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The tunneling diodes are commonly used to control the direction of current in semiconductor devices and
are an essential circuit element in modern electronics. Here, we propose a multifunctional and reconfigurable
spin-dependent tunneling diode (spin TD) based on a symmetric van der Waals (vdW) double-barrier magnetic
tunnel junction (DBMT]J), where if the magnetic moments of two ferromagnetic electrodes are antiparallel, a
significant spin TD effect is produced in the symmetric vdW DBMT]J due to the spin splitting of the middle
ferromagnetic metal layer. Using first-principles calculations, we find that the proposed spin TD effect and three
significantly different resistance states with giant tunneling magnetoresistance are achieved in the vdW DBMTIs
based on the Fe;GaTe,/Gel, /Fe;GaTe,/Gel,/Fe;GaTe, and Fe;GaTe,/Gel, /Fe;GeTe,/Gel, /Fe;GaTe, vdW
heterostructures. Moreover, the spin TD effect can be modulated by changing the magnetic configuration of
the symmetric vdW DBMT]J through the magnetic field. Our work holds valuable implications for developing
multifunctional and reconfigurable nondoped diode devices.
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I. INTRODUCTION

As a crucial electronic component, the diode has served
various circuits, including rectification, protection, switching,
signal conditioning, and so on [1-7]. Recently, conventional
diode devices have encountered challenges in rapidly process-
ing extensive volumes of data information and miniaturizing
devices. Typically, P-N junction diodes exhibit varying space
charge regions under bias, leading to different conduction
states [8]. Correspondingly, the application of P-N junc-
tion diodes in high-frequency devices is constrained by slow
charge redistribution during state switching. Moreover, the in-
terface defects significantly affect performance and reliability
of P-N junction diodes based on bulk materials in the case of
miniaturization of diodes [9].

In recent years, van der Waals (vdW) magnetic tunneling
diodes with vdW magnetic electrodes provide a new opportu-
nity for designing innovative multifunctional diodes [10-12].
As known, the vdW materials without dangling bonds on
the surface hold promise for the creation of high-quality and
high-performance microjunction devices, and the inherently
rapid electron tunneling process in vdW tunnel junctions
makes them well-suited for use in high-frequency devices
[13-16]. More importantly, the tunneling magnetoresistance
(TMR) effect and nonvolatile programming of the controllable
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current-voltage characteristics in vdW magnetic tunneling
diodes can allow the combination of nonvolatility, reconfig-
urability, and multifunctionality on the diode. Recently vdW
magnetic tunnel junctions based on a semimetallic magnet
(SMM)/spin-gapless semiconductor (SGS) heterostructure
are reported to produce a spin tunneling diode effect [17-19].
However, the relatively small TMR value and less resistance
states constrain their applicability in memory devices and
logic circuits. Meanwhile, the choice of materials for this
vdW magnetic tunnel diode becomes a more intricate task due
to specialized band structures of vdW SMMs and SGSs. In
addition, the prevailing approach in diode device fabrication
involves carrier doping of distinct types [20,21]. Therefore,
in order to address these challenges faced by diodes and
make device manufacturing easier, there is a compelling need
to design innovative multifunctional vdW nondoped diode
devices.

