of the CVD WS2-based magnetic tunnel junctions (MTJs). (a) CVD process leading to the
growth of WS2 flakes on SiO2/Si substrate (see details in Methods). (b, c) Transfer of the flakes on a reference Co/Al2O3 spin analyzer. (d)
Deposition of a top Co spin polarizer electrode.

Figure 2. Characterization of monolayer WS2 flake A. (a) Optical image of the flake transferred on top of the spin analyzer. Black contour as
guide to the eye and black bar corresponds to AFM profile. (b) Calculated WS2 contrast on SiO2/Si and Al2O3/Co as a function of the oxide
thickness, predicting the observed WS2 strong contrast on the SiO2(90 nm)/Si substrate and low contrast on our bottom spin analyzer
electrode Al2O3(1 nm)/Co. (c) Raman spectrum measured on the flake showing a typical WS2 monolayer signature. (d) Tapping-mode AFM
on a step of the WS2 flake confirming its monolayer thickness.
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corresponding to majority spins pockets of the Co electrode. In
stark contrast, the thicker layers have an indirect bandgap
between the highest energy point of the valence band at the Γ-
point and the lowest energy point of the conduction band
located between the Γ-point and the K-point, corresponding to
minority spins of Co. The evolution of the WS2 band structure
with thickness is thus shown to lead to a sharp inversion of the
spin polarization (Figure 6), with promising perspectives for
the tailoring of spintronics devices using 2D materials.

RESULTS AND DISCUSSION
Figure 1 shows the fabrication process leading to the 2D WS2-
based magnetic tunnel junctions. To gain access to large WS2
flakes, we employed CVD grown material (Figure 1a,b). The
process follows the procedure reported by Reale et al.53 It is
based on the use of H2WO4 precursor mixed with NaCl
reacting with S atoms from sulfur powder placed upstream in
the furnace for the growth of large ∼50 μm flakes of WS2 on
SiO2/Si substrates (see Methods for further details). After this
growth, the WS2 is transferred on top of a Co/Al2O3 spin
analyzer (Figure 1b,c and Figure 2a) via a PMMA-assisted
method described in ref 53 to probe its spin transport
properties. However, we note that the contrast of the
atomically thin flakes on Co/Al2O3(1 nm) is extremely low
(Figure 2b); this would make them particularly difficult to spot
during device fabrication. In this regard, we have designed a
bottom Co/Al2O3 electrode narrow enough to let the large
WS2 flakes partially lie on a SiO2 (90 nm)/Si substrate where
their contrast is high (as shown on Figure 2b). The bottom
electrode is defined by a laser lithography step on top of the
SiO2/Si wafer, with the Co(50 nm)/Al2O3(1 nm) stack being
deposited by sputtering. Co/Al2O3 electrodes spin properties
have been largely explored in the literature.54,55 More
specifically, we made use here of a lower electrode that we
have already used and characterized as a tunnel spin analyzer,
allowing us to use it as a reference system.56,57 Al2O3 plays the
role of a tunnel barrier for the spin analyzer; furthermore, it
also prevents Co from oxidation allowing manipulation in
ambient conditions for flake transfer. This process leads to the
definition of a Co/Al2O3/WS2 heterostructure.
We first focus on a 50 μm wide WS2 flake, which is

transferred on top of the Al2O3/Co electrode (flake A). An
optical image of flake A is shown in Figure 2a. The contrast of
the flakes on SiO2/Si depends on the number of atomic layers.
We have chosen flake A in particular because of its low

contrast on the substrate, potentially corresponding to an
atomically thin flake. To confirm this initial observation,
Raman spectroscopy is performed with a 514 nm laser. A
typical spectrum measured for flake A is shown in Figure 2c.
The two dominating peaks observed are attributed to the in-
plane 2LA (overlapped with E2g

1 ) and the out-of-plane A1′
modes.58 Interestingly, the ratio of these peaks intensities
(I2LA/IA1′) allows us to determine the number of layers of the
flakes (with atomic precision at least up to 3 WS2 layers).58

