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materials interlayer and interface degradation occurring during 
the deposition of the 3D ferromagnetic layers.[20,21]

Recently, the 2D vdW intrinsic ferromagnetic metal Fe3GeTe2 
(FGT) has attracted lots of attention because of its metallic 
nature, strong perpendicular magnetic anisotropy, and high 
Curie temperature (Tc) up to 220 K.[22–26] This allows researchers 
to build up all-2D vdW spin-valve devices with clean interfaces 
by mechanically exfoliation and dry transfer methods.[27] The 
FGT-based spin valves with a semiconductor or an insulator 
as the spacer layer, or even a ferroelectric layer have been pro-
posed theoretically.[28–30] Experimentally, the tunneling FGT/
hBN/FGT spin valves have been demonstrated and a high MR 
of 160% was achieved.[31] The semiconductor MoS2 has also 
been used as the spacer layer in FGT/MoS2/FGT devices, but 
the MoS2 acts as a conductive layer rather than a tunneling 
barrier.[27] In addition, the FGT/FGT junctions shows a stable 
spin-valve effect even without any spacer layer.[32,33] However, 
except for the large MR (160%) for devices with an insulating 
hBN spacer layer, the MR for all-2D vdW spin valves with a 
semiconductor spacer is rather small (<5%). Hence, searching 
for more suitable spacer layers or device structures is highly 
desirable. Amongst 2D vdW crystals, indium selenide (InSe), 
is a metal chalcogenide semiconductor with unique electronic 
properties, including a sombrero-shaped valence band in few 
layers,[34] a thickness-dependent band structure (direct bandgap 
in the bulk and indirect bandgap in a few layers),[35] and high-
electron mobility.[36] The choice of InSe and FGT is motivated 
by their close lattice match.[28] Furthermore, the FGT/InSe/FGT 
spin valve has been predicted to be a perfect spin-filter with a 
giant TMR ratio of up to 700%. This arises from the unique 
band structure of InSe, closely matched to that of FGT and 
large difference between the k-resolved transmission spectra in 
the parallel and antiparallel configurations.[28] However, so far, 
experimental work on the MR and conductive behavior of such 
spin-valve devices has not been reported.

In this work, we report on all-2D FGT/InSe/FGT vertical 
spin-valve devices. Devices with similar thickness of the spacer 
InSe show two distinct behaviors in the electrical transport: 
tunneling and metallic. The tunneling device shows nonlinear 
current-voltage characteristics and the resistance increases with 
decreasing temperature, which is attributed to the formation 

of a pinhole-free tunneling barrier between InSe and FGT. 
In contrast, the metallic device shows linear current–voltage 
characteristics and the resistance decreases with decreasing 
temperature from 230 to 130 K, which is assigned to the pres-
ence of pinholes in the InSe spacer layer. A large MR of up to 
41% is achieved in the tunneling devices under applied cur-
rents below 0.1 µA at 10 K. The MR of the metallic devices is 
instead smaller (≈14%), which we assign to the existence of pin-
holes in the InSe layer. Overall, the MR of these structures is 
up to 50 and 10 times larger than the MR previously reported 
for NiFe/MoS2/NiFe and FGT/MoS2/FGT vertical spin valves, 
respectively. We examine the dependence of the MR on the bias 
current and temperature. The MR of the tunneling device is 
more sensitive to the bias current than the metallic one and can 
operate at lower bias currents. The MR ratio for both devices 
decrease with increasing temperature and the evolution of the 
spin polarization with temperature can be well fitted by Bloch’s 
law.[37] Our results demonstrate a large MR in a 2D vdW ferro-
magnet/semiconductor heterojunction and the important role 
of pinholes in this type of spin-valve devices.

