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Curie temperature. The search for room 
temperature FM semiconductors is still 
demanding.

In recent years, the development of 
2D materials brings new opportunities 
to spintronics.[9–11] With reduced dimen-
sionality and novel physical properties, 2D 
layered materials and van der Waals (vdW) 
heterostructures[12–16] have permeated into 
many research areas. With d-orbital elec-
trons and easily exfoliated single-layers, 
FM 2D vdW layered materials become 
a new research direction of spintronics. 
For magnetic storage, 2D FM layered 
materials can greatly enhance the storage 
density. Nonvolatile electrical control of 
2D vdW ferromagnets is proposed as key 
technology for future magnetoelectric 
nanodevices.[17] Ideal spintronic materials 
are required to have Curie temperatures 
above room temperature, high spin polari-
zation, and high magnetic anisotropy 

energy (MAE). According to the Mermin–Wagner theorem,[18] 
2D long-range FM order cannot exist in an isotropic mag-
netic system. Recently, people found that 2D layered CrI3,[19–27] 
Cr2Ge2Te6,[28] and CrSiTe3

[29] possesses intrinsic magnetocrys-
talline anisotropy against thermal fluctuations. However, the 
Curie temperatures of CrI3, Cr2Ge2Te6, and CrSiTe3 are only 
dozens of Kelvins. The discovery of Fe3GeTe2 (FGT),[30–36] a 2D 
itinerant ferromagnet with Curie temperature close to room 
temperature (150–220 K depending on Fe occupancy[33,34,37]), 
provides a new chance for 2D spintronics. FGT has an advan-
tage on its metallic nature which enables the performance of 
both electronic spin and charge,[38] and it has been proposed 
as a rare-earth-free strong magnet with electronic correlation.[39] 
Recently, a behavior of the tunneling resistance[31] and large 
anomalous Hall effect[30] were observed in bulk FGT/hBN/
FGT heterostructures. A theoretical analysis for the mechanism 
was then proposed[40] and a very large magnetoresistance was 
reported. By the doping of ionic gate, the Curie temperature of 
atomically thin FGT is dramatically elevated to room tempera-
ture.[30] The above discovery reveals the possibility of 2D FGT 
vdW layers serving as an ultrathin spintronic materials.

In this paper, the possibility of atomically thin FGT layers 
serving as ultrathin scattering spin filter and magnetic tunnel 
junction is theoretically investigated. Using density functional 
theory (DFT) calculations and nonequilibrium Green’s func-
tion technique, the fundamentals of spin-polarized ballistic 

Emerging research in 2D materials has promoted the development of 
nanoelectronics. Ferromagnetic van der Waals (vdW) layered materials 
can be utilized to implement ultrathin spintronic devices with new func-
tionalities. The theoretical investigation of 2D vdW scattering spin filters 
and magnetic tunnel junctions consisting of atomically thin Fe3GeTe2 
(FGT) are reported. By the nonequilibrium Green’s function technique, 
the spin polarization of ballistic transport through single-/double-layer 
FGT sandwiched between two Cu electrodes is predicted to be 53/85%. 
In ultrathin FGT-hBN-FGT heterostructures, remarkable magnetoresist-
ance is observed, in which maximum (minimum) resistance occurs when 
the magnetization of two FGT layers is parallel (antiparallel) to each other. 
For heterostructures consisting of single-/double-layer FGT, the magne-
toresistance reaches 183/252% at zero-bias limit. The parallel state of a 
FGT magnetic tunnel junction exhibits spin polarization larger than 75%. 
These results suggest the application of magnetic vdW layered materials in 
ultrathin spintronics.
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1. Introduction

With the rapid development of communication and computing 
technology, drastic increase in information quantity chal-
lenges the writing, saving, and reading of magnetic records. 
In the past decades, the application of giant magnetoresistance 
in spintronics has led to a rapid increase in the storage den-
sity of magnetic disks. The development of spintronics takes 
the advantage of electronic spin as a new dimension to be 
manipulated in devices,[1–3] leading to novel low-power micro-
chip applications. As one of the most promising candidates of 
spintronic materials, ferromagnetic (FM) semiconductor[4–8] is 
suggested for spin field-effect transistor which combines log-
ical operation and magnetic storage on a single chip. However, 
FM semiconductors discovered to date still suffer from too low 
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transport through single- and double-layer FGT sandwiched 
between metal electrodes are revealed. High-quality magnetic 
tunnel junction with remarkable magnetoresistance is real-
ized in ultrathin FGT/hBN/FGT heterostructures. In FGT/
hBN/FGT heterostructures sandwiched between metal elec-
trodes consisting of single- and double-layer FGT, typical 
behavior of tunneling resistance is observed in which max-
imum/minimum conductance exists when the magnetiza-
tions of two FGT layers are parallel/antiparallel to each other. 
Currents through the parallel states of FGT/hBN/FGT hetero-
structures present considerable spin polarization. The study 
preliminarily reveals the possibility of 2D vdW layered ferro-
magnets as ultrathin spintronic devices, and proposes their 
applications in future spintronics.

