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Experimental studies on spin valves with exfoliated 2D materials face the main technological issue
of ferromagnetic electrode oxidation during the 2Ds integration process. As a twofold outcome, magnetoresistance (MR) signals are very diﬃcult to obtain and, when they ﬁnally are, they are often far from
expectations. We propose a fabrication method to circumvent this key issue for 2D-based spintronics
devices. We report on the fabrication of NiFe/MoS2 /Co spin valves with mechanically exfoliated multilayer MoS2 using an in situ fabrication protocol that allows high-quality nonoxidized interfaces to be
maintained between the ferromagnetic electrodes and the 2D layer. Devices display a large MR of 5%.
Beyond interfaces and material quality, we suggest that an overlooked more fundamental physics issue
related to spin-current depolarization could explain the limited MR observed so far in MoS2 -based magnetic tunnel junctions. This points to a path towards the observation of larger spin signals in line with
theoretical predictions above 100%. We envision the impact of our work to be beyond MoS2 and its
broader transition-metal dichalcogenides family by opening the way to an accelerated screening of other
2D materials that are yet to be explored for spintronics.
DOI: 10.1103/PhysRevApplied.12.044022

I. INTRODUCTION
Spintronics is seen as one of the most promising routes
for beyond CMOS technology. It aims to enhance electronics with the nonvolatility of magnetism and the additional
degree of freedom of spins, giving rise to applications
ranging from green electronics with nonvolatile memories
to quantum computing [1]. Among all spintronic devices,
magnetic tunnel junctions (MTJs) are viewed as the prototypical example [2]. They have already found wide
applications, such as magnetic random-access memories
(MRAMs) [3,4], magnetic sensors [5,6], or programmable
logic devices [1,7]. However, until now, all of these
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applications have relied mainly on a few materials, MgO
and Al2 O3 , as a standard for tunnel barriers in MTJs.
Finding suitable barrier layers is still a major challenge.
Thus, a consistent technological eﬀort is being made to
ﬁnd alternatives to these materials, not necessarily in terms
of magnetoresistance amplitude, but in terms of the precise control of the thickness and homogeneity of the
layer, durability, higher temperature stability, or added
functionalities. For example, it was demonstrated that
new opportunities could be unraveled by interface engineering, thanks to spinterface eﬀects: depending on the
ferromagnetic (FM) electrode/barrier coupling at the interface, a spin-polarization enhancement or inversion could
be achieved towards increased control over spin-device
properties [8,9].
In this scenario, 2D materials have recently emerged
as high-potential candidates [10] for use in spin devices,
since, thanks to their intrinsic two-dimensional nature, they
create extremely thin, tunable, and free from defects barriers with sharp interfaces, which are ideal for spintronic
applications. In addition, the blossoming ﬁeld of 2D materials oﬀers an extremely rich variety of functionalities that
cover the full range of electric and magnetic properties:
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from insulators [11–13] to superconductors [14] and from
diamagnetic to ferromagnetic [15,16]. This makes them
perfect candidates for use as building blocks towards
the ultimate miniaturization and engineering of spintronic
devices, or to be combined in multilayer stacks for the
future development of a new generation of spintronic
multifunctional devices.
Despite this great potential, investigations into 2D materials for spintronics are still in their infancy. However,
ﬁrst results on graphene implementation in vertical spin
valves have already shown promise for spin ﬁltering or
as a protective barrier against oxygen [17,18]. Other 2D
materials beyond graphene have recently been studied in
this context, including hexagonal boron nitride (h-BN)
[19,20], WS2 [21], WSe2 [22], black phosphorus (BP)
[23], and MoS2 [24–30]. Concerning the large family of
transition-metal dichalcogenides (TMDCs), promising theoretical calculations were ﬁrst reported in 2014 by Dolui
et al. [28]. They predicted, by ab initio transport calculations, an extremely large magnetoresistance (MR) signal
up to 300% in Fe/MoS2 /Fe MTJs. The ﬁrst MoS2 -based
spin valve was experimentally reported soon after in a
NiFe/MoS2 /NiFe MTJ [24]. However, although these are
pioneering experiments, the observed MR amplitude is
well below that of expectations (0.73% of MR signal). A
possible explanation is that most experimental studies face
the main technological issue of avoiding bottom FM electrode oxidation during the fabrication process, and thus,

