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Spin filtering effect in all-van der Waals heterostructures with
WSe2 barriers
Yuanhui Zheng 1,2,6, Xiaolei Ma3,6, Faguang Yan2, Hailong Lin2,4, Wenkai Zhu2,4, Yang Ji2,4, Runsheng Wang3 and
Kaiyou Wang 1,2,4,5✉

Exploiting the spin degree of freedom to store and manipulate information provides a paradigm for future microelectronics. The
development of van der Waals (vdW) heterostructures has created a fascinating platform for exploring spintronic properties in the
two-dimensional (2D) limit. Transition-metal dichalcogenides such as tungsten diselenide (WSe2) have electronic band structures
that are ideal for hosting many exotic spin–orbit phenomena. Here, we report the spin-filtering effect in all-vdW heterostructures
with WSe2 barrier. Combining 2D-perpendicular magnetic anisotropy Fe3GeTe2 (FGT) with different thicknesses of WSe2, the FGT/
WSe2/FGT spin valve shows distinct charge and spin transport behavior. Moreover, the negative magnetoresistance (−4.3%) could
be inverted into positive magnetoresistance (up to +25.8%) with decreasing the WSe2 thickness. Furthermore, we proposed a spin-
filtering model based on Δ-symmetry electrons tunneling to explain the crossover from negative to positive MR signal through ab
initio calculation. These experimental and theoretical results illustrate the rich potential of the families of TMDC materials to control
spin currents in 2D spintronic devices.
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INTRODUCTION
Transition-metal dichalcogenide (TMDC) semiconductors are
layered materials with a two-dimensional honeycomb crystal
structure. These materials offer an opportunity to integrate
heterogeneous systems due to the weak van der Waals (vdW)
interactions between individual layers, without dangling bonds on
the surfaces1,2. Moreover, TMDCs are semiconductors with a
strong spin–orbit coupling (SOC), several 10 meV in the conduc-
tion band and 100 meV in the valence band3–5. Especially, the
maximal spin splitting of the uppermost valence band (UVB) at the
K-point amounts to 456 meV for the WSe2 monolayer4. Recently,
such high-SOC TMDCs also showed fascinating charge transport
and spin dynamics properties6–11. Furthermore, the SOC in such
vdW heterostructures can be utilized to electrically control the
spin polarization. However, the use of ferromagnetic film in the
vertical spintronic device is now explored for few decades, which
are mainly fabricated by physical growth methods such as
molecular beam epitaxy, sputtering (d.c. or a.c.), pulsed laser
deposition, or electron beam evaporation. Interface roughness
results in local variations of the barrier thickness, local magnetic
fringe field, and inhomogeneous electronic configuration and
coupling at the interfaces that may strongly affect the spin-
dependent conductance12–14.
Meanwhile, with the recent discovery of 2D magnets, the

control of the spin degree of freedom can be integrated to realize
2D spintronics with spontaneous time-reversal symmetry break-
ing15,16. However, in situ preparation of all vdW heterostructures in
a controlled environment could circumvent most of the problems
mentioned above. Owing to the ideal interface between 2D
materials, the junctions incorporating all vdW materials avoid the
associated intermixing effect and defect-induced gap states,
showing performance exceeding that of covalently bonded

magnetic multilayers17–21. The expanding 2D materials family is
now the focus of several on-going vertical spin transport studies,
taking advantage of, for instance, tunneling (h-BN, etc.)19,
semiconducting (MoS222, WS223, InSe10, etc.), and magnetic
(CrI324, CrBr325, etc.) behaviors. Theoretical studies further suggest
that the nature of different nonmagnetic 2D spacers can
effectively possess tunneling or metallic spin transport beha-
viors26. Despite that a few of spin valve devices with TMDCs
including WSe2 as the nonmagnetic spacer layer have been
reported22,23,27, WSe2-based all-vdWs spin valve remains a
relatively unexplored area. Herein, for the WSe2-based all-vdWs
Fe3GeTe2(FGT)/WSe2/FGT structure, the distinct charge and spin
transport characteristics were observed as a function of WSe2
thicknesses, and more importantly, a spin-filtering physical model
based on the Δ-symmetry electrons tunneling was proposed to
explain the negative MR based on ab initio calculations.
Here, we have demonstrated the charge and spin-dependent