2. Results and Discussion

2.1. Basic Properties of FGT

The structure of single-layer FGT is illustrated in Figure 1a. 
The Fe atoms in one primitive cell are located in two inequiva-
lent Wyckoff sites. Single-layer FGT consists of five sublayers, 
where the top and bottom contain Te atoms, the second and 
fourth layers contain FeA atoms, the third layer contains FeB 
and Ge atoms. The local density approximation (LDA) func-
tional gives a lattice constant a0 = 3.89 Å, and a magnetic 
moment m = 4.55 µB of one primitive cell. The magnetic 
moments of FeA/FeB are mA = 1.76 µB/mB = 1.02 µB, respec-
tively. LDA predicts the magnetic moment within the range 
of experimental values (m = 3.60–4.89 µB).[32,33] To access the 
validity of LDA calculations, we also test the Perdew-Burke-
Ernzerhof (PBE) functional, and the LDA functional with 
Hubbard U = 4.54 eV.[39] However, the obtained magnetic 
moments (m = 6.32/7.16 µB for PBE/LDA+U, respectively) 
are drastically overestimated. This suggests that LDA, which 
is used throughout this work, is suitable to describe the 
electronic structure of FGT.

To investigate the electronic properties of single-layer FGT, 
the spin-up and spin-down band structures without spin-orbit 
coupling (SOC) are plotted in Figure 1b. The electronic states 
are projected into Fe 3d, Ge 4p, and Te 5p orbitals. The band 
feature shows that single-layer FGT is metallic. It can be seen 
that the states around the Fermi level are dominated by Fe 3d 
accompany with a few Te 5p orbitals. By projected density of 
states (PDOS) in Figure 1c, partially occupied Fe 3d bands are 
observed crossing the Fermi level. This is in accordance with 
the feature of itinerant ferromagnet. To understand the distri-
bution of magnetic moments, spin density difference (i.e., the 
difference ρ↑ − ρ↓ of the spin-up and spin-down electron den-
sity) is plotted in Figure 1d. The region of spin polarization, 
with the geometry of ρ↑ – ρ↓ isosurface exhibiting a charac-
teristic of 3d orbitals, further indicates the magnetic moments 
around Fe atoms.

To reveal the potential ability of FGT in spintronics, MAE is 
plotted into 3D map in Figure 1e, in which the vector from the 
center pointing to the 3D map surface depicts the direction of 
magnetic moment and the value of MAE. The easy axis (z direc-
tion) is perpendicular to the surface of FGT. This is consistent 

with previous experimental observation.[33] With hexagonal 
symmetry, the MAE of single-layer FGT exhibits uniaxial ani-
sotropy and can be fit to[41]

K KMAE sin sin1
2

2
4θ θ= +  (1)

where θ is the angle relative to the easy axis. The resulting mag-
netocrystalline anisotropy coefficients are K1 = 2.42 meV per 
cell and K2 = 0.04 meV per cell. The maximum MAE, which is 
defined as the energy difference of the system with magnetiza-
tion axis along the easy axis and perpendicular to it, is calcu-
lated to be 2.46 meV per cell, that is, 0.82 meV per Fe atom. 
This value is about two orders of magnitude larger than the 
MAE of Fe, Co, and Ni, and is about one third of the MAE of 
FePt alloy.[42] The result suggests that single-layer FGT is prom-
ising for magnetic storage and spintronic applications.

To further understand the bonding in single-layer FGT, pro-
jected Crystal orbital Hamilton population (COHP)[43] of FeFe, 
FeGe and FeTe bonds are calculated. For atomic orbitals 
|µ⟩ and |ν⟩, the projected COHP is defined as

E Ej j j

j

kk kk HH kk
kk

COHP ( ) | ( ) ( )| | | ( ( ))∑ µ ψ ψ ν ν µ δ ε= −µν  (2)

where H is the projector augmented wave (PAW) Hamiltonian, 
|ψj(k)〉 is the j-th Blöch state at the k point and εj(k) is the energy 
of |ψj(k)〉. The integrated COHP

