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Abstract—We present a systematical simulation on the room
temperature strained VSi2N4-based magnetic tunnel junctions
(MTJs). Based on k · p-NEGF quantum transport modeling,
the HSE06 band structure around the Fermi level was fitted
by Weyl-like Hamiltonian, due to the fully spin-polarized Weyl
band feature, a giant TMR ratio and perfect spin injection
efficiency (SIE) were theoretically predicted in the MTJs devices.
In addition, the current through the MTJs would increase when
an elastic electron-phonon (e-ph) coupling effect is included in
the quantum transport.

I. INTRODUCTION

MTJs have attracted wide interest for their successful appli-
cation, such as magnetoresistive random access memory de-
vices (MRAM). To the demand of devices scaling down, two-
dimensional (2D) materials-based MTJs provide an excellent
and promising platform to explore next-generation spintronics
devices. Recently, 2D MoSi2N4 material was successfully
grown by chemical vapor deposition (CVD) method [1], it has
been reported that some of MX2Z4 (M = Mo, W, V; X = Si,
Ge; Z = N, P, As.) family may hold the Curie temperature (TC)
near to room temperature [2], and Wu et. al. have theoretically
predicted that VSi2N4-based MTJs exhibit giant tunnel mag-
netoresistance (TMR) [3], they may be good candidates for
designing scaled MTJ devices. However, some previous results
were calculated based on regular PBE functional, more accu-
rate HSE06 band structures showed that monolayer VSi2N4 is
a magnetic semiconductor rather than a mental [4], therefore
an accurate and comprehensive HSE06 level quantum transport
results are lacking. In this work, by constructing the whole
VSi2N4-based MTJs device Hamiltonian based on accurate k·p
bulk band, spin-resolved quantum transport properties would
be simulated by in-house code based on non-equilibrium green
function (NEGF) formalism. It’s obvious that the k · p-NEGF
method may effectively reduce the computational cost, and
simply consider more physical effects, such as e-ph scattering,
and vacancies. We found that the band structure around the
fermi level of biaxial strained-VSi2N4 exhibits typical 2D
Weyl behavior. Our k · p-NEGF quantum transport results
showed that a giant TMR values would be achieved in this
lateral VSi2N4-based MTJs device, which is consistent with
previously reported DFT-NEGF results [3], [4].

II. COMPUTATIONAL METHODS

The electronic properties of MTJs materials with HSE06
level are performed by Synopsys QuantumATK-2022 [5]. The

recursive Greens function (RGF) algorithm was applied for
calculating the Greens function of the system. The retarded
Green’s function is obtained from:

G = [EI −H − ΣL − ΣR − Σs]
−1 (1)

where ΣL,ΣR and Σs are self-energies of left/right and center
scattering region. The current at any terminal i of devices can
be calculated from:

Ii =
e

h

∫ +∞

−∞
(Trace[Σin

i A] − Trace[ΓiG
n])dE. (2)

where A,Gn is spectrum and correlation function. Σin
i = Γifi.

If the scattering process is elastic, Σin
s = D0G

n(E),Σs(E) =
D0G(E), where D0 is the e-ph coupling strength [6]. In our
work, the charge correction from Poisson equation had been
neglected due to the low field condition.

Fig. 1. (a) Top view of crystal VSi2N4 and MoSi2N4; (b) High-symmetry
points in Brillouin zone; (c) and (d) Band structure of strained VSi2N4 and
MoSi2N4 with HSE06 level, where black, blue and red lines denote the spin
up, down and the fitting band with k ·p Hamiltonian, respectively. The shaded
areas around Fermi energy indicate that the k · p band fits well.

III. RESULTS AND DISCUSSION

Fig. 1(a) shows the crystal structure of the monolayer
VSi2N4 and MoSi2N4. The nonmagnetic structure is described
by the point group D3h. The magnetic moment of the V atom
is about 0.9 µB . Some Refs reported that VSi2N4 is magnetic
metal based on PBE functional [1], [3], [7], but reliable HSE06

249

P-20



results showed that VSi2N4 is a magnetic semiconductor.
Moreover, after applying a slight 1.965% biaxial strain [4],
the gap is closed and forms a fully spin-polarized Weyl
cone around the Fermi energy, as shown in Fig. 1(c). In
addition, MoSi2N4 is an insulator with around 2.2 eV band
gap (Fig. 1(d)). Because the small spin-orbit coupling effect
is neglected in our work. Similar to Ref. [8], the effective
Hamiltonian model around K(K ′) have the form based on
group theory:

H(kx, ky) = vf (τkxσx + kyσy) +
∆

2
σz + E0σ0 (3)

where vf denote the fermi velocity around the Weyl cone,
τ = ±1 for the K or K ′ point. ∆ denote the band gap, E0

is constant term. Because of similar symmetry constraints, the
band structure around Γ point has a similar Hamiltonian form.
All k · p Hamiltonian fitting parameters are listed in Table I.

TABLE I
THE k · p FITTING PARAMETERS OF VSI2N4 AND MOSI2N4

K/K′ Γ
vf ∆ E0 vf ∆ E0

VSi2N4 up 3.2 0.0 -0.0119 3.45 4.086 1.408
VSi2N4 down 2.0 2.289 2.8065 2.0 0.766 3.565

MoSi2N4 5.0 2.538 -0.179 4.5 4.134 0.894
a Units, vf : eV*Å, ∆: eV, E0: eV.

