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Two-dimensional van der Waals (vdW) ferromagnetic/semiconductor hetero-
junctions provide an ideal platform for studying and exploiting tunneling
magnetoresistance (TMR) effects, due to the versatile band structure of
semiconductors and high quality of their interfaces. In all-vdW magnetic tun-
nel junction (MTJ) devices, both the magnitude and sign of TMR can be tuned
by an applied voltage. Typically, as the bias voltage increases, the amplitude of
TMR initially decreases, followed by a reversal and/or oscillation in its sign.
Herein, we report on an unconventional bias-dependent TMR observed in all-
vdW Fe;GaTe,/GaSe/Fe;GaTe, MT]Js, where TMR first increases, then decrea-
ses, and ultimately undergoes a sign reversal as the bias voltage increases. By
considering the coherent degree of in-plane electron momentum k; and the
decay of the electron wave function through the semiconductor spacer layer,
our theoretical prediction successfully explains this unconventional bias-
dependent TMR. Consequently, our results offer a deeper understanding of
bias-dependent spin-transport in semiconductor-based MTJs and provide new
insights into semiconductor spintronics.

Semiconductor spintronics, which primarily focuses on spin injec-
tion, manipulation, and detection in semiconducting materials,
offers new avenues for designing novel devices such as spin storage,
spin logic, spin photodetection and light-emitting devices'”.

spin-valve devices, arising from spin-scattering mechanisms, has
sparked a surge of interest in spintronic research*®. Subsequently,
improved tunneling magnetoresistance (TMR) effect was achieved in
magnetic tunneling junction (MTJ) devices based on insulating

The discovery of the giant magnetoresistance (GMR) effect in
ferromagnet/non-magnet/ferromagnet full-metal heterostructure

spacer layers, which mainly rely on spin tunneling mechanisms’®,
Numerous studies have demonstrated that the magnitude of TMR is
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not only related to the spin polarization of the ferromagnetic elec-
trodes, but also closely associated with the band matching between
the electrodes and the barrier layer”'®. Compared with metallic and
insulating barrier layers, semiconducting spacer layers can tune the
electron transmission in MTJ devices more efficiently due to their
versatile band structures and moderate bandgaps™". Therefore, the
band matching between the semiconductor barrier and the ferro-
magnetic electrodes can be modulated effectively by bias voltage,
thus the TMR effect. However, the efficiency of spin injection in
traditional covalently bonded ferromagnetic/semiconductor het-
erojunction devices is hindered by lattice mismatch and conductivity
mismatch between semiconductors and ferromagnetic metals.

Combining novel two-dimensional (2D) van der Waals (vdW)
layered ferromagnetic metals with 2D semiconductors via van der
Waals forces enables the creation of all-vdW MT]Js devoid of lattice
mismatch concerns”®. This results in atomically sharp interfaces
and minimizes hybridization, thereby enhancing electron tunneling
and overcoming the conductivity mismatch. Large TMRs of 300%
and 120% have been observed at low temperatures in the all-vdW
Fe;GeTe,/hBN/FesGeTe, and Fe;GeTey/WSe,/FesGeTe, MT]Js,
respectively”%, Also, a significant room-temperature TMR of 85% has
been achieved in the all-vdW Fe;GaTe,/WSe,/Fe;GaTe, MTJs, which
surpasses that of traditional covalently bonded ferromagnetic/
semiconductor heterojunctions?°. Interestingly, the reported all-
vdW semiconductor-based MTJs exhibit a strong bias-dependent
TMR effect’>”**: the TMR value tends to decrease with increasing
bias, and a sign reversal may occur at large biases. This conventional
bias-dependent TMR behavior can be understood by the bias-tuned
spin polarization states”**** and the bias-enhanced spin-dependent
scatterings induced by impurities’.

In this work, we report on a different bias dependence of the TMR
in all-vdW MT]Js that employ the room temperature perpendicular
ferromagnet FesGaTe; as the spin injection and detection electrodes,
and the semiconductor GaSe as the tunnel barrier. When a bias of 0.5V
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Fig. 1| Device structure and TMR effect. a Schematic diagram illustrating the
Fe;GaTe,/GaSe/FesGaTe, MT]J device structure and experimental setup. b Optical
image of device A, where the different vdW nanoflakes are outlined with dashed
lines of different colors. AFM measurements indicate that the GaSe layer has a