E E E
E

ICOHP ( ) COHP ( )dF

F

∫=µν µν  (3)

to the Fermi level EF (values listed in Figure 2) describes the 
bonding strength between |µ⟩ and |ν⟩. In single-layer FGT, FeB 
atoms are neighboring with Ge atoms, and all the Fe atoms 
connect to Te atoms. The COHP between FeB 3d and Ge 4p 
orbitals (Figure 2a) has negative values for the energy E deep 
below EF, indicating a feature of bonding orbital. For the COHP 
between Fe 3d and Te 5p orbitals (Figure 2b,c for FeA and FeB, 
respectively) bonding feature can be seen for the energy E 
deep below EF, accompanying with a little antibonding feature 
near EF. This is consistent with the projected band structure in 
Figure 1b. where a few Te 5p components are resolved near EF. 
The large negative ICOHP(EF) values of Fe 3d-Ge 4p and Fe 
3d-Te 5p bonds indicate that these strong bonds support the 
structure of single-layer FGT. By contrast, the FeFe bonding 
is weaker ((Figure 2d,f), with less negative ICOHP(EF)). The 
coupling between FeA 3d orbitals presents antibonding feature 
around the Fermi level EF (Figure 2d). To understand these 
orbitals, local density of states

E Ej j

j

rr kk kk
kk

LDOS( , ) | ( ) | ( ( ))2∑ ψ δ ε= −  (4)

at the Fermi level EF is depicted in Figure 2e. The electron 
distribution exhibits a characteristic of antibonding orbitals 
between FeA atoms (corresponding to the large positive COHP 
near EF in Figure 2d). This may be attributed to spin polariza-
tion in FGT, in which Fe 3d electrons with majority spin fill 
more orbitals than minority spin and then occupy higher states 
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in energy bands. The spin-polarized electrons near EF center on 
FeA 3d orbitals on the surface of single-layer FGT, and make a 
major contribution to the spin-polarized conduction.

2.2. Scattering Spin Filter by Atomically Thin FGT

In this section, we investigate the possibility of atomically thin 
FGT serving as ultrathin scattering spin filter. We first con-
sider single-layer FGT sandwiched between two Cu electrodes 

which have small lattice mismatch with FGT crystal. Since 
FGT is a metal, the Cu-FGT-Cu structure is different from 
classical metal–semiconductor/insulator–metal spin filter. 
Electrons passing through the Cu-FGT-Cu structure feel poten-
tial wells whose depths are spin dependent. In the two-probe 
system, 3 × 3 Cu (111) surface (a = 4.43 Å) is matched with 
1 × 1 single-layer FGT (a0 = 3.89 Å) (Figure S1, Supporting 
Information). Geometry relaxation to the Cu-FGT-Cu system 
(Figure 3a) results in a compromised lateral lattice constant a = 
4.22 Å, in which the lattice mismatch for Cu/FGT is −5%/+8%, 
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Figure 1. Electronic properties of single-layer FGT. a) The atomic structure of single-layer FGT. The unit cell is enclosed by the dashed lines. Inequiva-
lent Fe atoms are denoted by FeA and FeB. b) Orbital-resolved spin-up and spin-down band structures of single-layer FGT. The red, green, and 
blue projections come from Fe 3d, Ge 4p, and Te 5p orbitals, respectively. c) PDOS of single-layer FGT. d) The isosurfaces plot the spin density 
difference in single-layer FGT with value of ρ↑ − ρ↓ = 3 × 10−3 e Å−3. The color maps plot ρ↑ − ρ↓ in two horizontal slices. e) 3D map for MAE of single-
layer FGT. The direction of the vector illustrates the spin direction. The length of the vector illustrates the value of MAE. The upper panel plots MAE 
varying with angle θ.
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respectively. The distance from FGT surface Te atoms to Cu 
surface layer is about 2.3 Å, which is larger than the distances 
between the atomic layers in Cu bulk. On the basis of DFT total 
energies, the adsorption energy of FGT on Cu surface, which is 
defined as

E E E E
1

2
FGT 2 Cu Cu FGT Cuads DFT DFT DFT( )( ) ( ) ( )= + − − −  (5)

is estimated to be 1.27 eV per FGT cell.
The spin density difference ρ↑ – ρ↓ of the system is shown in 

Figure 3b. It can be seen that the magnetic moments localized 
around Fe atoms consist of spin-polarized electronic channels. 
Using nonequilibrium Green’s function method, we obtain the 
transmission spectrum of Cu-FGT-Cu system under zero bias 
(Figure 3c). The ballistic transport near the Fermi level shows 
obvious spin polarization. Under the given bias voltage, the 
spin-up (spin-down) current I↑ (I↓) can be evaluated by the Lan-
dauer–Büttiker formula (Figure 3d). The spin polarization of 
current is defined as

P I I I I/ ( )= − +↑ ↓ ↑ ↓  (6)

Figure 3e plots the spin polarization of current with bias 
voltage. At zero bias, the polarization reaches 53%. In the 
range of 0–0.3 V, the polarization keeps close to that of 0 V. 
With increasing bias voltage, the polarization declines to 30% 
at 1.0 V. The results indicate that single-layer FGT is a suitable 
material for ultrathin scattering spin filter.

