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Recently synthesized two-dimensional (2D) van der Waals (vdW) ferromagnets, FexGeTe2 (x = 4
and 5), have attracted great attention due to their room-temperature Curie temperature. By using ab initio
noncollinear-spin quantum transport simulations, we predict a monotonic increasing tendency of the tun-
neling magnetoresistance (TMR) with increasing θ (the angle between the spins of the two electrodes) in
FexGeTe2/graphene/FexGeTe2 vdW magnetic tunnel junctions (MTJs). The calculated maximal TMR of
the two MTJs is up to 7000% and 1100% for x = 4 and 5, respectively, and the former is even nearly 6
times larger than that of the commonly used MgO-based MTJ (1000% at 5 K) owing to nearly perfect spin
polarization. The calculated maximal spin-transfer torque per voltage is 1–2 orders of magnitude larger
than that of the MgO-based one, resulting in a reduction in the critical current for magnetization reversal
by a factor of 4–5. Such high-performance 2D FexGeTe2-based (x = 4 and 5) MTJs are promising for
next-generation room-temperature nonvolatile memories.
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I. INTRODUCTION

Magnetic tunnel junctions (MTJs) are widely used
in spintronics, such as magnetic random-access mem-
ory (MRAM), magnetic logic devices, and neuromor-
phic computing networks [1–5]. Among them, MRAM is
considered as a promising substitute for currently used
semiconductor RAM and is also one of the key technolo-
gies beyond complementary metal-oxide-semiconductor
(CMOS) transistors [6]. Traditional bulk-based MTJs suf-
fer from interface bonding and defects, thus generally
yielding a low tunneling magnetoresistance (TMR) [7]. By
contrast, the MTJs formed by stacking two-dimensional
(2D) van der Waals (vdW) materials could have sharp
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and flat interfaces [7], which is beneficial for overall
spin-dependent tunneling, and thus, large TMR [7–14].
For example, 106% TMR is observed at 1.4 K in the
graphite/10-layer CrI3/graphite MTJ, which is much larger
than the maximal TMR obtained in the traditional bulk-
based MTJs (1000% theoretically and ∼1000% at 5 K
experimentally for MgO-based MTJs) [15–17]. Such an
enhanced TMR will favor a higher detecting susceptibil-
ity and a higher storage density. However, one of the main
obstacles that hinders these all-vdW-material-based MTJs
from practical application is the fairly low Curie tempera-
ture of most 2D magnets, such as Fe3GeTe2 (130 K), CrI3
(45 K), and Cr2Ge2Te6 (30 K) [18–21]. The recently syn-
thesized 2D ferromagnetic (FM) vdW metals FexGeTe2
(x = 4 and 5) are experimentally proved to have a near-
room-temperature Curie temperature (270 K for 7-layer
Fe4GeTe2 and 270–300 K for few-layer Fe5−δGeTe2),
and hence, are ideal candidates for realizing practical
MTJs [22–24].
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The vdW MTJs composed of metallic FexGeTe2
(x = 4 and 5) electrodes and graphene spacer have three
advantages over the extensively studied vdW MTJs
composed of graphite electrodes and insulating CrI3 spacer
[7,25,26]. First, experiments show that the magnetic field
needed to realize magnetization reversal in FexGeTe2
(x = 4 and 5) (∼0.5 T) is smaller than that in CrI3-
based MTJs (1 T) [22,24,25]. Second, in addition to using
the magnetic field, the magnetization direction of the
FexGeTe2 (x = 4 and 5) electrodes can also be reversed
by an appropriate spin-polarized current utilizing the spin-
transfer torque (STT) effect, but the magnetization direc-
tion of the CrI3 spacer cannot be reversed in the same way
due to its insulating nature. Third, the CrI3-based MTJs
are volatile because the external magnetic field is needed
to stabilize the FM state in CrI3-based MTJs [7], whereas
the FexGeTe2-based (x = 4 and 5) MTJs are nonvolatile
because the FM and antiferromagnetic (AFM) states can
be stabilized without an external magnetic field or spin-
polarized current, just like the Fe3GeTe2/h-BN/Fe3GeTe2
MTJ [7,8]. With these advantages in mind, assessing the
performance of the FexGeTe2-based (x = 4 and 5) MTJs
and revealing the internal physical mechanism will benefit
the design of next-generation spintronic devices.

Here, we study the angle-dependent transport charac-
teristics and spin-dynamic behavior of vdW FexGeTe2/
graphene/FexGeTe2 (x = 4 and 5) MTJs by using ab ini-
tio quantum transport simulations with noncollinear spin.
The reliability of this method is validated by the excel-
lent agreement between our calculated TMR [∼200%,
see details in Sec. 11 of the Supplemental Material [27] ]
and the experimental TMR (160%) in the Fe3GeTe2/h-
BN/Fe3GeTe2 MTJ (see detailed methods in Sec. II) [8].
We reveal a monotonic increasing tendency of the TMR
with increasing θ (the angle between the spins of the two
electrodes). Remarkably, compared with the commonly
used MgO-based MTJs, the maximal TMR increases by 6
times (7000%) for x = 4, and the maximal STT per voltage
is 1–2 orders of magnitude larger, resulting in a reduction
in the critical current for magnetization reversal by a factor
of 4–5.

II. COMPUTATIONAL METHODS

A. Geometry optimization and electronic structure
calculations

The geometry optimization and electronic structure cal-
culations of FexGeTe2 (x = 4 and 5) are carried out using
the projector-augmented-wave method with the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approxima-
tion (GGA) [28], as implemented in the VASP package [29–
31]. The Monkhorst-Pack k-point mesh is sampled with a
separation of about 0.01 Å−1 in the 2D Brillouin zone. The
ionic relaxation for structure optimization stops when the
residual force on each atom is less than 0.01 eV Å−1. The

energy cutoff is 440 eV for the plane-wave basis expansion
with the total-energy convergence criteria of 1 × 10−4 eV
per unit cell. The vdW-D2 approach is adopted to describe
the interlayer vdW interaction. The Hubbard U value is
set as zero for two reasons. First and foremost, both pre-
vious calculations and our calculation results show that the
GGA + PBE calculation results with U = 4.3 eV overes-
timate the average magnetic moment, m, of the Fe atoms
in Fe5GeTe2 (> 2.4 μB), compared with experimental data
(1.80 μB) [22,32]. The obtained m (1.7 μB) without Hub-
bard U is much closer to the experiment results. Second,
previous calculations also show that the geometry for bulk
Fe5GeTe2 obtained from the GGA + PBE function without
Hubbard U is closer to experimental data. In contrast, the
calculation results with U = 4.3 eV overestimate the lattice
parameter a.