2. Results and Discussion

Figure 1a shows the schematic diagram of the FGT/InSe/FGT 
spin-valve structure, in which the layered semiconductor InSe 
is embedded between two ferromagnetic metal FGT electrodes 
and the junction area is covered with hBN to avoid contami-
nation and oxidation in air. The cross-section high-resolution 
transmission electron microscopy image of the FGT/InSe het-
erostructure shows that the interface is atomically flat with the 
atomic layers in InSe and the FGT clearly visible (Figure S1, 
Supporting Information). This excludes a significant contami-
nation of the layers/interface. The magnetotransport meas-
urements were conducted with a magnetic field (B) applied 
perpendicular to the layer plane to control the magnetization 
direction of the two FGTs. As shown in Figure 1b, atomic force 
microscopy (AFM) measurements of a typical spin-valve device 
indicate that the thickness of the top FGT, bottom FGT, and 
spacer InSe layers are 12.6, 6.1, and 6.0 nm, respectively. The 
coercivity of the FGT depends not only on its geometry, but 
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Figure 1. Device characterization. a) The schematic diagram of the device and magnetotransport setup. An out-of-plane magnetic field was applied 
to control the magnetization of the two FGT electrodes. b) AFM measurements of a typical device indicate that the thickness of the top FGT, bottom 
FGT, and spacer InSe are 12.6, 6.1, and 6.0 nm, respectively. The optical and AFM images of the device are shown in the bottom-left and upper-right 
corners, respectively (the scale bar is 5 µm).
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also on the layer thickness.[26,38] Thus, in order to obtain very 
different coercivities between the top and bottom FGT elec-
trodes, FGT flakes with different thickness were selected for 
fabricating the heterojunction. Photoluminescence and Raman 
studies show that the InSe spacer layer has a γ-rhombohedral 
phase with a bandgap energy of 1.39 eV at room temperature 
(Figure S2, Supporting Information), in good agreement with 
previous experimental results.[36] Also, anomalous Hall effect 
data of a typical exfoliated 15 nm-thick FGT show that the FGT 
is a 2D metallic ferromagnet with strong perpendicular mag-
netic anisotropy and relatively high Tc of 230 K (Figure S3, Sup-
porting Information).

We have then investigated the electrical transport proper-
ties of two typical FGT/InSe/FGT devices (device A and B) by 
measuring the current–voltage (I–V) curves and the tempera-
ture evolution of the junction resistance (R–T). A relatively 
large magnetic field (B  =  −0.4 T) was applied before the I–V 
measurements to ensure that the two FGTs were in the par-
allel magnetic configuration. As shown in Figure  2a, the low 
temperature (10 K) I–V curve of device A is nonlinear, sug-
gesting that a tunnel barrier is formed between InSe and the 
FGTs. The band alignment at the FGT/InSe interface from the 
theoretical calculations also reveals the existence of a tunnel 
barrier (Figure S4, Supporting Information).[28] The resistance 
decreases monotonically with rising the temperature, revealing 
a weak dependence in the measurement range from 10 to 295 K 
(Figure 2b), which suggests the device is a good tunnel junction 