It is known that the majority-spin and minority-spin
energy levels of the middle ferromagnetic (FM) metal
layer in a symmetric double-barrier magnetic tunnel
junction (DBMTJ) based on FM electrode/nonmagnetic
insulator/FM metal/nonmagnetic insulator/FM electrode
(FME/NMI/FMM/NMI/FME) vdW heterostructure are spin
splitting [22]. When the magnetic moments of the FMEs are
antiparallel, the spin splitting of the middle FMM layer of
the DBMTJ can lead to a substantial disparity between the
majority-spin (minority-spin) current under positive bias, +V,
and that under negative bias, —V, ultimately yielding a pro-
nounced diode effect within the DBMT]J device.
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In this work, we propose a multifunctional and
reconfigurable spin tunneling diode (spin TD) based on
symmetric vdW DBMTJ and calculate the spin-resolved
transport characteristics of the two symmetric vdW DBMTIJs
based on Fe;GaTe,/Gel,/FesGaTe,/Gel,/Fe;GaTe, and
Fes;GaTe, /Gel, /Fe;GeTe, /Gel, /Fe;GaTe, vdW het-
erostructures using first-principles calculations, denoted
as vdW DBMTIJ1 and vdW DBMTIJ2. The results reveal
vdW DBMTIJ1 and vdW DBMTJ2 with three distinct
resistive states can achieve giant TMR of 3.61 x 10°% and
1.02 x 10%%, respectively, and in the case of antiparallel
states of magnetization of the two FMEs, resonance tunneling
occurred at a positive and negative bias, resulting in a
significant spin TD effect in the proposed symmetric vdW
DBMTIs. Therefore, the proposed vdW DBMTIJ not only
can achieved giant TMR values and multiresistance states
but also can produce a positive spin-resolved conduction and
negative cutoff spin diode effect and the spin TD effect can
be modulated by changing the magnetic configuration of the
vdW DBMT] through the magnetic field. This means that the
proposed symmetric vdW DBMTJ is a multifunctional and
reconfigurable nondoped diode.

II. COMPUTATIONAL METHOD

The structure optimization and electronic structure calcula-
tions are performed by the Vienna ab initio simulation pack-
age (VASP) [23,24]. Given that the local spin density approx-
imation (LSDA) provides a more accurate description of the
magnetic moment and magnetocrystalline anisotropy proper-
ties of Fe;GaTe, compared to the Perdew-Burke-Ernzerhof
functional of the generalized gradient approximation, our
work employs the LSDA for the exchange-correlation poten-
tial [25-28]. The vdW interactions of two-dimensional (2D)
materials are treated with the DFT-D3 exchange functional
[29]. A plane-wave energy cutoff of 500 eV anda 13 x 13 x 1
Monkhorst-Pack k-point grid are used for the structure op-
timization and electronic structure calculations. All atomic
positions are relaxed until the energy and force are smaller
than 1 x 10~% eV and 0.01 eV/A, respectively. A vacuum
space of 15 A is used to avoid the interaction between adjacent
layers.

The electronic transport calculations are performed us-
ing the NANODCAL package based on the nonequilibrium
Green’s function combined with the density functional theory
(DFT) [30,31]. The spin-resolved conductance G, of the vdW
DBMT] is calculated using the Landauer-Biittiker formula:

2
G, = % kZ T, (k. Er), 1)
I

where 7, (k;, Er) is the transmission coefficient with spin
(0 =7 and | ) at the Fermi level Er and the transverse Bloch
wave vector k (kj = k,, k,) perpendicular to the transport
direction. Here, e and # are the electron charge and the Planck
constant, respectively.

At bias voltage V, the spin-resolved current is calculated as
follows:
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FIG. 1. Schematic diagram of structure of the vdW DBMTJ for
the (a) APC1, (b) APC2, and (c) PC magnetic configurations. Navy
blue, green, and yellow rectangles represent FM electrodes (FMEs),
FM metal (FMM) layers, and nonmagnetic insulator (NMI) barri-
ers, respectively. Black arrow indicates the direction of magnetic
moment.

where T, (E, V) is the transmission coefficient with spin o
at energy E under the applied bias voltage V, fi(E) [f2(E)]
is the Fermi distribution function of electrons in electrode 1
(electrode 2), and p (u7) is the electrochemical potential of
electrode 1 (electrode 2).

The cutoff energy of 80 hartree and the double-¢ atomic
orbital basis are used for the transport calculations. A
11 x 11 x 1 k mesh is used for self-consistent calculations.
The k points for the spin-resolved transmission coeffi-
cient and current calculations are 150 x 150 x 1, which is
tested.