B. Transport-property calculations with noncollinear
spin

For the MTJs, the spin-resolved transport characteristics
are simulated by using density-functional theory (DFT)
coupled with the nonequilibrium Green function (NEGF)
formalism, as implemented in the QuantumATK 2020
software package [33,34]. The exchange-correlation inter-
action here is represented by the noncollinear generalized
gradient approximation (NCGGA) in the form of the PBE
potential. The double-zeta-polarized (DZP) set is used. The
real-space density mesh cutoff is taken as 100 Hartree.
The k-point meshes for the electrode region and the cen-
tral region are 7 × 7 × 21 and 7 × 7 × 1, respectively. The
boundary conditions are period-, period-, and Dirichlet-
type conditions along the x, y, and z directions (z is the
transport direction), respectively. We use 300 K as the tem-
perature for the Fermi-Dirac distribution of electrons in our
transport calculations, and we do not include the scattering
of the phonons.

In our calculations, the noncollinear transmission coef-
ficient, t

k‖
αβ(E) (k‖ stands for the reciprocal lattice vector

along the surface-parallel direction in the irreducible Bril-
louin zone; α and β stand for ↑ or ↓), is represented by
[35–37]

t
k‖
αβ(E) = Tr[nαβ�

k‖
l (E) Gk‖(E)�

k‖
r (E) Gk‖†(E)], (1)

where nαβ is any component of the density matrix in the
spin Hilbert space; Gk‖(E) and Gk‖†(E) stand for the retard
and advanced Green’s function, respectively.

Gk‖(E) =
[
(E + iδ+)I k‖ − H k‖ − ∑k‖

l (E) − ∑k‖
r (E)

]−1
,

where δ+ is an infinitesimally positive number, I k‖

is the identity matrix, H k‖ is the Hamiltonian matrix,
and

∑k‖
l(r)(E) is the self-energy matrix. �

k‖
l(r)(E) =

i
(∑k‖

l(r) −∑ k‖
l(r)

†
)

is the broadening function originating
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from the left (right) electrode in the form of self-energy∑ k‖
l(r) . Given a certain energy, the transmission function

tαβ(E) is obtained by averaging the transmission coef-
ficient, t

k‖
αβ(E), over all different k‖ in the irreducible

Brillouin zone. The k-point meshes used for calculating
conductance are 150 × 150. As shown in Fig. S4 within
the Supplemental Material [27], we take Gsum(0◦) and
Gsum(180◦) in the Fe4GeTe2/graphene/Fe4GeTe2 MTJ as
an example to clarify the k-point convergence for conduc-
tance and TMR. nk refers to the nk × nk k-point meshes.
As nk increases, the variation tendency of Gsum(0◦) and
Gsum(180◦) gradually flattens out. When nk increases
from 140 to 150, Gsum(0◦) and Gsum(180◦) approxi-
mately remain unchanged. So, we adopt the 150 × 150
k-point meshes to calculate the transport properties in the
FexGeTe2-based (x = 4 and 5) MTJs.

C. Gilbert-damping-factor calculations

The critical current for magnetization switching is
related to the Gilbert damping factor. The unitless Gilbert
damping tensor is calculated using Kambersky’s torque-
torque correlation model, which can be written as [38,39]

αμ,v = g
mπ

∑
k

ωk

∑
i,j

Wi,j (k)Tv
i,j (k)(T

μ
i,j (k))

†, (2)

where g = 2.0023 is the g factor; m is the magnetization
(has units of Bohr magnetons). The sum over i,j runs over
the band indices, and the k sum is over the Brillouin zone
with ωk being the k-point weight. The matrix elements of
the torque operator are

Tv
i,j (k) = 〈

ϕik|[σv, HSO]|ϕjk
〉
, (3)

where σv is a Pauli spin matrix, HSO is the spin-orbit
contribution to the Hamiltonian, and ϕik is the Bloch eigen-
state of band n evaluated at k-point k. The spectral overlap
function is

Wij (k) =
∫ (

−∂f (ε, εF)

∂ε

)
Aik(ε, )Ajk(ε, )dε, (4)

where f (ε, εF) is the Fermi-Dirac distribution function
(εF is the Fermi energy), and Aik(ε, ) = 1/π(/(2 +
(εik − ε)2)) is a Lorentzian spectral function with broaden-
ing  and centered around the band energy εik. Assuming
that the spectral lifetime broadening, , mainly originates
from electron-phonon coupling, it is reasonable to assume
that  > kBT; in which case, we can approximate the
derivative of the Fermi-Dirac distribution by a δ function
resulting in the simplified expression

Wij (k) ≈ Aik(εF , )Ajk(εF , ), (5)

as implemented in the QuantumATK 2020 software pack-
age [38,39]. The Monkhorst-Pack k-point mesh used here

for bilayer (BL) FexGeTe2 (x = 4 and 5) is 35 × 35 × 1.
The diagonal terms of the Gilbert damping tensor play the
major role. Thus, the Gilbert damping factor, α, in this
work is obtained as α = αxx + αyy + αzz.

D. Magnetocrystalline anisotropic energy calculations

The magnetocrystalline anisotropic energy, EMCA, is
calculated by the “force theorem.” Upon inclusion of spin-
orbit coupling (SOC), the force theorem expresses EMCA
as the difference of band energies between two spin orien-
tations for a particular projection “p” (an atom or orbital
projection) as [40]

EMCA =
∣∣∣∣∣∣
∑
n,k

fn,k(θ , ϕ)εn,k(θ , ϕ)ω
p
n,k(θ , ϕ)

−
∑
n,k

fn,k(0◦, 0◦)εn,k(0◦, 0◦)ωp
n,k(0

◦, 0◦)

∣∣∣∣∣∣
, (6)

where fn,k is the occupation factor for band index n and
wave vector k; the spherical angle (θ , ϕ) describes the spin
orientation [we set the initial spin orientation as (0◦, 0◦)];
εn,k(θ , ϕ) is the corresponding band energy; and ω

p
n,k is the

projection weight, which is

ω
p
n,k =

〈
ϕn,k

∣∣∣∣
SP + PS

2

∣∣∣∣ ϕn,k

〉
(7)

with ϕn,k as the eigenstate; S is the overlap matrix and P
is the projection matrix. P is a diagonal singular matrix,
with the indices corresponding to the orbitals we wish to
project onto. Ei

MCA = ∑
p Ei

MCA|p with p going over all the
orbitals of the ith atom. It is the absolute energy difference
that we substitute into our estimate of the critical current,
so we add the sign of the absolute value. The Monkhorst-
Pack k-point mesh used here for BL FexGeTe2 (x = 4 and
5) is 36 × 36 × 1.