(a)

limiting MR signals. Overall, this leads to the impression
that the potential of these materials is poor. Even if recently
Khan et al. [27] proposed an in situ ﬂip of the sample
to avoid FM electrodes interface oxidation, it appears,
overall, that general fabrication procedures to unlock the
potential of exfoliated 2D materials for spintronics are still
lacking.
Here, we tackle this fundamental problem by developing an easy fabrication approach to incorporate mechanically exfoliated ﬂakes in spintronic devices with high
quality and nonoxidized interfaces. This involves the
use of an inert atmosphere and Al2 O3 capping layer to
avoid bottom FM electrode exposure to air. Motivated by
promising theoretical calculations reported in the literature, we report on MoS2 as a prototypical 2D material
beyond graphene for MTJs. For this aim, we fabricate
NiFe/MoS2 /Co spin valves with few-layer-thick MoS2
ﬂakes exfoliated on NiFe. They show MR values well
above the current state of the art; thus proving the eﬃciency of our fabrication method. Moreover, we suggest
that an overlooked more fundamental physics issue related
to spin-current depolarization could be at the origin of
the discrepancy between the large MR signal theoretically predicted in MoS2 -based spin valves and the limited spin signal experimentally observed in these devices;
thus renewing interest in MoS2 for spintronic devices and
indicating a path for their further development towards
applications.
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FIG. 1. Schematic of device fabrication process. (a) A NiFe layer is deposited over a Si/SiO2 substrate by sputtering and transferred
under vacuum into a glove box. (b) MoS2 ﬂakes are mechanically exfoliated inside the glove box and deposited over the sample.
(c) Sample is transferred into an evaporator under a controlled atmosphere, where a 1 nm Al protective layer is evaporated over the
whole sample and then oxidized in air. (d) Laser lithography is used to open a hole of 1–2 µm in diameter over the selected ﬂakes, and
(e) Al2 O3 layer is removed inside the hole. (f) Device is completed with evaporation of the top electrode, Co (20 nm)/Au (80 nm), and
a conductive epoxy drop is deposited on each contact to protect them during the ion beam etching (IBE) process used to electrically
isolate the junction.
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FIG. 2. (a) Optical microscope image of a MoS2 ﬂake deposited over the NiFe electrode and covered with the Al2 O3 layer. (b) Height
proﬁle of the ﬂake shown in (a) measured by atomic force microscopy (AFM) in tapping mode. (c) Raman spectrum measured on the
ﬂake with an excitation laser of 514 nm.

II. FABRICATION METHOD
The device fabrication procedure is illustrated in Fig. 1.
First, a NiFe (15 nm) layer is deposited by magnetron
sputtering on a Si/SiO2 substrate in a high-vacuum (HV)
chamber, with a base pressure of 10−7 mbar [Fig. 1(a)].
Then, we use a dedicated vacuum-sealed chamber to
directly transfer the sample from the deposition chamber to
a glove box without breaking the vacuum. A MoS2 crystal
(from Manchester Nanomaterials Company) is mechanically exfoliated inside the glove box using the Scotch-tape
technique and MoS2 ﬂakes are thus deposited on the NiFe
surface [Fig. 1(b)]. At this point, the sample is transferred
again through the sealed chamber under a controlled atmosphere from the glove box to a HV e-beam evaporator. A
thin Al layer of 1 nm is evaporated on the whole surface
and then oxidized in an ambient atmosphere to form a thin
Al2 O3 protective barrier [Fig. 1(c)]. Once capped, the sample can be exposed to the air without bottom FM electrode
oxidation. Thin MoS2 layers are still visible through the
Al2 O3 barrier and an optical microscope is used to select
MoS2 ﬂakes over the sample [Fig. 2(a)]. Their thickness
is then characterized by AFM, as shown in Fig. 2(b), and
Raman spectroscopy is used to demonstrate their structural
quality. Fig. 2(c) displays the two Raman-active modes
at about 384 cm−1 (E2g ) and ∼407 cm−1 (A1g ), which
are measured at room temperature on the ﬂake with an
excitation laser of 514 nm. Among the exfoliated ﬂakes,
we select multilayers of about 5–7 nm. This choice is
motivated by theoretical calculations that predict a signiﬁcant increase in the MR signal from that expected in
junctions incorporating a monolayer to junctions incorporating ﬂakes thicker than three layers [28]. Indeed, from
fully atomistic ﬁrst-principles transport calculations it is
predicted that, while thin layers are metallic, in thicker
junctions, the native gap of MoS2 is expected to reemerge,
leading to a MR increase, which saturates for the thickest
junctions calculated for nine layers. In the case of the ﬂake

shown in Fig. 2, its thickness is around 6.3 nm, which
corresponds to nine layers.
After this characterization of the ﬂakes, samples are
spin-coated with UVIII photoresist (≈800 nm thick) and a
laser lithography process is used to open holes of 1–2 µm
in diameter in the resist over the selected ﬂakes [Fig.
1(d)]. At this point, the Al2 O3 protection layer is removed
only inside the opened holes using resist developer to
allow direct contact on the ﬂake [Fig. 1(e)]. Finally, the
device is completed with e-beam evaporation of the top Co
(20 nm)/Au (80 nm) electrode. A conductive epoxy drop is
manually deposited over each contact to protect them during the IBE process used to electrically isolate the junction.
The structure of the ﬁnal device is shown in Fig. 1(f).
The fabricated NiFe/MoS2 /Co junctions are measured
inside a cryostat by applying an external in-plane magnetic
ﬁeld [schematic of the junction in Fig. 3(a)].