transport behaviors in all-vdW FGT/WSe2/FGT spin valve devices,
and the spin-filtering effect is observed and explained by ab initio
calculation. We find that the charge and spin transport show
distinct behaviors in the spin valve devices with varying
thicknesses of WSe2. In particular, the crossover of magnetoresis-
tance (MR) has been found. For a typical spin valve, the MR can be
defined as MR= (Rap− Rp)/Rp, where Rap and Rp denote the
resistance in the antiparallel (AP) and parallel (P) configurations of
ferromagnetic electrodes magnetization direction, respectively.
The sign of the MR changes from negative to positive, and the
value changes from −4.3% to +25.8% with the decreasing
thicknesses of WSe2. Supported by ab initio calculations, we
proposed the spin-filtering model based on the Δ-symmetry
electrons tunneling to illustrate the negative MR physical
mechanism. The estimated spin polarization up to 33.8% at the
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FGT/WSe2 interface is obtained with 10 nA at 10 K, corresponding
to the highest values reported to date based on WSe2-based spin
valves. The evolution of the WSe2 with spin-filter function is thus
shown to lead to promising perspectives for tailoring spintronics
devices using TMDC materials.

RESULTS
Device structure and characterization
Figure 1a shows the schematic crystal structure geometry of FGT.
It is worth noting that the 2D ferromagnetic FGT crystals exhibit
relatively large Hc, high Tc (~220 K), and strong PMA17,28,29. Figure
1b shows the side view of the trigonal prismatic coordination of
the atoms in 2D semiconducting WSe2. The layer-to-layer vdWs
gap is about 12.98 Å, and the electronic structure of the top-lying
valence bands of WSe2 is derived from the W 5d and Se 4p
orbitals30. The schematic of the spin valve structure based on all-
vdWs materials and the experimental set-up are displayed in Fig.
1c. The device consists of two ferromagnetic FGT electrodes and a
nonmagnetic WSe2 spacer. The magneto-transport measurements
were performed using two-terminal measurements with an out-of-
plane magnetic field applied parallel to the easy axis of FGT.
Figure 1d shows the optical image of FGT/WSe2/FGT spin valve,
and every layer of the device has been marked by dotted lines. In
addition, the high-resolution interface between FGT and WSe2
characterized by scanning transmission electron microscope
(STEM) is shown in Fig. 1e. The enlarged STEM image of the
FGT/WSe2 clean interface reveals that the vdWs heterostructure-
based spin valve does not exist penetration (Fig. 1f).

Electric and magneto-transport of FGT/WSe2/FGT
We first investigated 12 nm WSe2-based spin valve with FGT
electrodes. For the FGT/WSe2 (12 nm)/FGT junction (see Supple-
mentary Fig. 1), as shown in Fig. 2a, the spin valve shows a
symmetric and nonlinear I–V curve at 10 K, which points to typical
tunneling behavior. As shown in Fig. 2b, a representative spin
valve signal with 10 nA bias current at 10 K was observed, and the
inset shows the direct V–H curve of the device. A sharp and large
decrease in resistance was observed close to μ0H=+0.19 T,

followed by the same magnitude increase at μ0H=+0.33 T with
sweeping the out-of-plane magnetic field μ0H from negative to
positive orientation. In addition, an analogous decrease and a
subsequent increase were also observed at μ0H=−0.19 T and
−0.33 T as the magnetic field was swept back. In this situation, a
negative MR value of −4.3% was obtained, that is to say that the
resistance at antiparallel alignment was smaller than the
resistance at parallel state. The magnitude of the observed MR
is about four times higher than the MR value of the previously
reported WSe2-based spin valve27, and this value is also much
higher than WS2- and MoS2-based spin valves22,23.
The bias current intensity dependence of the MR at 10 K was