E. STT calculations

STT is calculated using the linear-response method, as
implemented in the QuantumATK 2020 software package
[40–42]. Under this framework, only a small bias voltage,
δVb, is applied across the junction. The STT, here denoted
Q, is expressed as

Q = Tr(δρNEQσ × BXC). (8)

Based on this relationship, we can evaluate the linear-
response coefficient of the torque with the bias voltage, i.e.,
the so-called spin-transfer torkance (STTK) on an atom
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site a, τ a, as

τ a = δQa

δVb
. (9)

The linear-response STT (T) can be obtained by inte-
grating τ a over the corresponding regions of the device,
that is,

T =
∑

a

τ a, (10)

where a takes all the atoms in the corresponding region.
The Monkhorst-Pack k-points mesh used for the STT

calculation in our FexGeTe2/graphene/FexGeTe2 (x = 4
and 5) MTJs is 180 × 180 × 1.

F. Reliability of the DFT + NEGF method

The reliability of the DFT + NEGF method in pre-
dicting MR and STT is validated by the agreement
between the theoretically predicted values and the exper-
imental values. For the Fe3GeTe2/h-BN/Fe3GeTe2 MTJ,
previous calculations based on the combination of DFT
and the wave-function-scattering method overestimate the
TMR by an order of magnitude (6256%) [43]. By con-
trast, the calculated TMR value of about 200% (this
work, see Sec. 11 of the Supplemental Material [27])
by using the DFT + NEGF method is in agreement
with the experimental value of 160% [8]. The calcu-
lated TMR obtained by using the DFT + NEGF method
is also consistent with the experimental results in the
graphite/n-layer-CrI3/graphite MTJ [14,25,26]. The mea-
sured in-plane STTK reported by Sankey et al. for the

Fe/MgO/Fe MTJ [3.5 × 1010(�m2)
−1] agrees quantita-

tively with the calculated value using the DFT + NEGF
method [44,45].

III. RESULTS AND DISCUSSION

A. Electronic structures of FexGeTe2 (x = 4 and 5)

We start by clarifying the electronic structures of BL
FexGeTe2 (x = 4 and 5). The optimized structures of BL
Fe4GeTe2(Fe5GeTe2) are shown in Figs. 1(a) and 1(b)
[1(d) and 1(e)] (for details about the geometric struc-
tures, see Sec. 1 of the Supplemental Material [27]) [46].
The spin-resolved band structures and density of states
(DOS) of BL Fe4GeTe2(Fe5GeTe2) at the FM ground state
are shown in Figs. 1(c) [1(f)]. BL FexGeTe2 (x = 4 and
5) are both typical magnetic metals, and our calculated
band structures are very similar to the previous calculation
results of the corresponding bulk [32,46], indicating weak
interlayer coupling. Figure S2 presents the corresponding
calculation results with SOC correction (see Sec. 2 of the
Supplemental Material [27]). The comparison shows that
the SOC has little effect on the electronic structures of BL
FexGeTe2 (x = 4 and 5). For the sake of simplicity and
convenience, we define Dσ (Ef ) (σ =↑ or ↓) as the spin-
resolved DOS of the σ -spin electrons at the Fermi level,
EF , and PD as the polarizability of DOS at EF , that is,

PD = D↑(EF) − D↓(EF)

D↑(EF) + D↓(EF)
× 100%. (11)

From Figs. 1(c) [1(f)], for BL Fe4GeTe2(Fe5GeTe2), D↑
(EF) = 6.0(7.5) states/eV, D↓(EF) = 1.7(5.1)states/eV,

(a) (b) (c)

(d) (e) (f)

FIG. 1. Side (a) [(d)] and top (b) [(e)] views of the atomic structure of BL Fe4GeTe2(Fe5GeTe2). Blue arrows represent the magnetic
moment of all the Fe atoms in each layer. Spin-resolved band structures and DOS of BL Fe4GeTe2 (c) and BL Fe5GeTe2 (f). Fermi
level is set to zero.
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and PD = 55.8%(19%). The different PD is one of the
main reasons for the different transport properties between
the two similar structures, as shown next.

B. Transport properties of
FexGeTe2/graphene/FexGeTe2 (x = 4 and 5) MTJs

with noncollinear spin

We use AB-stacking BL FexGeTe2 (x = 4 and 5) as the
electrodes and monolayer (ML) graphene as the spacer
to build the MTJs (see Sec. 3 of the Supplemental Mate-
rial for the reason why we use the bilayer structure for

the electrodes, and the effect of the stacking order on our
calculation results [27]), as shown in Figs. 2(a) and 2(b).
When building the device model, we use the

√
3 × √

3
in-plane unit cell of graphene to match the unit cell of
FexGeTe2 (x = 4 and 5) at the interface (see Sec. 10 of the
Supplemental Material for the selection of the interface,
the influence of the relative shift at the interface, and the
reason why we mainly use graphene as the spacer [27]).
Rotation between the two surfaces is 150°. The mean abso-
lute strain to both surfaces, which is mainly in the in-plane
direction, is less than 2%. The whole device structure is
optimized using VASP with the vdW-D2 correction (see

(a) (b)

(c) (d)

(e) (f)

FIG. 2. Device model for Fe4GeTe2/graphene/Fe4GeTe2 (a) and Fe5GeTe2/graphene/Fe5GeTe2 (b) MTJs. Yellow lines surround the
electrode region. Blue arrows indicate the magnetic moment of all the Fe atoms in each layer. Green arrows indicate the transport
direction. θ represents the angle between the magnetization directions of the two electrodes. θ -dependent noncollinear-spin projec-
tions of conductance at E = EF for Fe4GeTe2/graphene/Fe4GeTe2 (c) and Fe5GeTe2/graphene/Fe5GeTe2 (d) MTJs. θ -dependent
noncollinear-spin polarizability (e) and TMR (f). Theoretically and experimentally reported TMR values (they are close to each other)
of the Fe3GeTe2-based MTJ and MgO-based MTJ are also provided for comparison.
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Sec. II for details). The deformation of the overall structure
is indeed very small, indicating that the mismatch between
the

√
3 × √

3 in-plane unit cell of graphene and the unit
cell of FexGeTe2 (x = 4 and 5) is very small. The maxi-
mum difference between the z coordinates of all C atoms is
about 0.004 Å, indicating that there is nearly no structural
change in graphene. The optimized distance between the
ML graphene and the adjacent Fe4GeTe2(Fe5GeTe2) layer
is 3.49 Å (3.50 Å), indicating the weak vdW interaction
across the interface. For comparison, the Fe-MgO interface
distance in the Fe/MgO/Fe MTJ is about 2.16 Å [17]. We
set the initial magnetization direction of both electrodes
along the z axis. Then we fix the magnetization direction of
the left electrode and rotate the magnetization direction of
the right electrode by angle θ (0°–180°) towards the x axis
(still in the x-z plane). During this process, we evaluate the
effect of θ on the transport properties of these MTJs. Note
that, when θ = 0◦ (180◦), it is equivalent to the collinear
FM (AFM) case.