III. RESULTS AND DISCUSSION
As shown in Fig. 3(b), a clear positive MR signal can be
observed at low temperature in a NiFe/MoS2 /Co junction
with a ﬂake thickness of 6.3 nm. This value is calculated
as MR = ((RAP -RP )/RP ) × 100, where RAP and RP are the
resistances of the device in the antiparallel and parallel
spin conﬁgurations of the electrodes, respectively. The ﬁrst
switch is observed at a coercive ﬁeld of about ±8 mT
and presents a small asymmetry. This can be ascribed to
a smooth switch of NiFe, as the bottom electrode is large
and probably multidomain, presenting a fast nucleationpropagation switching mechanism. Co switch is observed
at around ±35 mT. Because the surface of the top electrode is smaller and probably monodomain, the switching
mechanism is controlled by shape anisotropy, which makes
a more abrupt switch and inﬂuences the coercive ﬁeld.
Remarkably, as reported in Fig. 3, a MR signal of up to
5% is observed in this junction. This signal is well above
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FIG. 3. (a) Schematic of the measured NiFe/MoS2 /Co device. (b)
MR signal is measured in a junction
with ﬂake thickness of 6.3 nm. Signal
is measured at 2 K and for an applied
bias of 5 mV. (c) MR dependence
with applied bias voltage measured
at 2 K on the same junction. Dotted
line is a guide to the eye. (d) MR
curves measured a 2 K for diﬀerent
bias voltages.

results reported in the literature for MoS2 -based (and more
generally TMDC-based) MTJs. This positive result thus
validates our particular in situ fabrication approach. Figures 3(c) and 3(d) also report the MR behavior with
bias voltage. We observe a monotonous decrease in the
MR signal when increasing the bias voltage, which corresponds to conventional behavior usually attributed to s-like
carriers [31].
Surprisingly, metallic behavior is observed, even in
these junctions incorporating ﬂakes of about 6 nm thick.
This behavior is already reported in MoS2 -based MTJs

(a)

with thinner layers [24]; transition-metal/MoS2 interfaces
[32,33]; and in junctions incorporating other 2D materials, such as WSe2 [22] or BP [23] with layers of 5–6.5 nm
thick, or even in wide band gap h-BN [34]. We show,
in our ﬁrst-principle calculations (see Fig. 4), that the
ﬁrst MoS2 layer bound to the Co contact becomes metallic due to hybridization between Co and S, leaving the
second one semiconducting. The carriers easily ﬂow laterally within the ﬁrst layer, while the presence of impurities
and absorbates acting as dopants in MoS2 contribute to
this metallic behavior in the region outside the contact

(c)

(d)

(b)

FIG. 4. Electronic band structure of Co/MoS2 bilayer interface, highlighting the impact of hybridization. (a), (b) Ball and stick
representation of the computed Co/MoS2 bilayer interface. Top and side views are depicted in (a) and (b), respectively. The periodic
computational unit cell is highlighted in blue. (c), (d) Electronic band structure of the heterostructure computed in the framework
of spin-polarized density functional theory, including spin-orbit coupling. The full set of electronic bands (including the metal) is
displayed in gray. The red (blue) dots correspond to the projection of the Hamiltonian eigenstates onto the Mo and S atoms of the ﬁrst
(second) MoS2 layer labeled L1 (L2) in (b). The size of the dot is proportional to the amplitude of the projection, i.e., the “MoS2 ”
character of the eigenstate. The Fermi level of the interface is used as energy reference and depicted as a horizontal dashed line. These
results are obtained using the projector augmented wave method and the Perdew-Burke-Ernzenhofer (PBE) parametrization of the
generalized gradient approximation (GGA), as implemented within Vienna Ab Initio Simulation Package (VASP) [40–43]. An energy
cutoﬀ of 400 eV and a 8 × 8 × 1 gamma-centered Monkhorst-Pack grid are used to compute the self-consistent electronic density and
to relax the atomic positions up to forces lower than 5×10–5 eV/Å.
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FIG. 5. (a) Optical microscope image of the ﬂake measured in the junction after the lithography process. From this image, the total
surface of the ﬂake is measured to be 59 µm2 and the contact diameter L = 1.5 μm. (b) Schematic of transport behavior through the
ﬂake. Charges injected in the junction are delocalized over the whole ﬂake due to the large lateral transport contribution in MoS2 .
However, spin-polarized charges are only in a small area around the contact (S SP = 3.14 µm2 ), while the rest of the charges are not
spin-polarized.