investigated. As shown in Fig. 2c, the extracted MR decreases from
−4.3 to −0.3% approximately in a linear way in the bias current
ranging from 10 nA to 1 µA. The decrease of the MR with increasing
the bias current is related to the higher energy electrons, and this
has a larger probability to be scattered by localized trap states in
the WSe2 layer or at the interface31. In order to understand the
temperature dependence of the MR in the WSe2 spin valve devices,
we performed the device measurements from 10 to 200 K. The
extracted MR values are presented in Fig. 2d, where the MR
decreases from −4.3% to −0.8% monotonically with increasing
the temperature from 10 to 200 K. This can be attributed to the
decrease of the spin polarization of FGT with increasing the
temperature, which becomes fully un-polarized above the Curie
temperature of FGT (see Supplementary Fig. 2).
Notably, the MR behaviors at different currents and tempera-

tures show standard rectangle configuration compared to the
reported WSe2-based devices using traditional ferromagnetic
electrodes27, indicating that the resistance is very stable when
the spin valve system lies in the parallel and antiparallel state, and
the all-vdW spin valve devices have an advantage of better
spinterface than the common interface between depositing
ferromagnetic metal and 2D materials.
After considering the spin scattering in the WSe2 layer, the spin

polarization of the device can be approximately calculated using
Julliere model, MR= 2P2/(1-P2)22. The spin polarization P of FGT can
be estimated to be 14.5% at 10 K and 6.3% at 200 K. The maximum
P (14.5%) is larger than that of the Co (7.1%)32, NiFe (4.9%)33, and
Fe3O4 (3.2%)34 which sandwiched 2D material, and is also larger

Fig. 1 Schematic of spin valve device built upon van der Waals heterostructures. a FGT crystal structure. b WSe2 crystal structure. c Device
structure of FGT/WSe2/FGT spin valve. d Optical image of the FGT/WSe2/FGT spin valve. Scale bar: 10 µm. e Scanning transmission electron
microscope (STEM) of the FGT/WSe2 interface. Scale bar: 10 nm. f The enlarged STEM image of the FGT/WSe2 interface. Scale bar: 2 nm.
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than that of the FGT/graphite/FGT20, FGT/MoS2/FGT22, and FGT/
WS2/FGT23 junctions. However, this value is still much lower than
that in FGT/InSe/FGT10 and FGT/h-BN/FGT19 structure. A logical
extension of Bloch’s spin wave theory is to adopt a spin polarization
that varies with temperature as does the magnetization35, and the
spin polarization can be described as P(T)= P0(1− αT3/2). The
parameter α is related to concrete materials and fitted to be
α= 1.99 × 10−4 K−3/2, and which is close to the values as reported
(see Supplementary Fig. 3)22,27,29,36.
After the measurements of spin valve with 12 nm WSe2 spacer,

we characterized the other spin valves with different thicknesses
of WSe2. However, the charge and spin transport show distinct
behaviors while the thickness of WSe2 is below than 9.6 nm. In
short, a strong thickness dependence of the charge and spin
signal is observed, with a striking MR sign reversal for WSe2 layers
less than 9.6 nm. Herein, we chose the spin valve with a thickness
of 6.9 nm WSe2 as the example. For the FGT/WSe2 (6.9 nm)/FGT
spin valve (see Supplementary Fig. 4), the symmetric I–V curve
shows a linear feature as shown in Fig. 3a. Figure 3b shows a
typical MR trace for 6.9 nm WSe2 layer spin valve at a constant
current of 10 nA at 10 K. Different to the thicker spacer layer
device, the spin valve shows positive MR, namely the resistance at
antiparallel state was larger than that at parallel state. Figure 3c
shows that the spin valve MR values decrease from 25 to 13% at
various current intensities ranging from 5 nA to 50 µA at 10 K. As
observed similarly with 12 nm WSe2 spin valve, the extracted MR
decreases as the bias current intensity increases. As shown in Fig.
3d, the magnitude of the MR signal decays steeply with increasing
temperature, decreasing from 25% to 3.3% (see Supplementary
Fig. 5). In addition, the symmetrical interface for spin transport
based on FGT/WSe2/FGT junction has been found through
reversing the applied bias current direction, and which has very
little influence on the magnitude of MR (see the Fig. 4a, b). For the
spinterface-based FGT/WSe2, we calculated the spin polarization P,
and the value varies 33.8 to 13% from 10 to 200 K. In addition, the