III. RESULTS AND DISCUSSIONS

In the symmetric vdW DBMTJ based on the
FME/NMI/FMM/NMI/FME heterostructure, there are
three magnetic configurations. When the magnetizations of
the two FMEs are antiparallel, the magnetic moment of the
middle FMM layer is parallel to the magnetization of one
FME and antiparallel to the magnetization of another FME,
resulting in the APC1 state, as shown in Fig. 1(a). When the
magnetizations of the two FMEs are parallel, the magnetic
moment of the middle FMM layer can be either antiparallel
[Fig. 1(b)] or parallel [Fig. 1(c)] to the magnetization of two
FMEs, denoted as the APC2 and PC states, respectively.

For the APCI state of the symmetric vdW DBMTJ, the
magnetic moments of two FMEs are antiparallel, the majority-
spin transmission (7}) is the transmission of electrons from
the majority-spin state (red region) of FMEI through the
majority-spin state (red region) of the middle FMM layer to
the minority-spin state (blue region) of FME2, as shown in
Fig. 2(a). Moreover, the minority-spin transmission (7 ) of the
APC1 state corresponds to the transmission of electrons from
the minority-spin state (blue region) of FMEI through the
minority-spin state (blue region) of the middle FMM layer to
the majority-spin state (red region) of FME2. When a bias £V
is applied to the vdW DBMT]J, the Fermi levels and spin states
of the FMEI and FME2 move by FeV /2 and +eV /2 relative
to those of the FME1 and FME2 at zero bias, respectively,
as shown in Figs. 2(c) and 2(e). Due to the spin splitting of
the middle FMM layer of the vdW DBMT]J, the T} (T}) at a
positive bias +V is different from 7| (T}) at a negative bias
—V for the APC1 state of the vdW DBMT]J. Therefore, the
difference between the majority-spin state and the minority-
spin state of the FMM layer can lead to a substantial disparity
between the transmission spin current of the vdW DBMT]J at
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FIG. 2. Schematic diagram of the electronic structure for the
APCI1 state of vdW DBMTJ at bias voltages of (a) 0 V, (c) +V,
and (e) —V. Schematic diagram of the electronic structure for the
PC state of the vdW DBMT]J at bias voltages of (b) 0 V, (d) +V,
and (f) —V. Red and blue shadows represent the majority-spin state
and the minority-spin state, respectively. The black arrows represent
the directions of the magnetic moments of FME and FMM. Red and
blue dashed lines represent majority-spin transmission (7;) and the
minority-spin transmission (7)), respectively. Black dashed lines in
panels (c)—(f) represent bias windows.

a positive bias +V and that at a negative bias —V, ultimately
yielding a spin diode effect for the APC1 state. For the PC
state of the vdW DBMT]J, the magnetic moments of two FMEs
are parallel, the 73 (7)) is the transmission of electrons from
the majority-spin (minority-spin) state of FMEI1 through the
majority-spin (minority-spin) state of the middle FMM layer
to the majority-spin (minority-spin) state of FME2. It can be
seen that the distribution for spin states of two FMEs and the
middle FMM at a positive bias 4V is the same as that at a
negative bias —V, as shown in Figs. 2(d) and 2(f), and thus
the transmission current of the vdW DBMTIJ at a positive
bias 4V is nearly the same as that at a negative bias —V.
Consequently, the diode effect is not produced for the PC state
of the symmetric vdW DBMT]J. Similarly, the diode effect can
not be produced for the APC2 state of the symmetric vdW
DBMTH since the distribution for spin states of two FMEs
and the middle FMM layer at a positive bias +V is nearly
the same as that at a negative bias —V for the APC2 state.
As aresult, the spin TD effect can be modulated by changing
the magnetic configuration of the vdW DBMT]J through the
magnetic field.