[33,35,36]. To a lesser extent, the same type of in-plane
to out-of-plane conductivity imbalance is expected in the
next layers because intralayer transport in MoS2 is much
higher than that of interlayer transport [37,38]. This is
acknowledged by our recent conducting tip (CT) AFM
local measurements on MoS2 ﬂakes and demonstrates that
charges are completely delocalized on all our interconnected layers, i.e., a strong lateral transport contribution
must be considered [39].
This raises an issue that is highly relevant, when targeting applications, and is typical of most devices based on
(semi) conducting ﬂakes of 2D materials. Indeed, in these
devices, the barrier material (i.e., the ﬂake) has a larger
surface than that of the contact, Scontact . When this material
becomes conductive, the carriers can become delocalized
over the whole ﬂake surface, Sﬂake (as shown in Fig. 5). As
the injected spin polarization decays exponentially away
from the contact, the spin-polarized current, ISP , then only
represents a fraction of the total ﬂake current, Itotal . Thus,
the measured magnetoresistance,
MRmeas =

IAP − IP
ISP
ISP
=
=η
,
IAP
Itotal
ISP

corresponds only to a fraction, η, of the ideal MR =
ISP /ISP that would be expected for a perfect junction
limited to the spin-polarized area. Here, with lsf as the spindiﬀusion length in the barrier and L as the contact diameter,
η is expected to range from η = 1 if lsf  L to η =
Scontact /Sﬂake , when lsf  L, and the current can be considered as spin-polarized only in the region corresponding to
the contact. As an example, for our device, we ﬁnd L =
1.5 μm and Sﬂake = 59 μm2 for the whole ﬂake surface
[Fig. 5(a)]. Considering lsf =235 nm reported for MoS2
[44], in a ﬁrst approximation, we can assume lsf  L. This
leads to η = 0.03 and a corresponding MR>160%. If we
include the whole area within the spin-diﬀusion length,
lsf , from the contact, we can estimate the eﬀective area

of spin injection to be SSP = π (L/2 + lsf )2 = 3.14 μm2 for
our device, which leads to η = SSP /Sﬂake = 0.053. Even in
this less favorable case, the estimated MR for the contact
is still found to be MR = 94%.
This high MR is in line with the expected quality of
the interfaces achieved with our process and suggests that
the full potential of MoS2 may be soon demonstrated in
spintronics devices. Indeed, our ﬁndings show that results
on MoS2 (but also other TMDCs and semiconducting
2Ds) may have been hampered by a fundamental spindepolarization obstacle, in addition to the commonly raised
material and interface quality issues. This may also explain
why reported MR signals are still far from that of theoretical expectations. Importantly, this obstacle should be
addressable through relevant device design and fabrication
technology, giving a path towards 2D materials integration
into 2D MTJ applications.
Still, we cannot rule out the possibility that the current propagating laterally in the top layer of MoS2
remains spin-polarized over the whole ﬂake; this scenario would reveal MoS2 to be highly suitable for use
as a conductive channel for spin transport in spin-FET
devices. Notably, however, this situation would require
spin-diﬀusion lengths well above 5 µm, which would be
much higher than the value of 235 nm reported until now
in the literature.
IV. CONCLUSION
Here, we demonstrate the successful fabrication of
NiFe/MoS2 /Co spin valves incorporating few-layered
MoS2 . The original approach we adopt involves a passivation scheme. This procedure proves to be extremely
eﬀective for obtaining high-quality nonoxidized interfaces.
Indeed, a strong improvement in the magnitude of the MR
signal is observed in our devices, compared with results
reported in the literature. By circumventing the key oxidation issue for spintronics devices, these results should
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unlock the possibility to tune spin-device barriers and
potentially incorporate every 2D material through the same
process. This would greatly accelerate their screening and
allow investigations into a plethora of new 2D materials
for spintronics. Moreover, the simple model we suggest
highlights what could be the overlooked relevant physical
mechanisms at play in these kinds of devices. This allows
to estimate that a much higher MR signal (up to about 94%
in our devices) could be expected in MoS2 -based junctions,
if the whole surface of the ﬂake is active with a spinpolarized current. Showing that there is a material and,
more importantly, a physics issue, our ﬁndings strengthen
the potential of 2D materials for spintronics and highlight a
way to go beyond the limited spin-signal results obtained,
to date, for MoS2 -based MTJs. Thus, we believe it will be
a useful guide towards the improvement of devices based
on TMDCs, such as MoS2 and beyond.
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