with a pinhole-free barrier.[39] From the active overlap area of 
the device A (≈7.5 µm2 from the optical microscopy image), we 
estimate a resistance–area product (RA) of 180 kΩ µm2 at 10 K, 
which is comparable to the corresponding value in standard 
magnetic tunnel junctions.[31] However, we observed a distinct 
behavior in other devices with the same InSe layer thickness. 
For example, for device B in Figure 2d,e, the low temperature 
I–V curve is linear and with increasing the temperature from 10 
to 230 K, the resistance first decreases and then increases, sug-
gesting a metallic behavior.[27] The RA value of device B is esti-
mated to be ≈45 kΩ µm2 at 10 K. We note that although the two 
devices have the same layer thickness, the resistance of device 
A is almost four times larger than that of device B at 10 K. 
Thus, the hybridization between the ferromagnetic electrodes 
and the semiconductor spacer layer proposed before to explain 
the metallic behavior of spin valves cannot be used here to 
explain the very distinct transport behavior of our samples.[4,5,40] 
On the other hand, pinholes can affect the MR of magnetic 
tunnel junctions with a thin tunnel barrier. In the presence of 
pinholes, a percentage of electrons flow directly from the top 
to the bottom electrodes rather than tunneling throughout the 
barrier, thus decreasing the MR.[39,41,42] Pinholes can arise from 
the surface roughness of the tunnel barrier, whose thickness 
can be reduced in specific regions thus increasing the elec-
tron transmission.[42] Since our InSe flakes are atomically flat, 
this mechanism cannot explain our observations. On the other 
hand, pinholes can originate from point and/or line defects 
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Figure 2. Electrical and magnetotransport properties of the FGT/InSe/FGT devices with tunneling (device A) or metallic (device B) behavior. a) I–V 
curve of device A at 10 K, showing nonlinear characteristics. Inset: optical image of device A. b) Resistance of device A as a function of temperature 
(R–T). c) Resistance as a function of the perpendicular magnetic field (R–B) of device A at a fixed current bias of 0.1 µA at 10 K. d) I–V curve of device 
B at 10 K, showing linear I–V characteristics. Inset: the optical image of device B. e) R–T curve of device B. f) R–B curve of device B measured at a fixed 
current of 1 µA at 10 K. The red and blue horizontal arrows show the sweeping directions of the magnetic field. The black vertical arrows denote the 
out-of-plane magnetization of the two FGTs.
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due to Se-vacancies and/or In-interstitials. Point defects can 
also coalesce to form extended line defects.[43] We have fabri-
cated and investigated several devices with randomly different 
interlayer displacements and/or rotations occurring during the 
stacking process and these devices exhibit always two distinct 
transport behaviors with different I–V and R–T characteristics.

We examine now the MR of device A and B (Figure  2c,f ). 
Upon sweeping the out-of-plane magnetic field B from 
negative to positive values, a sharp jump of the resistance 
from low to high-resistance state (RAP) occurs. With further 
increasing B, the resistance jumps back to the low-resistance 
state (RP). The symmetric resistance jumps are also observed 
for sweeping B from positive to negative values. The MR is 
derived from (RAP  − RP)/RP. For device A, this gives a MR 
value of 41%, which is about 50 and 10 times to that of the pre-
vious reported NiFe/MoS2/NiFe and FGT/MoS2/FGT vertical 
spin valves, respectively.[27,40] In contrast, the MR of device 
B is 14%, only 1/3 of that of device A. It proves that for the 
same thickness of the spacer layer, devices can have very dif-
ferent MR ratios. We attribute the reduced MR in device B 
to the existence of pinholes related to the defects in the InSe 
layer.[43,44] To further verify that the pinholes reduce the MR, 
we have fabricated several other devices with 6 nm-thick InSe, 
named devices C–E. The MR values and their dependence on 
the RA values for all our devices (A–B–C–D–E) are shown in 
Figure S5, Supporting Information. Devices with a lower RA 
values (<100 kΩ  µm2) show linear I–V characteristics and a 
smaller MR (≈1.6% in device C), while others with higher RA 

values exhibit nonlinear I–V characteristics and larger MR 
(≈54% in device E).