is applied between the two electrodes, we observe a maximum TMR of
107% at 10K and of 25% at room-temperature. In contrast to the pre-
viously reported conventional bias-dependent TMR in all-vdW
MT]Js”?"?2, an unconventional, M-shaped, bias-dependent TMR beha-
vior is observed. As the bias voltage increases in both positive and
negative directions, TMR exhibits symmetrical properties: it first
increases, reaches a maximum value, and then rapidly decreases.
Subsequently, as the bias voltage continues to increase, its sign
reverses. To elucidate the experimental observations, we propose an
in-plane momentum (k) resolved tunneling model, where both the
electron wave function decay and the coherent degree of k; through
the GaSe spacer layer are taken into consideration. Using this model,
we can explain not only the unconventional bias-dependent TMR in
Fe;GaTe,/GaSe/Fe;GaTe,, but also the conventional bias-dependent
TMR in Fe;GeTe,/GaSe/Fe;GeTe,?. Our work provides a deep under-
standing of the bias-dependent TMR in semiconductor-based MT]Js,
offering a route to the optimization of high-performance all-vdW MT]s.

Results

The all-vdW Fe;GaTe,/GaSe/Fe;GaTe, MT) devices were fabricated
using a dry-transfer technique (details are provided in the Experi-
mental Section). The schematic diagram of the device structure and
measurement setup is shown in Fig. 1a. The optical image of the device
A is shown in Fig. 1b, where the different vdW nanoflakes are outlined
with dashed lines of different colors. The atomic force microscope
(AFM) measurements indicate that the thickness of the GaSe spacer
layer is 10 nm, which corresponds to 11 monolayers”. We examined
two additional devices with GaSe layer thicknesses of 8 nm (9 mono-
layers) and 5nm (6 monolayers), as shown in the Supplementary
Information (Figs. S2-4). The bottom and top Fe;GaTe, have different
thicknesses (approximately 10 and 20 nm, respectively) to distinguish
their coercivities. The nonlinear current-voltage (/-V;) curves of the
device are shown in Fig. 1c at different temperatures in parallel mag-
netic states. The weak temperature dependence of the current
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thickness of 10 nm. ¢ Temperature-dependent /-V,, curves of device A measured in
the parallel state. d Resistance hysteresis loop of device A with the bias voltage of
0.5V at 10K, indicating a TMR of 107%.
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Fig. 2 | Bias-dependent TMR. a TMR curves under positive bias in the range of 0.1to 0.9 V at 10 K. b TMR curves under negative bias in the range of -0.1to -0.9 V at 10 K.
¢ The IV, curves of the device in parallel and antiparallel states at 10 K. d TMR as a function of the bias voltage at several specific temperatures.

indicates that the transport is dominated by tunneling. By applying a
constant bias voltage of 0.5 V on the device at 10 K, as shown in Fig. 1d,
we monitored the resistance while scanning the out-of-plane external
magnetic field B. The resistance of the device in the parallel (P) and
antiparallel (AP) magnetic states of the two ferromagnetic layers is
1781 MQ and 369.1 MQ, respectively. This corresponds to a
TMR=(R,p — Rp)/Rp=1p/14p —1=107% at 10K, where (Rp, Ip) and
(R4p, 14p) represent the resistance and measured current values of the
device under the P and AP states, respectively. The TMR of the device
under the fixed voltage of 0.5V decreases with increasing tempera-
ture, going to zero at 400 K (see Fig. S1), which is due to the decrease in
the spin polarization of the ferromagnet. The TMR reaches a value of
25% at room temperature.

We studied the TMR effect of the device under different positive
and negative biases, as shown in Fig. 2a, b. The TMR values under
different biases are presented in Fig. 2d as open squares. Further-
more, we separately measured the /-V,, curves of the device under P
and AP states (Fig. 2c), from which we extracted the TMR as a func-
tion of the bias voltage (Fig. 2d), which match well with those
obtained from Fig. 2a, b. The TMR of the device first increases and
then decreases with the bias voltage, reaching its maximum value at a
bias of +0.5V. As the bias voltage continues to increase to +0.9V,
there is a sign reversal in TMR. This M-shaped bias-dependent TMR is
different from the conventional TMR behavior mentioned above,
which has a maximum value near zero bias, rapidly decreases with
increasing bias, and then undergoes a sign reversal. In the two
additional devices with different GaSe thicknesses, we also observed
a similar M-shaped bias-dependent behavior, verifying the reprodu-
cibility of the phenomenon (Figs. S2-4). Both the resistance and TMR
of the MT]J devices increase with the increasing GaSe thicknesses
from 5nm to 10 nm. However, in a device with a 12-nm-thick GaSe
layer, the TMR signals disappear due to the relatively thick GaSe layer
(Fig. S5). Figure 2d shows the bias-dependent TMR curves of the
device at several specific temperatures. The M-shape bias-dependent
TMR behavior is robust with temperature, with the maximum TMR
values around 0.5V, indicating a stable tunneling mechanism as the
origin of the TMR.