In order to prove the proposed spin diode effect in the
symmetric vdW DBMT]J, we constructed vdW DBMTIJ1 and
vdW DBMTIJ2 and calculated their spin-resolved transport
using first-principles calculations. Fe;GaTe, and Fe;GeTe,
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FIG. 3. Side view of the atomic structure of (a) vdW DBMTJ1
and (b) vdW DBMTIJ2. Yellow and red bordered areas rep-
resent electrodes and scattering regions, respectively. k-resolved
(c) majority-spin and (d) minority-spin conductive channels of the
Fe;GaTe; electrode in the 2DBZ at the energy of 0 eV.

have been reported to be vdW FM metals with high Curie
temperature and perpendicular magnetic anisotropy, making
them suitable as electrodes or inserted FM metal layers for
tunnel junctions [32-34]. Bulk Gel, is a wide-band-gap vdW
semiconductor with a band gap of 2.5 eV and the calculated
band gap of monolayer Gel, is 2.11 eV [35,36]. Moreover,
the optimized lattice constant of monolayer Gel, is 4.17 A,
which is well matched with the lattice constants of Fe;GeTe,
(a=b=4.02 A) and FesGaTe, (¢ = b =4.03 A) in vdW
DBMTIJ1 and vdW DBMTIJ2. The atomic structures of vdW
DBMTIJ1 and vdW DBMT]J2 are shown in Figs. 3(a) and 3(b),
respectively, and the lattice constants for vdW DBMTJ1 and
vdW DBMT]J2 are set as those of Fe;GaTe, and Fe;GeTe,,
respectively. Here we construct the vdW DBMTJ using
the most energetically favorable heterostructure obtained by
optimizing the interlayer distance and stacking configura-
tions of the Fe;GaTe,/Gel,/Fe;GaTe,/Gel, /Fe;GaTe, and
Fe;GaTe,/Gel, /Fe;GeTe, /Gel, /Fe;GaTe, heterostructures.
In the main text, we primarily focus on the calculated results
for vdW DBMTIJ1, while the calculation results for vdW
DBMTIJ2 are presented in Appendices C and D.

Table I shows the conductance and resistance area (RA)
products of the vdW DBMTI1 for the three magnetic config-
urations under zero bias. It is evident that the conductance of
the PC state is much larger than that of the APC1 and APC2
states and the conductance of the APC2 state also markedly
exceeds that of the APCI1 state. The TMR values between the
different magnetic states of the vdW DBMTJ are calculated
using the following formula:

Gpc — G
TMRI1 = —FC — ZAPCL 100, 3)
APC1
Gpc — G
TMR2 = —FC — ZAPC2 100, )
APC2
Gapcar — G
TMR3 = ZAFPC2Z 7 ARCL o 0. )
Garci

It is notable that the calculated TMR1, TMR2, and TMR3
are as high as 3.61 x 10°%, 4.85 x 10°%, and 7.45 x 10°%,
respectively. Meanwhile, the RA product for the PC state is
only 3.27 x 10! © um? due to the large conductance, which
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TABLE 1. Conductance (e?/h) and RA product (2 - um?) of the vdW DBMTIJ1 for three magnetic configurations under zero bias. G,
G+, and G, represent the total, majority-spin, and minority-spin conductances, respectively.

Gy G, G (G + Gy) RA
APCl1 2.97 x 10710 1.29 x 107! 3.10 x 10710 1.19 x 107
APC2 2.31 x 1076 1.26 x 10713 2.31 x 1076 1.59 x 10°
PC 1.12 x 1072 4.33 x 1074 1.12 x 1072 3.27 x 107!