Flake A shows a 2LA mode intensity more than twice that of
the A1′ mode, which is the signature of a monolayer of WS2.
Further characterization by AFM is carried as shown in Figure
2d, confirming its single layer thickness,58 in line with the
Raman measurements.
We thus fabricate a spin valve device based on the identified

monolayer WS2 flake deposited on the Al2O3/Co spin analyzer.
To complete our device and define the top ferromagnetic
electrode, a circular microjunction is patterned on top of the
flake with another step of lithography as shown in Figure 1d.
Then evaporation is used to deposit a Co film (15 nm) capped
with a layer of Au (80 nm), resulting in a ∼1 μm2 Co spin
source (top electrode) centered on the ∼50 μm wide WS2
flake above the Co/Al2O3 spin analyzer. Our evaporation
process approach, being a soft deposition method that avoids
material damage, has previously demonstrated state of the art
results for device integration of 2D materials.59,60 Finally, the
junction is electrically contacted to a ceramic chip. In this
complete WS2 device, the Co/Al2O3 electrode acts as a spin
analyzer of the current extracted from Co/WS2 (Figure 3a).
In Figure 3b, we show magneto-transport measurements for

a MTJ based on a single WS2 layer (flake A) at 4K. We plot the
resistance versus magnetic field to extract the TMR spin signal,

where TMR R R
R

AP P

P
= −

with RP and RAP the resistances of the

parallel and antiparallel configurations of the magnetizations of
the two ferromagnets, respectively. We measure a TMR spin
signal of about 8%, above the state of the art for 2D
semiconductor-based MTJs and more than one order of
magnitude larger than for previous WS2-based MTJs.41 This
result comforts our integration approach, which seeks to
preserve the chemical state of the FM interfaces free from
oxidation by the use of a high quality tunnel barrier.61 We note
that, in our devices, the TMR showed only monotonous
dependencies with bias, a typical behavior of tunnel vertical
spin valves.

Figure 3. Magneto-transport measurements of the spin current extracted from monolayer WS2/Co interface. (a) Scheme of the Co/Al2O3/
1L-WS2/Co MTJ. (b) Resistance versus magnetic field at T = 4K and V = 20 mV with a measured TMR = 8%. This corresponds to a state-of-
the-art spin polarization of about PWS2/Co = 12% in our system.
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Since the CVD approach is able to produce large flakes of
different well-defined thicknesses,50,58 the exact same charac-
terization and fabrication procedure has been applied to flakes
that appear optically with a stronger contrast, implying a larger
number of layers (flake B and flake C). The Raman spectrum
measured on flake B (Figure 4a) shows almost the same
intensity for both 2LA and A1g modes (note that A1g mode
corresponds to the A1′ peak of the monolayer as for an odd
number of layers the inversion symmetry is broken and the
labeling A1′ is used, while for an even number of layers the out-
of-plane mode becomes A1g).

62,63 The ratio I2LA/IA1g
gives a

value of 1.1 as expected for a bilayer.58 In the case of flake C,
the Raman spectrum is characteristic of a trilayer flake with the
2LA mode being slightly weaker than the A1′ mode and I2LA/
IA1′ = 0.8 (Figure 4d). In Figure 4b and e, AFM profiles are
reported as well, showing that flake C is one layer thicker than
flake B itself being one layer thicker than flake A. These
different characterizations (optical, Raman, AFM) show that
flake B and C, respectively, correspond to bi- and trilayers.58

The further integration of flake B and C in Co/Al2O3/WS2/
Co stacks leads to MTJs based on two and three layers thick
WS2 flakes, respectively. In Figure 4c and f, we plot the
magneto-transport measurements obtained on those bi- and
trilayers WS2 MTJs. We observe TMR signals for each case.
Interestingly, when compared with the monolayer case, the
sign and the amplitude of the TMR depend on the thickness of
WS2. In particular, for bi- and trilayers, the TMR signal
becomes negative. We note that this sign inversion with
thickness has been reliably repeated with other junctions, with
similar spin signal amplitudes. This can be further analyzed as
in the fabricated devices where we made use of a reference Co/
Al2O3 spin analyzer with a known spin polarization Pref. This

enables us to directly extract the spin polarization of the WS2/
Co interface. Indeed, using a phenomenological Jullier̀e’s

model,64 we obtained TMR
P P

P P

2

1
ref WS2 /Co

ref WS2 /Co
= − with PWS2/Co the

spin polarization of the WS2/Co interface. With Pref being
known (Pref = 32%),56,57 we can extract PWS2/Co from the TMR

measurement as a function of WS2 thickness: P1L‑WS2/Co =

+12%, P2L‑WS2/Co = −6%, and P3L‑WS2/Co = −0.5%.
A strong thickness dependence of the spin signal is thus