parameter α with Bloch’s law based on 6.9 nm WSe2 spin valve is
about α= 2.3 × 10−4 K−3/2, which is much larger than that
obtained from 12 nm WSe2 device (see Supplementary Fig. 6)22,29.
To clarify the WSe2 spin valve thickness-dependent charge and

spin transport, we fabricated more than ten devices and studied
their charge and spin transport behaviors. Figure 5a shows the
summary of spin valve MR and resistance-area products (RA) with
changing the thicknesses of the WSe2 spacer. The charge and spin
measurement results show that the MR signal changes from
positive (left blue section) to negative (right green section) with
the increase of the WSe2 thickness, and the spin valves I–V curves
show linear and nonlinear I–V characteristics, respectively.
Obviously, for the device with WSe2 thickness of less than
9.6 nm, the spin valve shows a positive MR effect, and the RA is
less than 5 kΩ μm2. However, when the WSe2 thickness reaches
9.6 nm and above, the MR signal turns into negative and the
junction shows tunneling transport behavior. According to the
measurement results of all devices, the RA value of right section
devices (>9.6 nm) is several dozens of times larger than that of left
section devices (<9.6 nm).
The metallic behaviors of vdW heterostructure spin valve are

often attributed to the strong hybridization between ferromag-
netic electrodes and semiconducting spacer22,23. To understand
the hybridization effect and barrier height between FGT and WSe2,
the electronic structure and projected density of state (PDOS) of
the FGT/WSe2 interface can be obtained based on the DFT theory.
For the FGT/WSe2 interface as shown in Fig. 5b, the Fermi energy
is close to the conduction band of WSe2, indicating that FGT/WSe2
interface performs n-type contact. In addition, the location of
Fermi level is an important factor for the transport of TMDs
devices, and which may be tuned by doping37–40. Meanwhile,
from the perspective of the smoothness of PDOS, the WSe2 layer
closest to FGT has a significant hybridization effect. However, the
CBM of 2nd to 4th layer of WSe2 exhibits weaker hybridization
states, and the 5th layer of WSe2 is no longer affected by FGT.

Fig. 2 Charge and spin transport behaviors of FGT/WSe2/FGT with 12-nm WSe2 spacer. a The current–voltage curve of FGT/WSe2 (12 nm)/
FGT spin valve at 10 K. bMR of the FGT/WSe2/FGT spin valve with I= 10 nA at 10 K. The inset shows the direct V–H curve of the device. cMR of
FGT/WSe2/FGT spin valve with different bias currents. d MR of FGT/WSe2/FGT spin valve at different temperatures.
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Fig. 4 MR response of FGT/WSe2(6.9 nm)/FGT with ± 1μA. a FGT/WSe2(6.9 nm)/FGT spin valve effect with +1 μA at 10 K. b FGT/WSe2(6.9 nm)/
FGT spin valve effect with −1 μA at 10 K.

Fig. 5 Thicknesses-dependent MR and barrier height. a MR and resistance area as a function of different thicknesses of WSe2. b Barrier
height between FGT and WSe2 with different thicknesses.

Fig. 3 Charge and spin transport behaviors of FGT/WSe2/FGT with 6.9 nm WSe2 spacer. a The current–voltage curve of FGT/WSe2 (6.9 nm)/
FGT spin valve at 10 K. bMR of the FGT/WSe2/FGT spin valve with I= 10 nA at 10 K. c MR of FGT/WSe2/FGT with different bias currents. dMR of
FGT/WSe2/FGT spin valve at different temperatures.
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For the positive MR effect and linear I–V curve of thin WSe2, the
hybridization effect plays a vital, but not the only role. The actual
situation may be affected by many factors, such as the
synergistic effect combining hybridization and the pinhole10 or
impurities. With increasing the thickness of the WSe2 layer, the
nonlinear I–V curve shows the formation of the Schottky barrier
with larger RA values (above 1 MΩ μm2) at WSe2/FGT interface,
and the hybridization and pinhole effect do not play the vital
role. In contrast, the tunneling effect dominates the transport
mechanism of the devices, and there is the emergence of a
negative MR signal.