is much smaller than the typical RA products associated with
magnetic tunnel junctions with high TMR values [37]. As
known, the electron transmission across the vdW DBMT]J
is closely related to the intrinsic conduction channels of the
FMEs; thus, the distribution of majority-spin and minority-
spin conductive channels in the 2D Brillouin zone (2DBZ)
of the Fe;GaTe, electrode are calculated to clarify high
TMR values of vdW DBMTIJ1. As shown in Figs. 3(c) and
3(d), the conductive channels of majority-spin for Fe;GaTe,
electrodes are much larger than those of minority-spin, and
the nonzero majority-spin channels have almost no overlap
with the nonzero minority-spin channels in the 2DBZ, indi-
cating that the FesGaTe, electrode is highly spin polarized
[28]. Therefore, the majority-spin conductance across vdW
DBMTIJ1 is much larger than the minority-spin conductance
in the PC and APC2 states and the conductance of the APCI
state is very small. Meanwhile, due to strong spin polarization
of the middle Fe;GaTe; layer, the majority-spin conductance
of the PC state is significantly larger than the majority-spin
conductance of the APC2 state, and thus total conductance of
the PC state is significantly larger than that of the APC?2 state.
Consequently, giant TMR values and multiresistance states
are generated in vdW DBMT]J1. Similarly, vdW DBMTJ2 can
also achieve giant TMR values and multiresistance states, as
displayed in Appendix C.

Subsequently, we calculate the spin-resolved transport
properties of vdW DBMTIJ1 at bias voltage to assess the rela-
tionship between current and bias voltage for three magnetic
configurations. Figure 4(a) show the spin-resolved current-
voltage (I-V') curve for the APCI state of the vdW DBMTIJ1.
As can be seen from Fig. 4(a), when the positive bias voltage
increases from 0 to 0.3 V, the majority-spin, minority-spin,
and total currents almost remain small constants, respectively.
It is noteworthy that when the positive bias voltage is fur-
ther increased from 0.3 to 0.4 V, the minority-spin current
rapidly increases with the increase of the bias voltage and
reaches the highest at 0.4 V bias, while the majority-spin
current still remains a small constant. Conversely, both the
majority-spin and minority-spin currents almost remain small
constants with the increase of the negative bias voltage, and
the majority-spin (total) current slightly increases with the
increases of voltage when the bias voltage is increased from
—0.3 to —0.35 V, which is considerably lower than the cor-
responding minority-spin current under positive bias voltage.
Consequently, vdW DBMT]J1 exhibits positive minority-spin
conduction and a negative cutoff spin diode effect in the APC1
state. In contrast, the majority-spin, minority-spin, and total
currents at positive bias voltage are almost same as those
at corresponding negative bias voltage in the APC2 and PC
states, as shown in Figs. 4(b) and 4(c), indicating that the

diode effect in vdW DBMTI1 can be regulated by external
magnetic fields. Similarly, the reconfigurable spin TD effect
also occurs in vdW DBMT]J2, as shown in Appendix D.
Figure 5 shows the spin resolved transmission spectra of
the APC1 state in vdW DBMTIJ1 under different biases. It is
seen from Fig. 5(b) that at a bias voltage of +0.4 V, a sharp
and high minority-spin transmission peak appears within the
bias window and the transmission peak is located at the energy
point of 0.17 eV. However, there are no obvious transmission
peaks within the bias window when the bias voltages are
+0.3 and +0.5 V. Meanwhile, there is no high-transmission
peak within the bias window when the negative bias voltage
is in the range of —0.3 to —0.5 V, as shown in Fig. 5. This
sharp and high minority-spin transmission peak within the
bias window results in the large current under a bias voltage
of 4+0.4 V because the current is calculated by integrating
transmission coefficients with respect to energies in the bias
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FIG. 4. Spin-resolved current-voltage curve of vdW DBMTIJ1
for the (a) APC1, (b) APC2, and (c) PC states. I, I, and .
(Iy +1,) represent the majority-spin, minority-spin, and total cur-
rents, respectively.
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FIG. 5. Spin-resolved transmission spectra of the APC1 state in vdW DBMTIJ1 at bias voltages of (a) +0.3 V, (b) +0.4 V, (c) +0.5 V,
(d) —03V, (e) —0.4 V, and (f) —0.5 V. The vertical dashed lines represent the bias window. T} and T, represent the majority-spin and

minority-spin transmissions, respectively.

window ranging from Er —eV/2 to Er +eV/2 for a given
bias voltage V.