observed, with a striking sign reversal for multilayers compared
to the monolayer case as shown in Figure 5a. Interestingly, a
drastic change in the band structure of WS2 is known to arise
when changing its thickness: the bandgap of WS2 goes from
direct for a monolayer to indirect for larger thicknesses (Figure
5c,d).27,30,32,48 This is confirmed in the case of flakes A, B, and
C by a PL study probing their actual bandgap properties. As
expected from the literature,65 we observe an evolution of the
PL signal with flakes thicknesses. The PL signal measured for
mono-, bi-, and trilayer flakes is presented in Figure 5b. For the
monolayer, only one peak is observed corresponding to the
direct bandgap (transition K−K). In contrast, for the bilayer
flake, two peaks are observed, with the additional peak arising
from the dominant contribution of the indirect bandgap
(transition Γ−Q). In the case of the trilayer, mostly one peak is
observed as the direct bandgap related peak is almost
quenched, leaving just the contribution of the indirect
bandgap. The modulation of spin polarization could be related
to the change in the fundamental band structure of the WS2
layers. As shown in Figure 5c and d, the minima of its
conduction band, initially located at the corner of the Brillouin
zone (K-point) for the monolayer, shift toward the center of

Figure 4. Characterization of bilayer WS2 (flake B) and trilayer WS2 (flake C). (a, d) Raman measurement of flake B and C, respectively. (b,
e) Tapping-mode AFM on flake B and C. Flake B is thus shown to be a bilayer and flake C a trilayer. Both flakes are integrated in a complete
MTJ, allowing to probe spin transport across these structures. (c, f) Resistance versus magnetic field at 4K for the bi- (20 mV) and trilayers
(10 mV) based Co/Al2O3/WS2/Co. A striking inversion of the spin signal is noted for these multilayer flakes.
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the Brillouin zone (Q-point) upon addition of supplementary
layers directly impacting spin selection at the interface.
We illustrate the proposed spin selection mechanism in

Figure 6 with a toy model derived from the band structures of
bulk hcp-Co and freestanding WS2 mono- and bilayers. The k-
resolved spin-dependent density of states at Fermi level is
computed for bulk hcp-Co and integrated over the ⟨0001⟩ axis
(i.e., the direction of transport), resulting in the k⊥-space maps
of Figure 6. The conduction bands minima of WS2 monolayer
and bilayer (which are similar for thicker flakes up to bulk) are
added on these reciprocal space maps accounting for the
difference of lattice parameters between hcp-Co and free-
standing WS2 mono/bilayers. These minima correspond to
regions of k⊥-space where transport is favored. Interestingly,
for monolayer WS2, transport is favored in k⊥-space regions
within the first Brillouin zone of Co where majority spin
carriers dominate the DOS, hence corresponding to a positive

polarization of the interface. This is reminiscent of the bulk K-
point spin filtering effect previously predicted23 and
observed11,66 in graphene-based MTJs. In the case of graphene,
the spin polarization is expected to be monotonous with the
number of stacked layers, as conduction remains correlated to
K-point in reciprocal space for all thicknesses. In contrast, we
can clearly observe here that the thickness of WS2 affects more
dramatically the spin polarization extracted from cobalt. The
switch from direct (K−K) to indirect (Γ-Q) gap corresponds
to the selection of different pockets of spin-polarized electrons
in Co. The case of bilayer WS2 is inverted compared to
monolayer in terms of spin polarization as k⊥-space regions
where minority spin carriers dominate are selected. This is in-
line with the measured dramatic change of spin signal
occurring in devices by simply adding one WS2 layer to the
monolayer case. Though Figure 6 provides a helpful picture for
the description of the k⊥-space spin-selection mechanism, we