To understand the mechanism of spin filtering, we explore 
into the exchange and correlation between electrons in thin 
FGT layer. In the framework of DFT, a physical picture of 
near-free electrons is employed to describe the interactions. 
In the single-electron Schrödinger equations of DFT, the 
dynamic interaction between electrons are included in effec-
tive exchange-correlation potential VXC σ, which is relative to 
electron spin σ. Electrons passing through FGT feel effective 
barriers which are dependent on spin. By the intrinsic mag-
netism of FGT, spin-up and spin-down electrons climb over 
different barrier heights. To reveal such difference, Figure 3f 
plots V XC↑ − VXC↓ on a slice plane cutting through the three Fe 

Adv. Electron. Mater. 2020, 6, 1900968

Figure 2. COHP of the bonds in single-layer FGT. a) COHP of bonding between FeB 3d and Ge 4p orbitals. b) COHP of bonding between FeA 3d and 
Te 5p orbitals. c) COHP of bonding between FeB 3d and Te 5p orbitals. d) COHP of bonding between FeA 3d orbitals. e) Isosurfaces of LDOS(r, EF) at 
the Fermi level with value of 0.02 Å−3 eV−1. f) COHP of bonding between FeA 3d and FeB 3d orbitals.
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atoms in the Cu-FGT-Cu system. Obvious difference between 
VXC↑ and VXC↓ is observed in the region near Fe atoms. Such 
difference on V XC results in a difference of scattering prob-
ability between spin-up and spin-down electrons.

To enhance the effect of spin filtering, we further inves-
tigate double-layer FGT sandwiched between Cu electrodes 
(Figure 4a). The stacking of two FGT layers is taken as that in 
bulk FGT. This system also shows spin density difference ρ↑ − 
ρ↓ around Fe atoms (Figure 4b). The ballistic transport near the 
Fermi level also shows obvious spin polarization (Figure 4c). 
According to the calculation results of spin-up and spin-down 
currents (Figure 4d), the polarization (Figure 4e) is found to 
be higher than the system with single-layer FGT. At zero bias, 
the polarization reaches 85%. With increasing bias voltage, the 
polarization declines to 53% at 1.0 V. The results indicate that 
double-layer FGT is more suitable than single-layer FGT for 
ultra-thin scattering spin filter.

2.3. Magnetic Tunnel Junction by Atomically Thin FGT

In this section, we exhibit the ability of atomically thin FGT as 
material of ultrathin magnetic tunnel junction. We start from 
single-layer FGT. Figure 5a displays the model of single-layer 
FGT-hBN-FGT heterostructure sandwiched between two Cu elec-
trodes. The single-layer hBN acts as a thin insulting layer sep-
arating conducting parts on both sides. The on/off state of the 
system is controlled by manipulating the directions of magnetic 
moments in two FGT layers. The parallel state, in which the 
directions of both magnetic moments are in the same direction 
(the insets in Figure 5b), corresponds to the turn on state. The 
antiparallel state, in which the directions of magnetic moments 
are opposite (the insets in Figure 5c), corresponds to the turn off 
state. At the parallel state, the ballistic transport near the Fermi 
level also shows obvious spin polarization (Figure 5b). At the 
antiparallel state, the transmission near the Fermi level is much 
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Figure 3. Single-layer FGT scattering spin filter sandwiched between two Cu electrodes. a) Two-probe model for nonequilibrium Green’s function 
calculations. b) Isosurfaces of spin density with value of ρ↑ – ρ↓ = 5 × 10−3 e Å−3. c) Transmission spectrum of Cu-FGT-Cu system under zero bias. 
The Fermi energy is set zero. d) Spin-up current I↑ and spin-down current I↓ varying with bias voltage. e) Spin polarization of current varying with bias 
voltage. f) The difference V XC↑ – VXC↓ between spin-up and spin-down exchange-correlation potentials in Cu-FGT-Cu system. The 2D and 3D maps are 
plotted on the slice plane shown by blue color.
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lower (Figure 5c). For parallel and antiparallel states, we calculate 
the total currents IP = I P↑ + I P↓ and IAP = IAP↑ + I AP↓. Figure 5d 
shows that IP > IAP under bias voltage 0.0–1.0 V.