Since the operating current of a spin-valve device affects 
directly its performance, we studied the bias dependence of the 
MR for two of our spin-valve devices. As shown in Figure 3a, the 
tunneling device A exhibits perfect spin-valve signals at all bias 
currents (1 nA to 10 µA) and can work at low currents down to 
1 nA at 10 K. The extracted bias-dependent MR ratios of device 
A is presented in Figure 3c. It can be seen that the ≈40% of MR 
ratios persists when the applied bias current is below 0.2 µA, 
indicating that the device can retain stable MR signals over a 
wide bias range. As the applied bias current exceeds 0.2 µA, 
the MR decreases approximately linearly as the bias current 
increases exponentially. We assign this dependence to scat-
tering of higher energy electrons by localized trap states at the 
FGT/InSe interfaces.[45] In contrast, the device B shows perfect 
spin-valve signals in the measured bias range (10 nA to 70 µA) 
at 10 K (Figure  3b). It is worth noting that device B can only 
work at a minimum current of 10 nA. However, the maximum 
MR of 14% is obtained for device B, and the MR is not very 
sensitive to the bias current up to 2 µA (Figure  3d), which is 
ten times larger than that of device A. With further increasing 
the bias current, the device B shows the same downward trend 
as device A.[45] In addition, reversing the bias-current direction 
has very little influence on the magnitude of the MR ratios of 
device A and B, indicating the symmetrical interface in both 
vertical spin-valve devices (Figure S6a,b, Supporting Informa-
tion). Finally we note that, for both devices A and B, the two 
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Figure 3. Bias-dependent spin-valve effect for device A and B. a) MR curves of device A at various bias currents ranging from 1 nA to 10 µA at 10 K. 
b) MR curves of device B at various bias currents ranging from 10 nA to 70 µA at 10 K. c) Extracted MR ratios of device A as a function of bias current. 
d) Extracted MR ratios of device B as a function of bias current.
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different resistance states measured in parallel and antiparallel 
magnetization configurations under zero magnetic field dem-
onstrate the nonvolatile characteristic of the two different mag-
netic configurations (Figure S6c,d, Supporting Information).

In order to understand the temperature dependence of the 
MR in the spin-valve devices, MR curves of device A and B 
were measured at temperatures from 10 to 230 K. As shown 
in Figure  4a,b, the MR signals decrease monotonically with 
increasing the temperature and quench for T >  210 K, which 
corresponds to the Tc of the FGT. This phenomenon can be 
attributed to the decrease of spin polarization of the FGTs. 
The spin polarizations of both devices can be estimated using 
the Julliere model, which gives MR = 2P1P2/(1 − P1P2), where 
P1(2) denotes the spin polarization of the top (bottom) FGT elec-
trode.[37,46] Here, we set P1 ≈ P2 = P due to the same nominal 
composition of the two FGT electrodes and symmetrical FGT/
InSe interfaces. As shown in Figure  4c, the spin polarization 
P of the tunneling device A decreases from 41 to 13% as the 
temperature increases from 10 to 210 K. The maximum P is 
about three times larger than that obtained in other 2D semi-
conductor-based spin valves, such as graphene, MoS2, or WS2-
based spin valves.[12,19,27] Similarly, the spin polarization P of the 
metallic device B decreases from 25.8 to 2.7% (Figure 4d). The 
estimated temperature dependence of the spin polarization can 
be fitted well by the Bloch’s law, given by P(T) = P0(1 − αT3/2), 
in which P0 is the spin polarization at 0 K and α is a materials-
dependent constant.[37,47,48] and the spin polarization decreases 

with increasing temperature due to spin-wave excitation.[48] The 
value of α is 2.3 × 10−4 K−3/2 for the tunneling device A and 
1.6 × 10−4 K−3/2 for the metallic device B, which is similar to that 
observed in other FGT-based spin-valve devices.[27,31] The values 
of α in our devices is higher than those for Co (1–6 × 10−6 K−3/2) 
and NiFe (3–5 × 10−5 K−3/2), indicating a much stronger decay 
of spin polarization in our FGT-based devices as result of the 
lower Curie temperature of FGT.[48] This is also important in 
characterizing the spin injection in nonlocal spin-valve devices, 
where α may be further enhanced.[49]

3. Conclusions

We have fabricated all-2D FGT/InSe/FGT vertical spin-valve 
devices by a dry transfer method and investigated their magne-
totransport properties. Devices with the same thickness of the 
spacer layer reveal tunneling and metallic behavior. A large MR 
of 41% is obtained for the tunneling device with applied cur-
rents below 0.1 µA at 10 K, which is about three times larger 
than that of the metallic device. The tunneling device exhibits 
a lower operating bias current, but more sensitive dependence 
on the bias current than the metallic device. Moreover, the MR 
ratios of both the metallic and tunneling devices decrease with 
increasing temperature, and the evolution of spin polarization 
with temperature can be fitted well by Bloch’s law. The large 
MR in the tunneling device arises from a pinhole-free tunnel 