Under the framework of noncollinear spin, the spin can
no longer be simply decomposed into ↑ and ↓. Instead,
the eigenstate in the spin Hilbert space becomes a spinor
with a certain mixing of both spin-up and -down channels.
Therefore, the density matrix in the spin Hilbert space can
be defined as [47]

n =
[

n↑↑ n↑↓
n↓↑ n↓↓

]
. (12)

Note that, when it goes back to the collinear case (θ = 0° or
180°), the ↑↓ and ↓↑ components are both equal to zero,
and the ↑↑ (↓↓) component corresponds to the spin-up
(-down) component. Correspondingly, the calculated θ -
dependent noncollinear transmission function at E = Ef
of the MTJs can be expressed as

t(θ) =
[

t↑↑(θ) t↑↓(θ)

t↓↑(θ) t↓↓(θ)

]
. (13)

We can derive a range of different spin projections from
the four basic components of t(θ), utilizing a projection
rule relevant to the Pauli matrix, that is,

tsum(θ) = t↑↑(θ) + t↓↓(θ), (14)

tX (θ) = 2 Re(t↑↓(θ)), (15)

tY(θ) = 2 Im(t↑↓(θ)), (16)

tZ(θ) = t↑↑(θ) − t↓↓(θ), (17)

where the subscripts “sum,” “X,” “Y,” and “Z” stand for
spin sum, spin X, spin Y, and spin Z, respectively.

Then we can define θ - and noncollinear-spin-dependent
conductance of the MTJs, Gσ (θ ), at E = EF as

Gσ (θ) = e2

h
tσ (θ), σ = sum, X , Y, and Z. (18)

Note that, when θ = 0° and 180°, t↑↓ and t↓↑ are both
approximately equal to 0, and the definition of Gsum is con-
sistent with the definition of the total conductance in the
collinear-spin situation. Another point is that, from a phys-
ical point of view, Gσ (σ = X, Y, and Z) corresponds only
to the conductance part with pure spin current. Addition-
ally, Gσ (σ = X, Y, and Z) does not include the conductance
part with zero spin current. The total conductance, Gsum,
includes the conductance of all the electrons. To make
it clearer, we can take the spin-Z electrons as an exam-
ple, since the definitions are based on the fact that the
z direction is the transport direction. Similar to the spin-
up and spin-down electrons in the collinear-spin situation,
the spin-Z electrons in the noncollinear-spin situation can
also be divided into spin-+Z electrons (corresponding to
t↑↑) and spin-−Z electrons (corresponding to t↓↓). The
conductance part with zero spin current corresponds to
the conductance of the group of electrons with the same
number of spin-+Z and spin-−Z electrons. GZ (defined
as (e2/h)(t↑↑ − t↓↓)) represents the conductance of the
electrical spin current, that is, the conductance of spin-
+Z electrons minus the conductance of spin-−Z electrons.
Gsum [defined as (e2/h)(t↑↑ + t↓↓)] includes the conduc-
tance of all the electrons, irrespective of the spin-polarized
direction. We can assume a simple situation where t↑↑ =
3, t↓↓ = 1, and t↑↓ = t↓↑ = 0. Here, we omit the com-
mon unit (e2/h), then we can get GX = GY = 0, GZ =
3 − 1 = 2, and Gsum = 3 + 1 = 4. The conductance part
with zero spin current is 1 + 1 = 2, and the spin polar-
izability is (3 − 1/3 + 1) = 50%. It is also obvious that
Gsum 	= GX + GY + GZ .

Figures 2(c) and 2(d) show the calculated Gσ (θ ) of the
two MTJs, and the variation tendency with θ is very sim-
ilar between the two MTJs. GY fluctuates around zero
because the magnetization directions of both electrodes
remain in the x-z plane, and thus, the scattering for spin-Y
electrons is always strong. Gsum generally decreases with
increasing θ , which is due to the mismatch between the
electronic structures of the left electrode and right elec-
trode during the rotation process. As angle θ increases,
the mismatch also increases, which is manifested by
the calculated k‖-resolved transmission coefficients of the
MTJs shown in Figs. 3 and 4. The contributing transmis-
sion channels (with nonvanishing k‖-resolved transmission
coefficients tk‖) directly determine the magnitude of G.
So, we can directly see that the overall tunneling of the
Fe4GeTe2/graphene/Fe4GeTe2 MTJ is stronger than that
of the Fe5GeTe2/graphene/Fe5GeTe2 MTJ. Meanwhile,
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FIG. 3. θ -dependent k‖-resolved transmission coefficients
across the Fe4GeTe2/graphene/Fe4GeTe2 MTJ in the Brillouin
zone calculated at EF . Linear scale bar is adopted.

the number of contributing transmission channels gener-
ally decreases with increasing θ . Another feature shown
in Figs. 3 and 4 is that the transmission patterns show
twofold symmetry in the 2D Brillouin zone (BZ) for all
the angles. The symmetry of the k‖-resolved transmission
coefficients is mainly determined by the 180° rotational
symmetry of the electrodes. Figure S12 within the Sup-
plemental Material [27] shows the top view and side view
of the unit cell of BL FexGeTe2 (x = 4 and 5). If we
rotate the AB-stacking BL Fe4GeTe2 180° around the z
axis that passes the center of the unit cell, it turns into
BA-stacking BL Fe4GeTe2, and this does not affect the
transmission patterns at zero bias. For AB-stacking BL
Fe5GeTe2, the situation is exactly the same. The distribu-
tion of the k‖-resolved transmission coefficients in the 2D
BZ largely depends on the Fermi surfaces of the electrodes
and the spacer (k‖ is conserved during the transmission
process). Figure 5 shows the total Fermi surfaces of BL
FexGeTe2 (x = 4 and 5) electrodes projected in the 2D
BZ perpendicular to the transport direction. The patterns
both possess twofold symmetry, which is consistent with
the symmetry of the geometric structures. The distribu-
tion of the transmission channels shown in Figs. 3 and 4
resembles the distribution of the Fermi surfaces of the BL
FexGeTe2 (x = 4 and 5) electrodes, which is more obvi-
ous for the Fe4GeTe2/graphene/Fe4GeTe2 MTJ. Coupling

FIG. 4. θ -dependent k‖-resolved transmission coefficients
across the Fe5GeTe2/graphene/Fe5GeTe2 MTJ in the Brillouin
zone calculated at EF . Linear scale bar is adopted.

with the graphene spacer filters out some originally avail-
able transmission channels, especially at the edge of the 2D
BZ. For the Fe5GeTe2/graphene/Fe5GeTe2 MTJ, the mag-
nitude of overall tunneling is smaller, and the transmission
channels tend to be distributed near the � point.