Similar unconventional bias-dependent TMR effects have also
been observed in MTJs with magnetic barrier layer** > or ferroelectric
spacer layer®®, and in resonant tunneling device®. These can be
attributed to the spin filtering effect of the magnetic tunneling barrier,
the ferroelectrically controlled interface spin filtering effect, and the
spin-polarized resonant tunneling effect, respectively. Considering the
radically different device structures between them and our all-vdW
Fe;GaTe,/GaSe/Fe;GaTe, MT], the theoretical mechanism under our
unconventional bias-dependent TMR should be different. There are
also some asymmetric bias-dependent TMR behaviors observed in
half-metal based MTJs*?¢, which are different from the symmetric bias-
dependent TMR behavior in our devices. Thus, a new tunneling model
is needed to explain the inner mechanism of the unconventional bias-
dependent TMR of the Fe;GaTe,/GaSe/FesGaTe, MTJ. This model
should also be applicable in elucidating the conventional bias-
dependent TMR behavior in similar systems, like Fe;GeTe,/GaSe/
Fe;GeTe,?.

In our previous elastic tunneling models, the band structure of the
spacer layer and the scatterings of the in-plane momentum k; have not
been taken into account, which can explain the conventional bias
dependent TMR?*?. However, these models cannot explain the
observed M-shape bias-dependent TMR here. To our knowledge, when
an electron tunnels through a thin semiconductor barrier layer, its
wave function decay is strongly dependent on kj, which is influenced
by the band structure of the barrier layer. Considering the similar
crystal structures and relatively small lattice mismatch between
FesGaTe, and GaSe (details are shown in Fig. S6), we utilize a
k,-resolved tunneling model for the TMR calculation within the
FesGaTe,/GaSe/Fe;GaTe, MT]J device. For a very thin spacer layer, the
in-plane momentum k, can be considered as conserved'’. However, as
the spacer layer becomes thicker, the coherent degree of k; declines
with the increasing probability of scatterings. After considering both
the band structure of the GaSe spacer layer (related to the electron
wave function decay) and the scatterings of k, (related to the coherent
degree of k), the M-shaped bias-dependent TMR of the FesGaTe,/
GaSe/Fe;GaTe, MTJ device can be well explained. In contrast to the
non-equilibrium Green’s function method, the kj-resolved tunneling
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model can offer a more direct and intuitive framework for under-
standing how the band structure of the barrier layer and the k, scat-
terings affect the TMR behavior, which will provide us a deeper insight
of the physical mechanisms within the all-vdW tunneling structure.
Under an applied voltage, electrons tunnel from the occupied states
below the Fermi energy of one electrode to the empty states above the
Fermi energy of the other electrode. By taking the up-spin and down-
spin as two parallel transmission channels based on the Landauer-
Buttiker (LB) formula, the bias-dependent TMR value in this MT]J can be
expressed as:

TMR(V,) = W +100%,

Ip/ap(Vp) o Z /Tg/AP N [f(E —eVy) —f(E)]dE, @
6=1/1
where §= 1/ is the spin coefficient of the tunneling electrons (1, |
represent up-spin and down-spin, respectively), Tﬁ /ap Tepresents the
spin-dependent transmission function under P/AP states, and f(E) is
the Fermi-Dirac distribution at a finite temperature. After considering
both the band structure of the GaSe barrier layer and the Kk,

scatterings, the transmission function of the MT]J device can be written
37,38,
as’”%:

T8, 4p / / DB (K, E) % DE ol E) €2 s (K, K p)lK K,

1 — 5 —
P(kHBr kH-|-)= We Ziz(kus kﬂr)z' (2)

Here, K5 and k1 describe the k|, states of the tunneling electrons
in the bottom and top electrodes, respectively. Dﬁ'/fw (kjg,E) and
DFT;Z‘P (k. E) are the spin and k, -resolved density of states under P /
AP states of the bottom and top ferromagnetic electrodes®®, which are
extracted from the density of states of bulk Fes;GaTe,. The decay term
e~ 24 describes the electron wave function decay during the tunneling

process. The attenuation factor k ~ /2m (U, — E)/fl2 is dependent

on the band structure of the GaSe barrier layer (for details, see Sup-
plementary Note 1 and Figs. S7-8) and d is the barrier layer thickness.
The k; scattering term P(k g, K1) represents the probability of a
tunneling electron being scattered from kg state to kg state, which is
estimated by two-dimensional Gaussian distribution. The Gaussian
distribution factoro is calculated by a semi classical method with
0=0y+/d/A. A is the mean free path of the tunneling electrons in the
barrier along the perpendicular direction®**°, and o, is the Gaussian
distribution factor for a single scattering, which can be estimated
approximately by the Rutherford scattering model. The schematic
diagrams of the k-resolved tunneling model, both without and with
considering the GaSe barrier layer, are shown in Fig. S9.