In the following, we further clarify the sharp and high
minority-spin transmission (7)) peak of the APC1 state under
a bias voltage of +0.4 V. Figure 6(a) shows the distribution
of T, of the APC1 state in the 2DBZ at an energy of 0.17 eV
under a bias voltage of +0.4 V. It can be seen from Fig. 6(a)
that the high transmissions are mainly distributed near the
high-symmetry K point (k; = 0.33, 0.33) in the 2DBZ. Cor-
respondingly, the spin-polarized density of states (DOS) at
the high-symmetry K point for Fe;GaTe, FMEI1, the middle
Fe;GaTe, FMM layer, and Fe;GaTe, FME2 under a bias
voltage of +0.4 V is calculated and shown in Fig. 6(c). It is
seen from Fig. 6(c) that the minority-spin DOS of Fe;GaTe,
FME], the majority-spin DOS of Fe;GaTe, FME2, and the
minority-spin DOS of the middle Fe;GaTe, FMM layer un-
der a bias voltage of +0.4 V all have a peak at the energy
of 0.17 eV, respectively. This corresponds to the occurrence
of the resonance tunneling at the K point for the APC1 state
of vdW DBMTIJ1 under a bias voltage of +0.4 V. To further
elucidate the resonance tunneling at the K point for vdW
DBMTIJ1 under a bias voltage of 0.4 V, the schematic dia-
grams of the electronic structure of the middle FMM layer and
two FMEs at the K point for the APCI1 state of vdW DBMTJ1
under a bias voltage of +0.4 V are plotted in Fig. 6(e). It can
be seen that the spin states of two FMEs at the K point are
discrete energy levels with small widths since our calculations
show that the electronic structures of Fe;GaTe, electrodes at
the K point exhibit an obvious energy gap and discrete energy
levels with small widths around the Fermi energy. As known,
a positive bias +V leads the Fermi levels and spin states of
FMEI and FME2 to move by —eV/2 and +eV/2 relative to
those of FME1 and FME2 at zero bias, respectively. When

a positive bias of +0.4 V is applied to vdW DBMTJ1, the
majority-spin occupied states (E,) of FME2 are tuned by a
bias voltage of +0.4 V to match the minority energy level
of the middle FMM layer and the minority-spin unoccupied
states (E,) of FMEL, as shown in Fig. 6(e); thus, resonance
tunneling occurs at the K point for the APC1 state of vdW
DBMTIJ1. Consequently, a sharp and high minority-spin trans-
mission peak is produced at an energy of 0.17 eV under a bias
voltage of +0.4 V, as shown in Fig. 5(b). Correspondingly,
a high minority-spin current is produced for the APC1 state
of vdW DBMTI1 at a positive bias +0.4 V. When the bias
voltage is —0.4 V, the peak of the majority-spin DOS of FMEI
overlaps with the peak of the minority-spin DOS of FME2 at
an energy of 0.17 eV, while it does not overlap with that of
the middle FMM layer due to spin splitting of the energy level
of the middle Fe;GaTe, FMM layer, as shown in Fig. 6(d).
Correspondingly, Fig. 6(f) shows that although the majority-
spin occupied states (E,) of the FMEI are tuned by the bias
voltage of —0.4 V to match the minority-spin unoccupied
states (E,) of the FME?2, it does not match the majority-spin
energy level of the middle FMM layer at a negative bias of
—0.4 V. Moreover, it can be seen from Fig. 6(d) that there
is also no overlap of the peaks of spin-polarized DOS for
FMEI1, FME2, and the middle FMM layer at other energies
within the bias window under a bias voltage of —0.4 V. As a
result, there is an absence of the resonance tunneling at the K
point for the APC1 state of vdW DBMTIJ1 at a bias voltage
of —0.4 V, leading to small majority-spin transmission at a
bias voltage of —0.4 V, as shown in Fig. 6(b). Therefore,
for the APCI state, the transmission current (minority-spin
transmission current) of the symmetric vdW DBMTIJI at
positive bias is significantly larger than that at negative bias
and thus produces a positive minority-spin conduction and
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FIG. 6. (a) k-resolved minority-spin transmission (7)) distribu-
tions of vdW DBMTJ1 in the 2DBZ at the energy of 0.17 eV under a
bias of +0.4 V. (b) k-resolved majority-spin transmission (7}) distri-
butions of vdW DBMTI1 in the 2DBZ at the energy of 0.17 eV under
a bias of —0.4 V. The spin-polarized DOS at the high-symmetry K
point for the Fe;GaTe, FMEI, the middle Fe;GaTe, FMM layer,
and the Fe;GaTe, FME2 under the bias voltages of (¢) +0.4 V and
(d) —0.4 V. Red, blue, and black lines represent the DOS of FMEI,
FMM, and FME2, respectively. The gray shadows represent the
bias window. Schematic diagram of the electronic structure of vdW
DBMTIJ1 at high-symmetry K point under the bias voltages of (e)
4+0.4 V and (f) —0.4 V around bias windows. Narrow dotted boxes
represent the positions of electronic states of FMEs at zero bias.
Thick red and blue lines represent majority-spin and minority-spin
states of FMEs and the FMM layer, respectively.