To better clarify the reasons for the variation tendency of
the transport properties, we can define two kinds of match-
ing rates that measure the degree of matching in transport
in the MTJ. One measures how well the electrode matches
the spacer (defined as ηs), which is mainly determined by

(a) (b)

FIG. 5. Spin-sum Fermi surfaces of the BL Fe4GeTe2 (a) and
Fe5GeTe2 (b) electrodes projected in the 2D BZ perpendicular to
the transport direction. Different colors represent contributions
from different bands.
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the materials of the electrode and the spacer and the interfa-
cial quality. The other measures how well the left electrode
matches the right electrode (defined as ηe), which is mainly
determined by the materials and electronic structures of the
two electrodes. Rotating the magnetization direction of the
right electrode changes its electronic structures. Therefore,
as θ increases, ηe decreases, leading to decreasing Gsum.
Despite the similar relative variation tendency with θ , the
difference in the absolute value of Gsum between the two
MTJs can be attributed to two aspects: one is the intrinsic
properties of the electrodes, mainly corresponding to the
different Dσ (Ef ) of BL Fe4GeTe2 and Fe5GeTe2; the other
is the properties of the junction, mainly corresponding to
different ηs and ηe in the two MTJs.

As shown in Figs. 2(c) and 2(d), GX first increases with
increasing θ before it starts to decrease with increasing θ .
The nonmonotonic behavior of GX is the result of compe-
tition between two factors. One is the decreasing tendency
due to decreasing ηe stated above. The other is the change
of the right electrode’s spin-filtering effect with increasing
θ . When θ increases from 0° to 90°, the right electrode’s
spin-filtering effect on spin-X electrons becomes weaker,
resulting in the increase of GX . When θ increases from
90° to 180°, the situation is exactly the opposite for GX .
GZ keeps decreasing with increasing θ until GZ reaches
zero, and then GZ increases in the opposite direction before
it finally decreases with increasing θ . We can understand
the effect of the two factors (ηe and the right electrode’s
spin-filtering effect) from the definition of GZ [defined as
(e2/h)(t↑↑ − t↓↓)]. As θ increases, ηe decreases, leading to
a decreasing tendency for both t↑↑ and t↓↓. As θ increases
from 0° to 180°, the right electrode’s spin-filtering effect
on spin-+Z electrons monotonically increases. Therefore,
we get a monotonically decreasing t↑↑. As θ increases
from 0° to 180°, the right electrode’s spin-filtering effect
on spin-−Z electrons monotonically decreases, leading to
the increasing tendency for t↓↓. The combination of the
two factors causes t↓↓ to first increase and then decrease
with increasing θ , and the turning point is generally around
θ = 90°. Therefore, the nonmonotonic behavior of GZ orig-
inates from the nonmonotonic behavior of t↓↓. The nega-
tive value of GZ when θ > 90° indicates that the direction
of the spin current is −Z.

The θ -dependent noncollinear-spin polarization of the
two MTJs, Pt

σ (θ), at E = EF is shown in Fig. 2(e) and
defined as

Pt
σ (θ) = Gσ (θ)

Gsum(θ)
, σ = X , Y, and Z. (19)

Note that, when θ = 0° and 180°, the definition of Pt
Z is

consistent with the definition of spin polarization in the
collinear-spin situation. Pt

σ (θ) reflects the contribution of
the conductance part with pure spin current to the total con-
ductance. For practical electrode materials in the MTJs,

Pt
Z(0◦) is generally less than 100%. For similar MTJ con-

figurations, Pt
Z(0◦) generally increases as the spin-filtering

efficiency of the electrode material increases.
The variation tendency of Pt

σ (θ) is generally derived
from the variation tendency of Gσ (θ) for both MTJs.
As GY fluctuates around zero, Pt

Y also fluctuates around
zero. As GX first increases and then decreases with
increasing θ , Pt

X also first increases and then decreases
with increasing θ . The location of the turning point
depends on the relative decline rates of GX and Gsum.
The variation tendency of Pt

Z is also the combination
of the decreasing tendency of Gsum and the variation
tendency of GZ . Nearly 100% Pt

Z(0◦) is observed in
the Fe4GeTe2/graphene/Fe4GeTe2 MTJ, indicating perfect
spin-filtering efficiency (SFE), whereas only 54% Pt

Z(0◦) is
obtained in the Fe5GeTe2/graphene/Fe5GeTe2 MTJ, indi-
cating a much weaker SFE.

Figure S5 within the Supplemental Material [27] shows
the spin-resolved transmission eigenstates at EF in the
FexGeTe2/graphene/FexGeTe2 (x = 4 and 5) MTJ, which
visualizes the overall transport and spin-filtering effect
in the two MTJs when θ is equal to 0° (FM) and 180°
(AFM). For both MTJs in the FM state, most of the
spin-up (↑↑) electrons can tunnel through the barrier and
reach the other electrode, whereas the spin-down (↓↓)

electrons are mostly blocked in the channel. For both
MTJs in the AFM state, both the spin-up (↑↑) and spin-
down (↓↓) electrons are mostly blocked in the channel. If
we make a comparison between the transmission eigen-
states of these two MTJs in the FM state, we can find
that the total number of electrons (reflected by the num-
ber of isosurfaces) that can tunnel through the barrier in
the Fe4GeTe2/graphene/Fe4GeTe2 MTJ is obviously larger
than that in the Fe5GeTe2/graphene/Fe5GeTe2 MTJ, and
the difference between the numbers of spin-up (↑↑) and
spin-down (↓↓) electrons that can tunnel through the
barrier in the Fe4GeTe2/graphene/Fe4GeTe2 MTJ is also
larger than that in the Fe5GeTe2/graphene/Fe5GeTe2 MTJ.
The former corresponds to the relative size of Gsum, and the
latter corresponds to the relative size of Pt

Z(0◦). The higher
Pt

Z(0◦) of the Fe4GeTe2/graphene/Fe4GeTe2 MTJ over the
Fe5GeTe2/graphene/Fe5GeTe2 MTJ can be attributed to
the higher PD of the electrodes and the different ηs of
the two MTJs. Generally speaking, Pt

Z(0◦) is positively
correlated with PD (or ηs).

Figure 6 shows the calculated weight-projected band
structures of the FexGeTe2/graphene/FexGeTe2 (x = 4
and 5) MTJs. Similar to the previously reported
Fe3GeTe2/graphene/Fe3GeTe2 MTJ [43], the K and K’
points for the

√
3 × √

3 unit cell of graphene are
located at the � point in the MTJs. Although the
band structures of graphene and FexGeTe2 (x = 4 and
5) retain most of their characteristics, which indicates
that the vdW interaction plays the leading role, their
hybridization and offset are still more obvious than those
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(a) (b)

FIG. 6. Weight-projected band structure of Fe4GeTe2/graphene/Fe4GeTe2 MTJ (a) and Fe5GeTe2/graphene/Fe5GeTe2 MTJ (b).
Fermi level is set to zero. Green lines represent the projected band weight on graphene.

in the Fe3GeTe2/graphene/Fe3GeTe2 MTJ. One feature
is that the interaction brings about a small band gap
at the � point of graphene, and the band gap in the
Fe4GeTe2/graphene/Fe4GeTe2 MTJ is larger than that
in Fe5GeTe2/graphene/Fe5GeTe2. Previous research has
reported a similar band gap opening at the � point in the
GeS/graphene vdW heterostructure [48].