Adv. Mater. 2021, 33, 2104658

Figure 4. Temperature-dependent spin-valve effect for device A and device B. a) MR curves of device A measured at different temperatures in the 
range of 30–230 K with a constant bias current of 0.1 µA. b) MR curves of device B measured at different temperatures in the range of 30–230 K with a 
constant bias current of 1 µA. c) MR ratio and spin polarization of device A as a function of temperature. A fit to the data by Bloch’s law (red line), give 
a material-dependent parameter α = 2.3 × 10−4 K−3/2. d) MR ratio and spin polarization of device B as a function of temperature. The red line shows 
the fit to the data by the Bloch’s law, yielding a material-dependent parameter α = 1.6 × 10−4 K−3/2.
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barrier between InSe and FGT. In contrast, the smaller MR in 
the metallic device is attributed to the existence of pinholes in 
the InSe layer. Our results prove that pinhole-free tunnel bar-
riers in InSe-based all-2D vdW heterojunction devices can sig-
nificantly enhance the MR and provide a desirable platform to 
integrate nonvolatile memory and spin logic.[7,50,51]

4. Experimental Section

Device Fabrication: For the FGT Hall bar, the four electrode regions 
were patterned on a 300  nm thick SiO2/Si++ substrate by standard 
electron beam lithography, and Cr/Au (5/20  nm) electrodes were 
deposited on an ultrahigh vacuum evaporative sputtering system, 
followed by a lift-off process. Similarly, the Cr/Au (5/40 nm) electrodes 
for the two terminal FGT/InSe/FGT junctions were fabricated on a SiO2/
Si++ substrate prior to the transfer process using standard photoetching, 
evaporative sputtering and lift-off process. The high-quality vdW bulk 
single-crystals FGT and hBN were purchased from HQ Graphene, and 
InSe was grown by the Bridgman method at the Frantsevich Institute 
for Problems of Materials Science in Ukraine. First, a FGT flake was 
exfoliated onto poly(dimethylsiloxane) stamps by adhesive tape. The 
stamps were adhered to a glass slide. Under an optical microscope, the 
selected FGT flake with appropriate thickness and shape was transferred 
onto the pre-patterned 300  nm thick SiO2/Si++ substrate by using a 
site-controllable dry transfer method.[27] Then, using the same method, 
an InSe flake was transferred onto the FGT flake, followed by another 
thicker FGT flake to form a FGT/InSe/FGT heterojunction device. The 
active overlap area of the device was ≈4–8 µm2, which was smaller than 
the typical domain sizes in the FGT flakes.[52] In order to prevent the 
device from oxidation when exposed to air, a 20 nm-thick hBN layer 
was used to cap the whole heterojunction. Then, these devices were 
annealed at 120  °C  for 10 min to ensure good adhesion between the 
layers and avoid the formation of bubbles. The exfoliation and stamping 
of the layers were performed and stored in a nitrogen-filled glovebox 
before loading into the low-temperature probe station.

Device Characterization: The electrical and magnetotransport studies 
were carried out in a Model CRX-VF Cryogenic Probe Station (Lake 
Shore Cryotronics) with a ±2.5  T out-of-plane vertical magnetic field 
over the temperature range from 10 to 500 K. The current–voltage 
curves were measured by a Keithley model 2602B SourceMeter and a 
Keithley model 2182A Nanovoltmeter. The thickness of the FGT and 
InSe flakes were determined by AFM (Bruker Multimode 8). Raman 
as well as photoluminescence spectra of InSe flakes were obtained by 
optical microscopy with excitation by a laser with wavelength of 532 nm 
(Renishaw inVia-Reflex). The cross-section transmission electron 
microscopy samples were prepared by using a focused ion beam (FEI 
Helios NanoLab 600i), and were characterized by using a FEI Tecnai G2 
F20 microscope with an operating voltage of 200 kV.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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