Model of symmetry-state selection
Indeed, the MR is tightly related to the different symmetry-related
carriers filtering for spin-polarized electrons tunneling in spin
valve. Based on the experimental characterization of spin value
thickness-dependent MR, we proposed a model of symmetry-
state selection for the tunneling current in the FGT/WSe2/FGT
through ab initio calculation. The bandgap is very distinct for
WSe2 with different thicknesses, as shown in Fig. 6a–c, which

shows the transition from direct-to-indirect bandgap of WSe2.
Herein, the spin–orbital coupling (SOC) effect has been taken into
account in the band structure calculation, which leads to the
obvious splitting of valence band (see Supplementary Figs. 7 and
8). For monolayer WSe2, the bandgap is about 1.45 eV without
considering the hybridization effect. The monolayer WSe2 shows
direct bandgap properties (K-K), and the conduction band
minimum (CBM) and valence band maximum (VBM) of WSe2
are located at K-point of the Brillouin zone, where the carriers
transport along the CBM of K-point with Δ1 state. With the
increment of WSe2 layers, the bandgap of the bilayer and trilayer
of WSe2 is about 1.37 and 1.29 eV (see Supplementary Fig. 8),
switching from direct bandgap (monolayer) to indirect bandgap.
As the layers of WSe2 continue increasing, more conductance
bands at Q-point and valence band at Γ-points are occurring, and
the bandgap decreases as a function of the WSe2 layer. In the
case of four layers of WSe2, the CBM at the Q-point and K-point
have almost the same energy level, and the carriers transport
along with CBM at Q/K-point (Fig. 6b). However, with more
additional layers of WSe2 (more than five layers), as shown in
Fig. 6c, the minimum of its conduction band shifts toward the

Fig. 6 Spin-related transport model based on ab initio calculation. a Band structure of monolayer. b Band structure of four layers. c Band
structure of bulk WSe2. d Spin-dependent band structure of bulk FGT. e Band structures of FGT near the Q-point for the spin-up bands. f Band
structures of FGT near the Q-point for the spin-down bands. Black and red lines represent the spin-up and spin-down bands, respectively.
g The model of symmetry-state selection for the tunnel current in P state of FGT/WSe2/FGT system. h The model of symmetry-state selection
for the tunnel current in AP state of FGT/WSe2/FGT system.
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Q-point of the Brillouin zone, and the electrons only transport at
the CBM of Q-point with three symmetries: Δ1, Δ5, and Δ2’ states.
For the FGT/WSe2/FGT spin valve, the transport occurs in
multichannels. The ferromagnetic electrode FGT emits electrons
with different symmetries, and these electrons are subsequently
injected into the transport layer WSe2. Figure 6d shows the band
structure of bulk FGT for the spin-up and spin-down electron
states. Considering that the spin-polarized electrons propagate
along the Q-point based on thick WSe2 layers, we assume that the
spin-polarized electrons crossing the Fermi level near the Q-point
can be used as an effective transport channel. Therefore, we
extracted the spin-dependent band structure of the bulk FGT near
the Q-point in the Brillouin region (the shadow part of the FGT
band structure). As shown in Fig. 6e and f, it is found that there
are two kinds of spin-up channels, one of which is related to
Δ5 state, labeled as C1, and the other one is related to Δ1 state,
labeled as C2. Moreover, there are also two spin-down channels,
labeled C3 and C4, respectively. Both channels contain Δ1, Δ5, Δ2,
and Δ2’ states. Based on the ab initio calculations, we proposed a
simplified spin-related transport model to explain the negative
MR phenomenon based on FGT/WSe2/FGT. Following Fig. 6g and
h, for the parallel (P) state, Δ5 state and Δ1 state electrons are
injected through the spin-up channels C1 and C2 from the left
electrode, respectively. After the electrons tunnel across the WSe2
spacer, the right electrode C1 cannot receive the Δ1 state
electrons, and C2 cannot receive the Δ5 state electrons, indicating
that multiple channels are not all valid. The electrons tunneling
from C1 (C2) of the left electrode to the right electrode channel
C2 (C1) is spin forbidden, and this will drastically reduce the
tunneling current. Furthermore, for the antiparallel (AP) state,
both the Δ1 and Δ5 states injected by the left electrode can find
the equivalent state on the right electrode with the opposite spin
state, C3 or C4. This shows that all possible transport channels in
AP state are not spin forbidden for the thick WSe2 layer-based
spin valve, while the two transport channels in P state are spin
forbidden, and which causes the tunneling current in AP state to
be higher than that in P state. The model proposed here outlines
the tunable spin transport properties and spin-filtering effect
dependent on the thicknesses of WSe2 spacer. For thicker WSe2
above 15 nm, the MR effect disappeared even at 10 K. It is
probable that thick flakes enhance the probability of spin
scattering, in turn limiting the extracted spin signal.