To provide an intuitive explanation for the M-shaped TMR-V,
behavior, we calculate the Kk -resolved conduction channels
of the Fe;GaTe,/GaSe/FesGaTe, MT) by using the formula
Ys-1/y S D ek, E) 5 D oKy E) 5 [f(E — eVy) — f(E)]dE,  which
can be derived from Egs. (1-2) by neglecting both the decay term e~2<@
and the k; scattering term P(k g, k1) due to the GaSe barrier layer
(Fig. 3a). As the bias voltage increases, the distribution of these con-
duction channels changes differently for parallel and antiparallel
states. Consequently, the TMR values can be affected by the different
tunneling probabilities at different k; points due to the band structure
of the barrier layer (the e=2¢? term). As illustrated in Fig. 3b, the con-
duction band of the GaSe barrier layer attains its minimum value at the

I point, which implies that electrons near the /" point encounter the
lowest barrier height (U, in the attenuation factor). In addition, elec-
trons near the /" point have the lowest effective mass (m,, in the
attenuation factor) in GaSe (Fig. S8). These two reasons together lead
to the highest tunneling probability (related to the decay term e~2<?)
near the I point. Therefore, the gathering of the conduction channels
near the I point for the parallel state (Fig. 3a, P state, 0.2V) will
enhance the TMR value. As the bias voltage is further increased, the
conduction channels of the antiparallel state also gather towards the I
point and even become more pronounced (Fig. 3a, AP state, 0.6 &
0.8V), which results in an M-shaped bias-dependent TMR curve and
even negative TMR values within certain bias voltage ranges (for more
details, see Supplementary Note 2 and Fig. S10).

After taking the barrier layer GaSe into account, the TMR-V,
relationship of the Fe;GaTe,/GaSe/Fe;GaTe, MT) (mentioned in Fig. 1)
is derived from Eqs. (1-2) and presented in Fig. 3c. The unconventional
M-shaped TMR-V,, behavior aligns with the experimental results. In
contrast, when the GaSe band structure (the e~2¢¢ term) is not con-
sidered, a conventional TMR-V,, relationship is observed (Fig. 3d),
which verifies the significant k -dependent spin filtering effect of the
GaSe barrier layer. The relatively lower bias voltages of the calculation
results than the experiments should be attributed to the voltage-
divider effect within the device, where the bias voltage is applied not
only on the GaSe barrier layer, but also on the Fe;GaTe; layers and the
gaps between the vdW flakes. Furthermore, we calculate the TMR-V,,
relationship under different GaSe thickness d and find that the
M-shaped bias-dependent TMR behaviors appear only in a particular d
range (details see Fig. S11). Therefore, we can conclude that the
k-resolved tunneling process plays a crucial role in the bias-
dependent TMR relationship.

In a similar MT]J structure with a GaSe spacer layer of the same
thickness (10 nm), we replaced the FezGaTe, electrodes with Fe;GeTe,
electrodes. The fabricated device exhibited a conventional bias-
dependent TMR behavior, consistent with previous observations
(details see Fig. S12). To further validate our model, the TMR-V/, rela-
tionship of this Fe;GeTe,/GaSe/Fe;GeTe, MTJ is also calculated (shown
in Fig. S13). Compared with the Fe;GaTe, electrodes, the conduction
channel distribution of the Fe;GeTe, electrodes in the P state does not
exhibit a more obvious aggregation towards the I point than in the AP
state as the bias voltage increases. Thus, even when considering both
the coherent degree of k; and the decay of electron wave function in
the model, the calculated TMR begins to decrease from zero bias, in
contrast to the M-shaped behavior in the Fe;GaTe,/GaSe/Fe;GaTe,
MT]J. Beyond that, the magnitude of TMR near zero bias and the TMR
sign transition point align more closely with experimental observa-
tions, and are significantly improved compared to previous theoretical
predictions®.