Projected local density of states (PLDOS) of the
FexGeTe2/graphene/FexGeTe2 (x = 4 and 5) MTJs are

plotted in Figs. 7 and 8 to show the distribution of transmit-
ted electrons in real space and the potential barrier height
of each layer in the vdW MTJ. The potential profiles dis-
played by the green lines are approximately assumed to
be the lowest energy level above the Fermi level, where
log10(LDOS) is larger than −1.2 eV−1 Å−3. The main idea
is that electrons with opposite spin to the magnetic layer
encounter a higher potential barrier during transmission
than the electrons with the same spin as the magnetic layer.

(a) (b)

(c) (d)

FIG. 7. Spin-resolved PLDOS of the Fe4GeTe2/graphene/Fe4GeTe2 MTJ in the FM (θ = 0°) and AFM (θ = 180°) states. Fermi
level is set to zero energy. Black lines indicate the boundary lines of the electrode and the tunnel region, and green lines are the
spin-dependent potential barrier profile.
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(a) (b)

(c) (d)

FIG. 8. Spin-resolved PLDOS of the Fe5GeTe2/graphene/Fe5GeTe2 MTJ in the FM (θ = 0°) and AFM (θ = 180°) states. Fermi
level is set to zero energy. Black lines indicate the boundary lines of the electrode and the tunnel region, and green lines are the
spin-dependent potential barrier profile.

This is also the meaning of the “spin-filtering effect.” The
spin-filtering efficiency of the magnetic layer is gener-
ally positively correlated with its potential barrier height
for opposite-spin electrons. In Figs. 7(c) and 8(c), we can
see that the potential barrier height for opposite-spin elec-
trons in the Fe4GeTe2 layer is higher than that in the
Fe5GeTe2 layer. This also corresponds to the larger Pt

Z(0◦)
of the Fe4GeTe2/graphene/Fe4GeTe2 MTJ. From Figs. 7(a)
and 8(a), we can find that the tunnel barrier height of
the graphene spacer (marked by the green line) in the
Fe4GeTe2/graphene/Fe4GeTe2 MTJ is larger than that in
the Fe5GeTe2/graphene/Fe5GeTe2 MTJ. This exactly cor-
responds to the larger band gap at the � point of the
graphene spacer in the Fe4GeTe2/graphene/Fe4GeTe2 MTJ
than that in the Fe5GeTe2/graphene/Fe5GeTe2 MTJ, as
shown in Fig. 6.

The asymmetry of the PLDOS and Pt
Z(θ) and

nonzero GZ(180◦) in the Fe5GeTe2/graphene/Fe5GeTe2
MTJ are due to the asymmetric structure of the
MTJ. We check that the optimized structure of the
Fe4GeTe2/graphene/Fe4GeTe2 MTJ is strictly specularly
symmetric with respect to the central graphene face. How-
ever, the optimized structure of the Fe5GeTe2/graphene/
Fe5GeTe2 MTJ is not strictly specularly symmetric with
respect to the central graphene face. The asymmetric

part is the relative position of the Ge atom and the Fe1
atom (which is also the extra Fe atom compared with
Fe4GeTe2), as shown in Fig. 1(d). In the left electrode,
the Ge atoms are farther away from the graphene spacer
than the Fe1 atoms. Whereas in the right electrode, the
Ge atoms are closer to the graphene spacer than the Fe1
atoms. The reason for the asymmetric structure is that, as
bulk Fe5GeTe2 has ABC-stacking order, there are actually
three stable stacking orders for bilayer Fe5GeTe2, that is,
AB stacking, BC stacking, and CA stacking. In our ini-
tial structure, the left and right electrodes adopt the same
stacking order. However, in our optimized structure of the
Fe5GeTe2/graphene/Fe5GeTe2 MTJ, the left electrode and
the right electrode adopt different stacking orders. This
asymmetry leads to the asymmetric PLDOS and Pt

Z(θ),
which also indicates that the spin-filtering efficiency of
differently stacked Fe5GeTe2 bilayers is different.

The θ -dependent TMR (referred to as RTMR) is defined
as [49]

RTMR(θ) = Gsum(0◦) − Gsum(θ)

Gsum(θ)
× 100% (20)

Note that the TMR we refer to in the collinear situation
is equivalent to TMR(180°) in the noncollinear situation.
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In practical experiments, the rotation of magnetization can
be achieved by either applying an external magnetic field,
like in the Fe3GeTe2/h-BN/Fe3GeTe2 case, which takes
advantage of the difference in coercivity between the left
and right electrodes [8], or utilizing the STT, as we discuss
in Sec. III C.

Figure 2(f) exhibits the calculated TMR(θ), and we
obtain a maximum TMR of 6800% when θ = 180° in the
Fe4GeTe2/graphene/Fe4GeTe2 MTJ, which is much larger
than the calculated (1000%) and measured (∼1000%)
TMR of traditional MgO-based MTJs and the calcu-
lated (∼200%, this work) and measured (∼160%) TMR
of the Fe3GeTe2/h-BN/Fe3GeTe2 MTJ [8,16,17]. The
Fe5GeTe2/graphene/Fe5GeTe2 MTJs exhibit a maximal
TMR of 1100% when θ = 180°. The different TMR of
the FexGeTe2/graphene/FexGeTe2 (x = 4 and 5) MTJs
can also be reflected by different k‖-resolved transmis-
sion coefficients when θ = 0° and 180°, as shown in
Figs. 3 and 4. Note that the number of contributing trans-
mission channels of the Fe5GeTe2/graphene/Fe5GeTe2
MTJ when θ = 180° is smaller than that of the
Fe4GeTe2/graphene/Fe4GeTe2 MTJ [Gsum(180◦) 2.21 ×
10−4(e2/h) versus 5.64 × 10−4(e2/h)], the difference
between the number of contributing channels is even
bigger when θ = 0° [Gsum(0◦)2.67 × 10−3(e2/h) versus
3.91 × 10−2(e2/h)], resulting in the smaller TMR of the
Fe5GeTe2/graphene/Fe5GeTe2 MTJ.

The factors that determine TMR are the combina-
tion of the factors that determine Gσ (θ) and Pt

σ (θ).
From the perspective of the junction, although we can-
not directly calculate ηs and ηe, we can infer them
from computable Pt

Z(0◦). Our calculated Pt
Z(0◦) of the

FexGeTe2/graphene/FexGeTe2 MTJs (x = 3, 4 and 5) is
22.8%, 97.8%, and 54%, respectively. Combined with the
corresponding calculated maximal TMR (269%, 6800%,
and 1100% in the same order), we can conclude that, for
MTJs with the same spacer, TMR generally increases with
increasing Pt

Z(0◦). This result also agrees with Julliere’s
model qualitatively, which gives an approximate relation-
ship between TMR (180°) and Pt

Z(0◦) in the collinear situ-
ation as TMR (180◦) = 2Pt

Z(0◦)2/(1 − Pt
Z(0◦)2) (see Sec.