Figure 5. Effect of the WS2 thickness on spin transport: photoluminescence and band structure. (a) Spin polarization at the WS2/Co
interface versus WS2 thickness, extracted thanks to the use of a reference Co/Al2O3 spin analyzer. The large positive spin polarization of the
monolayer case is shown to be inverted when additional layers are present (bi- and trilayer cases). It is also observed that the amplitude of
the spin polarization is decreasing with the WS2 thickness. (b) Photoluminescence of WS2 for mono-, bi-, and trilayers. Only one peak
appears for a monolayer, corresponding to the predicted direct bandgap, and vanishes as the thickness increases. The peak corresponding to
the expected indirect bandgap appears for a bilayer and dominates for trilayers. (c, d) Band structure of respectively monolayer and bilayer
WS2, showing a transition from direct (1L) to indirect (2L) bandgap.
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emphasize that this mechanism is certainly more complex than
the model presented here. For a given sample, the actual k⊥-
space map will depend on the details of the interface structure,
extending over many Brillouin-zones depending on the relative
orientations and strain of bulk Co and WS2 multilayers.
Besides, the band structure of monolayer WS2 should in some
case be also affected by the neighboring ferromagnet. This has
been for instance observed for h-BN/Co with diverse
“spinterfaces” depending on coupling strength.20 However,
the main point remains to note that a change in the band
structure of our TMDC, controlled by the thickness, can have
a sizable effect on spin transport across the junction, here
shown to even be able to fully reverse the spin filtering
polarization. The picture proposed here outlines the tunable
spin filtering properties of WS2, and TMDCs in general as the
thickness dependent gap is a common feature to this 2D
materials family.
Finally, we discuss the quenching of the spin signal

amplitude observed as we increase the WS2 thickness. While
it is probable that thick flakes enhance the probability of spin
scattering, in turn limiting the extracted spin signal, the effect is
surprisingly abrupt for what could be expected in the case of a
purely vertical transport. As previously shown by Galbiati et
al.,34 this can be explained by the observation that in TMDC
materials the current diffuses in the plane of the layers even
with a bias applied perpendicular to the junction. Thus, for
thick flakes, we expect a depolarization arising essentially from

the current flowing in the plane of the 2D material, and not
from the out-of-plane current. Interestingly, as measured in our
devices, this problematic is certainly attenuated in the case of
mono- and bilayers where lateral diffusion is more mitigated by
competition with vertical transport.

CONCLUSION
In conclusion, this study explores spin transport in vertical spin
valves based on CVD grown WS2 flakes. Thanks to our specific
device fabrication approach that prevents deleterious oxidation,
the extracted spin signal is shown to raise above state of the art
for 2D semiconductors-based MTJs. We reach a spin
polarization for the Co/WS2 monolayer interface of about
12%. Moreover, we emphasize the role of the WS2 thickness
and band structure on spin transport in MTJs. WS2 is shown to
behave as a K−Q-points spin filter, expanding the K-point spin
filtering effect of graphene usually discussed.23 The spin
polarization sign/amplitude can thus be expected to be
controlled by direct (monolayer) versus indirect (bi- and
trilayers) WS2 bandgap, a characteristic that should be
common to many TMDCs. Our work thus highlights the
potential of the rich TMDC family of 2D materials to control
spin transport properties in 2D-MTJs.11

METHODS
WS2 CVD Growth. Commercial H2WO4 and NaCl powders are

mixed (1:1 in weight) in an alumina boat and placed in a tubular
furnace with a dual temperatures controlled system along with an
alumina crucible filled with sulfur powder placed upstream. In the
presence of a carrier gas (100 sccm of highly pure Ar at a pressure of
1.4 mbar for 15 min), the W-containing crucible is heated at 850 °C,
whereas the sulfur powders are heated up to only 125 °C. Tungstic
acid and salt react at high temperature to form volatile oxychloride
species (WOCl4/WO2Cl2) that react with S to form WS2 atomically
thin flakes on a SiO2(285 nm)/Si substrate that was placed
downstream at 850 °C.

Device Fabrication. Bottom electrodes of the WS2-based 2D-
MTJ spin valves are designed by laser lithography using SPR 700
resist on SiO2(90 nm)/Si substrate. The Co(50 nm)/Al2O3(1 nm)
tunnel spin analyzers are deposited by sputtering. The CVD grown
WS2 flakes are transferred on top. Additional laser lithography and
evaporation steps lead to the fabrication of gold-capped Co(15 nm)
spin sources on top of the flakes and to the definition of final circular
microjunctions.

First-Principles Calculations. All first-principles calculations
have been performed in the framework of the density functional
theory (DFT) using the projector augmented wave (PAW) method as
implemented within VASP67,68 with an energy cutoff of 400 eV for the
plane-wave expansion. Exchange and correlation are described within
the generalized gradient approximation using the Perdew−Burke−
Ernzerhof (PBE) parametrization.69
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