Fig. 2(a) shows the lateral MTJ device, where the insulated
MoSi2N4 is viewed as a barrier due to the similar crystal
structure. The two materials would match perfectly to form a
heterojunction. The VSi2N4 on the left region is viewed as a
fixed layer, while the VSi2N4 on the right region is viewed
as a free layer where the magnetic moment can be flipped.
A simple band alignment of VSi2N4 and MoSi2N4 along y-
direction is depicted in Fig. 2(b). For numerical calculation
based on finite difference method, we first discretize the k ·
p Hamiltonian (like Eq. (3)) around K/K ′,Γ points in the
real space by converting ky = −i∂/∂y. The grid space is 1
Å, and the length of the device are set to 4.5 nm: the fixed
(’L’), insulator (’C’), and free (’R’) region are 1.5nm, thus the
Hamiltonian matrix of the device can be obtained

HL00 HL01

HL10 HL00 HL01

· · · · · · · · ·
HC10 HC00 HC01

· · · · · · · · ·
HR10 HR00 HR01

HR10 HR00


where H00 and H01 represents onsite term and the nearest
neighbor term along y-direction . To simplify the problem,
the block Hamiltonian H00 and H01 for the contact region
of the VSi2N4 and MoSi2N4 is set to average interactions
(HL + HC)/2, (HC + HR)/2. Then the Green function of
the whole device would be constructed, some key transport
properties, such as transmission, and IV characteristics, can
be calculated based on iterative Green’s methods.

Fig. 2. (a) The device model of lateral VSi2N4-MoSi2N4-VSi2N4 MTJs,
the transport direction along the y-axis. (b) The band alignment around K,Γ
of MTJ device.

Fig. 3. The transmission spectrum of P (a) and AP (b) configuration of device,
the blue and red represent the spin up and down channel.
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For coherent transport, one can calculate the transmis-
sion from the Green’s function, using the relation T (E) =
Trace[ΓLGΓRG

†]. As shown in Fig. 3, the transmission
in parallel (P) configuration is larger than in anti-parallel
(AP) configuration (almost zero), indicating a giant tunnel
magnetoresistance, and the transmission of spin up channel
is greater on spin down channel in P configuration, this is
due to the large spin polarization around the Fermi level in
Fig. 1(c). To obtain better insight into the physical picture, we
also calculated the projected local density of states (PLDOS)
in P and AP configuration (Fig. 4), For P configuration, there
is a majority density of states for the spin-up channel, showing
that the up channel is of low resistance. In contrast, there is no
density of states near the Fermi energy the spin-down channel
in left/right region, indicating that the spin-down channel is of
high resistance. For AP configuration, the spin-up and spin-
down have similar transmission probability.

Fig. 4. The PLDOS in P (a-b) and AP (c-d) configuration under equilibrium
states. (a,c) shows the spin-up and (b,d) shows spin-down channel.

Fig. 5 shows the IV characteristics under low bias in P
and AP configuration. P configuration holds a larger current
while almost zero current in AP configuration. The TMR
ratio is defined as TMR = IP−IAP

IAP
, and the spin injection

efficiency (SIE) is SIE =
Iup−Idown

Iup+Idown
. It’s found that there are

about 1032% TMR values and perfect SIE values. Compared
with the 1011% TMR of PBE calculated [3], the result of the
HSE06 calculation is significantly improved. To be honest, the
predicted TMR value is a bit exaggerated, much higher than
the current experimental TMR. it’s a very simple and ideal
physical model that ignores many important realistic factors
in experiments, but to some extent, it shows that this VSi2N4-
based MTJ has a large TMR value.

To further take into account the noncoherent transport
due to dephasing mechanisms, if the scattering process is
elastic (E ≈ E ± ~ω) [6], one introduces the dephasing

Fig. 5. (a) The I-V characteristics of MTJ devices, (b) TMR ratio and SIE
as function of bias voltage.

matrix D0, then Σin
s = D0G

n(E),Σs(E) = D0G(E), under
the noncoherent transport, the effective transmission is also
defined as:

T̄ (E) =
Trace(Σin

i A) − Trace(ΓiG
n)

fL − fR
(4)

where fL, fR denote the Fermi-Dirac distribution of the left
and right electrodes. As shown in Fig. 6, the applied voltage
is set as 0.01 V, we found that when the coupling strength
D0 increases (from 0.00 eV2 to 0.20 eV2), the transmis-
sion, on the whole, shows a downward tendency, but the
transmission increases abnormally near the Fermi energy. At
last, we calculated the non-coherent current (Fig. 7) in P
configuration with different dephasing strength D0, it’s found
that the current increases significantly. Our results reveal that
the current would be improved after the elastic e-ph scattering
was added to the quantum transport.

IV. CONCLUSION

We theoretically studied the quantum transport of strained
VSi2N4-based MTJs based on k · p-NEGF formalism. A giant
TMR ratio and perfect SIE value are theoretically predicted,
and the current increases when an elastic electron-phonon
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Fig. 6. The effective transmission in P (a) and AP (b) configuration with
elastic dephasing, which the scattering strength D0 = 0.00− 0.20 eV2. The
bias voltage is 0.01 V.

Fig. 7. The IV characteristics in P configuration with elastic dephasing, which
the scattering strength D0 = 0.00 − 0.20 eV2.

scattering is accounted for. We believe that our results are help-
ful for the design and application of future two-dimensional
spintronics devices.
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