6 of the Supplemental Material for a comparison of the cal-
culated TMR and the TMR predicted by Julliere’s model
[27]) [50]. Note that Julliere’s model is only presented
here to roughly estimate the relationship between TMR

(180°) and Pt
Z(0◦). Strictly speaking, Julliere’s model is

only applied to the amorphous barrier by assuming elec-
trons with different momentum in the Brillouin zone have
the same transmission probability. So, this model cannot
precisely reflect the coherent transport in single-crystalline
MTJs.

To further determine the role that the ML graphene
spacer plays in the big TMR of the Fe4GeTe2/graphene/Fe4
GeTe2 MTJ, we replace the ML graphene spacer with
ML h-BN and BL graphene (the structures are shown in
Sec. 7 of the Supplemental Material [27]) and calculate
the transport properties, as shown in Table I. Compared
with the configuration with the ML graphene spacer, the
MTJ with the ML h-BN spacer exhibits larger Gsum(0◦)
and Gsum(180◦), but about 1/6 TMR(180°). The main rea-
son for the smaller TMR is that the spin-filtering effect of
the ML graphene spacer combined with the electrodes is
stronger than that of the ML h-BN spacer combined with
the electrodes, indicating a larger ηs of the ML graphene.
For the MTJ with the BL graphene spacer, Gsum(0◦),
Gsum(180◦), and TMR(180°) all decrease, mainly because
of the sharply decreased contributing transmission chan-
nels when θ = 0° [reflected by the much smaller Gsum(0◦)].
We also check the effect of the bias voltage on the collinear
TMR in the Fe4GeTe2/graphene/Fe4GeTe2 MTJ (shown in
Sec. 8 of the Supplemental Material [27]) and find that
TMR generally decreases with increasing bias voltage;
this behavior is consistent with the previously reported
Fe/MgO/Fe MTJ [51].

C. Spin-dynamic behavior of
FexGeTe2/graphene/FexGeTe2 (x = 4 and 5) MTJs

Next we calculate the critical voltage, Vc, and current,
Ic, for magnetization reversal of the electrode utilizing the
STT-based method by using the macrospin approximation
[42,47]:

Vc = αEMCA/Tmax
z (θm), (21)

Ic = e2

h
t(θm)Vc = G(θm)Vc, (22)

where α is the Gilbert damping factor, EMCA is the magne-
tocrystalline anisotropy (MCA) energy, Tmax

z is the max-
imal z component of the STT per voltage (referred to

TABLE I. Calculated total conductance at E = EF when θ = 0° and 180° and the corresponding TMR(180°) for different MTJs. Gr
stands for graphene.

MTJ structures Gsum(0°) (e2/h) Gsum(180°) (e2/h) TMR(180°) (%)

Fe4GeTe2/Gr/Fe4GeTe2 3.91 × 10−2 5.64 × 10−4 6836
Fe5GeTe2/Gr/Fe5GeTe2 2.67 × 10−3 2.21 × 10−4 1110
Fe4GeTe2/h-BN/Fe4GeTe2 4.80 × 10−2 4.35 × 10−3 1004
Fe4GeTe2/BL_Gr/Fe4GeTe2 1.00 × 10−3 1.47 × 10−4 583
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as T) in the right half (free layer) of the MTJ, and θm
is the angle corresponding to Tmax

z . Figure 9(a) shows a
schematic diagram of the current-induced STT in the MTJ.

α exactly corresponds to the damping term of the
Landau-Lifshitz-Gilbert-Slonczwski equation describing

the spin-precession process [shown in Fig. 9(b)], which is
written as [52]

dM
dt

= −|γ |M × Heff + α

Ms

(
M × dM

dt

)
+ TSTT (23)

(a) (b)

(c) (d)

(e) (f)

FIG. 9. Schematic diagram of the current-induced STT in the MTJ (a) and spin precession and reversal of the free layer
(b). Distribution of the x and z components of spin-transfer torkance τ in the Fe4GeTe2/graphene/Fe4GeTe2 MTJ (c) and
Fe5GeTe2/graphene/Fe5GeTe2 MTJ (d). Dashed line represents the middle point of the device. (e) θ -dependent z component of the
linear-response spin-transfer torque, Tz , of the FexGeTe2/graphene/FexGeTe2 (x = 4 and 5) MTJ. (f) Comparison of the predicted Vc
and Ic of different MTJs.
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where M is the total magnetic moment, |γ | is the Gilbert
gyromagnetic ratio, Heff is the total effective magnetic
field, Ms is the saturation magnetization, and TSTT is the
spin-transfer torque. A larger α means a larger TSTT is
needed to realize magnetization reversal, corresponding
to a larger spin-polarized current. This explains why Vc
and Ic are proportional to α in Eqs. (21) and (22), and
an electrode material with a small α means lower power
consumption. α of a material is mainly determined by the
electronic structure at EF and electron-phonon coupling.
Figure S9 exhibits α of the BL FexGeTe2 (x = 4 and 5)
as a function of the lifetime broadening,  (see Sec. 9 of
the Supplemental Material [27]). The minimum α values
of BL Fe4GeTe2 and BL Fe5GeTe2 are 0.003 and 0.0036,
respectively, which are approximately 1 order of magni-
tude smaller than the minimum α of commonly used bulk
electrodes (0.021 for Fe and 0.027 for Co-Fe-B), as shown
in Table II. The calculated α of BL Fe5GeTe2 is also very
close to the experimental value (0.007) measured at 10 K
[56], indicating the reliability of our calculations.

EMCA measures the thermal stability of the magnetic
states, which technologically corresponds to the non-
volatility of the written information. Table II lists our
calculated EMCA and the normalized MCA constant K1
(defined as EMCA/A, where A is the cross-section area)
of the FexGeTe2/graphene/FexGeTe2 (x = 4 and 5) MTJs
and makes a comparison with previously reported MTJs.
Note that EMCA here has two main contributions: MCA
of the electrode itself and MCA of the electrode-spacer
interface [57]. Previous experiments show that the W-
capped Co-Fe-B/MgO/Co-Fe-B MTJ with 0.29 mJ/m2

K1 produces a thermal stability factor, � [defined as
(EMCA/kBT), if the magnetization is switched via uni-
form rotation], of 137, which is beyond the require-
ment (� > 67) of 10-year data retention of STT MRAM
[57,58]. As the vdW FexGeTe2/graphene/FexGeTe2 (x = 4
and 5) MTJs generally possess several times larger K1
(2.58 mJ/m2 for x = 4 and 5.76 mJ/m2 for x = 5) than
that of the commonly used MgO-based MTJs, they will

produce much longer data storage times when applied in
STT MRAM.