DISCUSSION
Our study explores the spin-filtering effect and tunable spin
transport in vertical all-van der Waals spin valves of FGT/WSe2/
FGT. We report the MR crossover from negative (−4.3%) to
positive (up to +25.8%) with decreasing the thickness of WSe2,
and the calculated maximum spin polarization for the spinterface
is about 14.5% and 33.8%, which corresponds to negative and
positive MR spin valve, respectively, and that is larger than that
obtained in conventional ferromagnetic electrodes sandwiching
2D material structures. Furthermore, we proposed a spin-filtering
model based on WSe2 by ab initio calculations. The FGT/WSe2
interface spin polarization sign can be expected to be tuned with
WSe2 thicknesses, which should be common and adapt to many
TMDCs. Our work highlights the potential of the rich TMDC family
of 2D materials to control spin transport in 2D spintronic devices.

METHODS
Materials and device fabrication
All the high-quality vdW bulk single-crystals (FGT, WSe2, h-BN
obtained from HQ Graphene) were exfoliated into few layer flakes
through the mechanical exfoliation method inside a nitrogen-
filled glovebox. Then the flakes of FGT, WSe2, FGT, and h-BN were

stacked sequentially on the prepared Cr (5 nm)/Au (50 nm)
electrodes by the dry transfer method. The obtained FGT/WSe2/
FGT spin valve devices were baked at 120 °C for 10 min to
eliminate the air gaps.

Electric and magneto-transport measurements
The electrical and magneto-transport were performed in the
cryogenic probe station (Lake Shore Cryotronics, Inc). The instru-
ment operation temperature varies from 10 to 300 K. The super-
conducting magnet could provide an out-of-plane magnetic field up
to 2.25 T. The transport was measured by the combination of
Keithley model 2602B sourcemeter and Keithley model 2182 A
nanovoltmeter. The thickness of WSe2 flake was determined by an
atomic force microscope. The FGT/WSe2/FGT device optical image
was obtained by Olympus optical microscope. The FGT/WSe2/FGT
device interface image was characterized by aberration-corrected
scanning transmission electron microscopy.

First-principles calculations
The Schottky barrier, band structure, and electron symmetry are
carried out by Quantum ATK41 based on the density functional
theory. Hexagonal structures are selected for the primitive cells.
The lattice constant of WSe2 is 3.29 Å, and that of FGT is 3.991 Å.
The band structure of bulk WSe2 and bulk FGT obtained by self-
consistently calculated are in good agreement with other
calculated results42,43. The FGT/WSe2 interface structure is
constructed with 1 × 1 FGT and 1 × 1 WSe2 by using the
interface builder tool of Quantum ATK41, which can automati-
cally and optimally match the two different materials and
calculate the strain percentage. The in-plane lattice constant of
the FGT/WSe2 interface is 6.58 Å, and the lattice mismatch
between the FGT and WSe2 of ~3.2% is tolerable. The spin-
polarized generalized gradient approximation (SGGA) exchange-
correlation potential using Perfew–Burke–Ernzerh (PBE) func-
tion, and the spin–orbit coupling is considered for theory
calculations, with 7 Å k-point density and 100 Hartree density
mesh cut-off. All structures have been fully optimized for the
FGT/WSe2 interface and bulk materials until the total energy is
converged to less than 10−5 eV. The maximum force on each
atom is less than 0.05 eV/Å.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
authors upon reasonable request.
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