Discussion

In summary, we observed an unconventional bias-dependent TMR
effect in all-vdW Fe;GaTe,/GaSe/FesGaTe, MT]J devices. As the bias
voltage increased in both positive and negative directions, an uncon-
ventional M-shaped bias-dependent TMR was observed, with a max-
imum TMR of 107% at a bias of 0.5V at 10 K. To uncover the underlying
physics of this unconventional bias-dependent TMR, we propose a
k,-resolved tunneling model that incorporates both the coherent
degree of k; and the decay of the electron wave function induced by
the semiconductor spacer layer. Using this model, not only the
unconventional bias-dependent TMR observed in this work, but also
the conventional bias-dependent TMR can be elucidated. Our work
establishes a solid foundation for understanding the physical origin of
the bias-dependent TMR in semiconductor-based all-vdW MT]Js.
Additionally, the observed M-shaped TMR behavior is not limited to a
specific MTJ design. Any MTJ device whose barrier and electrode band
structures have similar matching characteristics could exhibit such
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Fig. 3 | Theoretical analysis of bias-dependent TMR. a Schematic diagrams
illustrating the k-resolved conduction channels of the Fe;GaTe,/GaSe/Fe;GaTe,
MT]J without considering both the decay term and the k scattering term at different
bias voltages under P/AP states, respectively. b The band structure of bulk GaSe

Vi (V)

obtained from the first-principles calculations, where both the bottom of the
conduction band and the top of the valence band are located at I". ¢, d The calcu-
lated TMR as a function of V,, with (c) and without (d) considering the band
structure of the GaSe barrier layer.

TMR maximum at a specific bias voltage. The universality of this bias-
dependent TMR behavior provides more possibilities for the applica-
tion of all-vdW voltage-controlled MT]J devices.

Methods

MT]J device fabrication

The high-quality vdW single-crystal Fes;GaTe, was grown using the self-
flux method. GaSe was purchased from 2D Semiconductors, while
WSe, and hBN were purchased from HQ Graphene. The metal contact
electrodes were pre-patterned by standard photolithography, and Cr
(5nm)/Au (45nm) layers were deposited onto the Si/300-nm-SiO,
substrate via an ultrahigh vacuum magnetron sputtering system, fol-
lowed by a lift-off process. The MT]J devices were fabricated employing
a polydimethylsiloxane (PDMS)-assisted 2D dry-transfer method.
Initially, the blue tape was used to thin the bulk vdW material. Subse-
quently, the blue tape was attached to the PDMS/glass sheet to transfer
the vdW nanoflakes onto the PDMS. Under an optical microscope, the
vdW nanoflakes with appropriate thicknesses were selected based on
their optical contrasts (details see the Supplementary Note 3 and
Fig. S14). The nanoflakes were then transferred to specific locations on
the substrates using a position-controllable dry-transfer method. In
the MT]J devices, the bottom layer of Fe;GaTe, had a thickness of
approximately 8-12 nm, the top layer of FezGaTe, was about 15-20 nm
thick, and the semiconductor layer had a thickness ranging from 5 to
10 nm. A protective layer of 30 nm-hBN was applied to the MT] devices
to prevent oxidation. Finally, the MTJ devices were baked at 120° for
10 min after the transfer process to ensure closer contact between the
interfaces of the different vdW materials. The entire fabrication pro-
cess was conducted within a glovebox, which maintained an internal

water and oxygen content of less than 0.1 ppm to prevent degradation
of the material quality.

Characterization
The AFM (Bruker Multimode 8) was used to characterize the thickness
of the vdW nanoflakes.

Magnetoresistance measurements

The electromagnetic transport properties of the device were inves-
tigated in a Model CRX-VF Cryogenic Probe Station (Lake Shore
Cryotronics, Inc.) with a variable temperature range from 10K to
500K and a vertical magnetic field of +2.5T. The resistance of the
device was monitored by a semiconductor parameter analyzer (Agi-
lent BIS00A).

Theoretical calculation

In this study, the first-principles calculations were performed by using
the Vienna ab initio simulation package (VASP)*. The projector aug-
mented wave (PAW) potentials were applied to the elements*?, and the
generalized gradient approximation (GGA) exchange-correlation
function was employed*’. The DFT-D3 correction was used for vdW
interaction*!. The Brillouin zone sampling was performed by using the
gamma-centered k-meshes (30 x 30 x 6) for the accurate spin-resolved
electronic structure calculation.

Data availability

The data that support the findings of this study are available within the
article and the Supplementary Information or available from the cor-
responding author upon reasonable request. All data generated in this
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study are provided in the Supplementary Information/Source Data
file. Source data are provided with this paper.

Code availability
The codes that support the theoretical part of this study are also
available from the corresponding author upon reasonable request.
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