negative cutoff spin diode effect in the symmetric vdW
DBMTIJ1.

IV. CONCLUSIONS

In conclusion, we propose that when the magnetic mo-
ments of the FMEs are antiparallel, a significant spin TD
effect can be produced in the symmetric vdW DBMTJ due
to the spin splitting of the middle ferromagnetic metal. Taking
the symmetric vdW DBMTJ1 and vdW DBMTJ2 as exam-
ples to validate the proposed spin TD effect, it is found that
three significantly different resistance states can be achieved,
which results in giant tunneling magnetoresistances of up to
3.61 x 10°% and 1.02 x 10°% in vdW DBMTJ1 and vdW

DBMTIJ2, respectively. More interestingly, when the magnetic
moments of two FMEs are antiparallel, a significant spin TD
effect can be produced in vdW DBMTJ1 and vdW DBMTJ2
due to the spin splitting of the middle FM Fe;GeTe, and
Fe;GaTe, layers. Moreover, the spin TD effect can be mod-
ulated by changing the magnetic configuration of the vdW
DBMT]J through a magnetic field. Our calculation results pro-
vide good guidance for the development of multifunctional
and high-performance microelectronic devices.
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APPENDIX A

As shown in Fig. 7, although the bulk Fe;GaTe, electrode
has a metallic electronic structure, the band structure from K
to H points exhibits an obvious energy gap around the Fermi
energy, and around the Fermi energy, the sum of the states of
all k, points from K to H, are some discrete energy levels with
small widths.

APPENDIX B

Figure 8 illustrates the spin-resolved local density of states
(LDOS) of vdW DBMTIJ1 at the K [k; = (0.33, 0.33)] point
for the APC1 state under a bias voltage of +0.4 V. It can
be seen that the LDOS for majority-spin and minority-spin
transmission under positive bias voltage differs from that
under negative bias voltage. In particular, Fe;GaTe, FMEI,
Fe;GaTe, FME2, and the middle Fe;GaTe, FMM layer all
have states at an energy of 0.17 eV under a bias voltage
of +0.4 V, as shown in Fig. 8(b), which corresponds to the

@10
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FIG. 7. (a) The band structures of bulk Fe;GaTe, from K to H
points in the Brillouin zone. (b) The distribution of k points in the
Brillouin zone of bulk Fe;GaTe,.
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FIG. 8. Spin-resolved LDOS of (a) majority-spin and
(b) minority-spin transmission for the APC1 state of vdW
DBMTIJ1 at k; = (0.33, 0.33) under a bias voltage of +0.4 V.
Spin-resolved LDOS of (c) majority-spin and (d) minority-spin
transmission for the APCI state of vdW DBMTIJ1 at k; = (0.33,
0.33) under a bias voltage of —0.4 V. The red line represents the
energy of 0.17 eV.

occurrence of the resonance tunneling at the K point for the
APCI state of vdW DBMTIJ1 under a bias voltage of +0.4 V.