Only Tz is included in Eq. (21) for two reasons: one
is that we focus on the magnetization in the x-z plane
and neglect Ty ; the other is related to the detailed dis-
tribution of the x and z components of the STTK per
unit volume (referred as τ ) in the MTJs when θ = 90°, as
shown in Figs. 9(c) and 9(d). T can be obtained by inte-
grating τ over the corresponding regions of the device.
One noticeable feature is that τx and τz are approximately
centrosymmetric about the midpoint of the device. This is
because the left electrode and the right electrode with per-
pendicular magnetization directions are equivalent during
the interaction process. When θ = 90° in the left half of the
device, τz is nearly 0, and in the right half of the device,
τx is nearly 0. This indicates that the influence (STT) of
one electrode on the other electrode is mainly distributed
on the other half of the device and has the same direction
as its own magnetization direction. As we fix the magne-
tization direction of the left electrode to the z axis, we use
Tz to represent the effect of the fixed layer (left electrode)
on the free layer (right electrode).

Another vital feature in Figs. 9(c) and 9(d) is that τx and
τz reach a maximum at the inner layer and decrease sharply
in the outer layer. This clearly indicates the decay of the
staggered STTK with distance. This behavior is similar to
that of the previously calculated STTK in the Cr/Cu/Cr
spin valve [59] and the Cu-Mn-As/GaP/Cu-Mn-As MTJ
[42] and is attributed to the interference of multiple con-
tributing transmission channels with different k‖ at EF .
Note that the decay rate of the STTK in the Fe5GeTe2-
based MTJ is slower than that in the Fe4GeTe2-based MTJ,
so we assume that the decay rate of the STTK is related to
the specific electrode material.

Figure 9(e) exhibits the effect of θ on Tz. The
variation tendency is basically in the form of sin(θ),
which agrees with the theoretical derivation [47]. When
θ = 90°, Tz in both MTJs reaches a maximum (i.e.,
θm = 90◦). The values and comparison with typical

TABLE II. Gilbert damping factor, α; maximal magnetocrystalline anisotropic energy, EMCA; cross-section area, A; MCA constant,
K1; z component of the STT per voltage in the right half of the device, Tz; critical voltage for magnetization reversal, Vc; total transmis-
sion function at the Fermi level, tF ; and the critical current density for magnetization reversal, Ic, of the FexGeTe2/graphene/FexGeTe2
(x = 4 and 5) MTJ when θ = 90°. Corresponding experimental and theoretical figures of merit of the Cu-Mn-As/GaP/Cu-Mn-As,
Fe/MgO/Fe and Co-Fe-B/MgO/Co-Fe-B MTJs are provided for comparison [42,44,53–55].

α

EMCA
(meV) A (Å2)

K1
(mJ/m2)

Tz
(µeV/V)

Vc
(mV) tF

Ic
(1010A/m2) Ref.

Fe4GeTe2/Gr/Fe4GeTe2 0.003 2.28 14.15 2.58 3580 1.9 1.52 × 10−2 0.80 This work
Fe5GeTe2/Gr/Fe5GeTe2 0.0036 5.10 14.15 5.76 798 22.9 1.61 × 10−3 1.01 This work
Cu-Mn-As/GaP/Cu-Mn-As 0.1 0.381 14.59 0.42 221 172.4 2.40 × 10−4 1.10 [42]
Fe/MgO/Fe 0.021a 0.685 8.21 1.33 29.4 488.6 3.0 × 10−4 6.89 [44,53]
Co-Fe-B/MgO/Co-Fe-B 0.027a 8.47 × 103a 5.04 × 105a 0.29a – – – 3.9,a 5.0 [54,55]

aExperimental figures of merit of the Cu-Mn-As/GaP/Cu-Mn-As, Fe/MgO/Fe and Co-Fe-B/MgO/Co-Fe-B MTJs.
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bulk-based MTJs are provided in Table II. The much
larger current-induced STT in the FexGeTe2-based MTJs
is attributed to two reasons. One is that Pt

Z(0◦) of the vdW
FexGeTe2/graphene/FexGeTe2 (x = 4 and 5) MTJs is gen-
erally larger than that of the MgO-based MTJs. Currents
with higher spin polarizability possess higher STT trans-
mission efficiency. The other point is that, due to the weak
interlayer interaction, it is easier to flip the magnetization
direction of one specific layer in 2D vdW magnets than
in bulk magnets with strong interlayer coupling. As the
current-induced STT corresponds to the change rate of the
spin angular momentum with time, it is larger in the 2D
vdW magnets.

The calculated Vc and Ic values based on Eqs. (21)
and (22) are compared with those of the typical bulk-based
MTJs in Table II and Fig. 9(f). The theoretically predicted
Ic (5.0 × 1010 A/m2) of the Co-Fe-B/MgO/Co-Fe-B MTJ
utilizing the macrospin approximation is close to the
experimental one (3.9 × 1010 A/m2), indicating the reli-
ability of Eqs. (21) and (22) [54,55]. The calculated Ic
of the FexGeTe2-based MTJ (0.8 × 1010 A/m2 for x = 4
and 1.01 × 1010 A/m2 for x = 5) is only about 1/8–1/7 of
the calculated one (6.89 × 1010 A/m2) of the Fe/MgO/Fe
MTJ and 1/5–1/4 of the calculated and observed one of the
Co-Fe-B/MgO/Co-Fe-B MTJ, mainly due to the smaller
α and much larger Tz. Such a low Ic will significantly
lower the power consumption, reduce the thermal effect,
and increase the service life of STT MRAM. We notice
that, although the calculated Vc (1.9 mV for x = 4 and
22.9 mV for x = 5) of the FexGeTe2-based MTJ is approx-
imately 1/257–1/21 of the calculated Vc (488.6 mV) of the
Fe/MgO/Fe MTJs, the much larger tF of the FexGeTe2-
based MTJ (1.52 × 10−2 for x = 4 and 1.61 × 10−3 for
x = 5 versus 3.0 × 10−4 for the Fe/MgO/Fe MTJ) nar-
rows the gap of Ic. Therefore, decreasing tF (defined as
the transmission function at E = EF ) without significantly
affecting Tz is a possible way to reduce Ic further.

IV. CONCLUSION

We reveal a monotonic increasing tendency of the TMR
with increasing θ in FexGeTe2-based (x = 4 and 5) MTJs
from ab initio quantum transport simulations. Compared
with the commonly used MgO-based MTJs, the maxi-
mum TMR increases by 6 times (7000%) for x = 4 due
to the much larger spin polarizability. The calculated max-
imal STT per voltage is 2 (1) orders of magnitude larger
for x = 4 (5), leading to a much reduced critical volt-
age and current for magnetization reversal. Therefore, the
FexGeTe2-based (x = 4 and 5) MTJs perform better and are
potential candidates for next-generation room-temperature
spintronic devices.

Data that support the findings of this study are available
within the article and its Supplemental Material [27].
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