APPENDIX C

Table II shows the conductance of vdW DBMTIJ2 for the
APCI1, APC2, and PC states under zero bias. The TMR val-
ues between the different magnetic states of vdW DBMTI2
are calculated using formulas (3)—(5). It is notable that the
calculated TMR1, TMR2, and TMR3 for vdW DBMTIJ2 are
as high as 1.02 x 10°%, 5.77 x 10*%, and 1.67 x 10°%, re-
spectively.

APPENDIX D

In order to prove the proposed spin RTD effect in the
symmetric vdW DBMT]J, we calculate the /-V curves of vdW
DBMT]J2 for the APC1, APC2, and PC states, respectively,

TABLE II. Conductance (e?/h) of vdW DBMTJ?2 for three mag-
netic configurations under zero bias. G, G4, and G, represent the
total, majority-spin, and minority-spin conductances, respectively.

GT G¢ Gtotal
APC1 2.81 x 1077 1.92 x 10~ 2.83 x 1077
APC2 5.00 x 1076 2.39 x 1078 5.02 x 107°
PC 2.90 x 1073 2.55 x 10710 2.90 x 1073

—— 1

APCI

'_._[i
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FIG. 9. Spin-resolved current-voltage curve of vdW DBMTIJ2
for the (a) APC1, (b) APC2, and (c) PC states. I;, I}, and i
(Iy +1,) represent the majority-spin, minority-spin, and total cur-
rents, respectively.

As shown in Fig. 9, the majority-spin, minority-spin, and total
currents of the APC1 state at positive bias voltages are differ-
ent from those at corresponding negative bias voltages, while
the majority-spin, minority-spin, and total currents at positive
bias voltages are almost the same as those at corresponding
negative bias voltages in the APC2 and PC states, which
means that the reconfigurable spin TD effect also occurs in
vdW DBMTJ2.

For vdW DBMT]J2, there is an obvious majority-spin peak
at the energy point of 0.096 eV within the bias window un-
der bias voltages of —0.2 V, as shown in Fig. 10(a). This
high majority-spin transmission peak within the bias window
results in the large current under a bias voltage of —0.2 V.
Figure 10(b) shows the distribution of the majority-spin trans-
mission of the APCI state for vdW DBMTIJ2 at the energy
of 0.096 eV in the 2DBZ under a bias voltage of —0.2 V. As
can be seen, the maximum transmission occurs near the k;
point [k; = (0.2, 0.3)]. Correspondingly, the spin-polarized
DOS at the k; point (0.2, 0.3) in Fig. 10(c) shows that
the high majority-spin transmission peak at the energy of
0.096 eV is attributed to the overlap of the spin-resolved
DOS peaks of two Fe;GaTe, FMEs and the middle Fe;GeTe,
FMM layer, which is similar to the mechanism by which
vdW DBMTIJ1 produces the high minority-spin transmis-
sion peak at the energy of 0.17 eV under a bias voltage of
+0.4 V.
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FIG. 10. (a) Spin-resolved transmission spectra of the APC1 state in vdW DBMTJ?2 at bias voltages of —0.2 V. The bias window ranges
from —0.1 to 0.1 eV. (b) k-resolved majority-spin transmission distributions of vdW DBMT]J?2 in the 2DBZ at the energy of 0.096 eV under a
bias voltage of —0.2 V. (c) The spin-polarized DOS at the k; point [k;=(0.2, 0.3)] for Fe;GaTe, FMEI, the middle Fe;GeTe, FMM layer, and
Fe;GaTe, FME2 under a bias voltage of —0.2 V. The gray shadow represents the bias window.
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