Having established the behavior of single-layer FGT-hBN-
FGT heterostructure as magnetic tunnel junction, we now focus 
on its tunneling magnetoresistance (TMR) which is defined as

R R

R

I I

I
TMR

1/ 1/

1/
AP P

P

AP P

P

=
−

=
−

 (7)

where RP and RAP represent the resistance of parallel and 
antiparallel states. Figure 5e exhibits TMR varying with bias 
voltage. At zero bias, TMR reaches a maximum of 183%. With 

increasing voltage, TMR gradually decreases to 78% at 1.0 V. We 
also examine the TMR of two bulks of FGT separated by hBN 
(Figure S2, Supporting Information), obtaining a TMR of 289% 
at zero bias voltage (Figure S2e, Supporting Information). It is 
worth noting that our value is closer to the experimental value[31] 
than ref. [40] Here, the two-probe model for mesoscopic elec-
tronic scattering is closer to the experimental setup, and thus we 
infer that our simulation could give reliable results in accord-
ance with the actual situation. By contrast, the TMR of single-
layer FGT-hBN-FGT heterostructure is comparable with that of 
bulk FGT. At the parallel state, single-layer FGT-hBN-FGT het-
erostructure presents a behavior of spin filtering with a polari-
zation of 79% at zero bias (Figure S3, Supporting Information). 
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Figure 5. Single-layer FGT-hBN-FGT magnetic tunnel junction sandwiched between two Cu electrodes. a) Two-probe model for nonequilibrium Green’s 
function calculations. b) Transmission spectrum of the system at the parallel state under zero bias. c) Transmission spectrum of the system at the 
antiparallel state under zero bias. d) Total current IP at the parallel state and IAP at the antiparallel state varying with bias voltage. e) TMR varying with 
bias voltage.

Figure 4. Double-layer FGT scattering spin filter sandwiched between two Cu electrodes. a) Two-probe model for nonequilibrium Green’s function calcu-
lations. b) Isosurfaces of spin density with value of ρ↑ – ρ↓ = 5 × 10−3 e Å−3. c) Transmission spectrum of Cu-FGT-Cu system under zero bias. The Fermi 
energy is set zero. d) Spin-up current I↑ and spin-down current I↓ varying with bias voltage. e) Spin polarization of current varying with bias voltage.
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The TMR of such FGT-hBN-FGT heterostructure originates 
from the ferromagnetism of two thin FGT layers, which is dif-
ferent from the bulk FGT in experiments[31] and results in dif-
ferent spin polarization and TMR.

To achieve larger TMR, we then focus on double-layer FGT-
hBN-FGT heterostructure sandwiched between two Cu elec-
trodes (Figure 6a). The transmission spectra of parallel and 
antiparallel states are shown in Figures 6b and6c, respectively. 
The antiparallel state exhibits very low transmission near the 
Fermi level, implying that the TMR would be larger. The total 
currents of parallel and antiparallel states varying with bias 
voltage are plotted in Figure 6d. At zero bias voltage, the TMR 
reaches 252% (Figure 6e), which is larger than that of single-
layer FGT-hBN-FGT heterostructure. At the parallel state, 
double-layer FGT-hBN-FGT heterostructure presents a behavior 
of spin filtering with a polarization of 76% at zero bias (Figure 
S4, Supporting Information). Overall, double-layer FGT is suit-
able for ultrathin magnetic tunnel junctions, with a TMR that is 
even close to that of bulk FGT.

It is worth noting that the TMR of FGT-hBN-FGT hetero-
structures is inconsistent with Julliere’s model. Julliere’s model 
supposes that the TMR originates from the spin polarization of 
electrodes. The spin currents are from spin-up to spin-up and 
spin-down to spin-down transfer between electrodes. Thus, we 
have IP = D↑D↑ + D↓D↓ and IAP = D↑D↓ + D↓D↑, where D↑ and 
D↓ are the spin-up and spin-down density of states in the Fermi 
level of electrode. Then one gets

I I

I

P

P
TMR

1/ 1/

1/

2

1
julliere

AP P

P

2

2=
−

=
−

 (8)

where P = (D↑ − D↓)/(D↑ + D↓) is the spin polarization of elec-
trode. For single- /double-layer FGT-hBN-FGT heterostruc-
tures, P = 53/85% lead to TMRjulliere = 78/520% which are 
different from previous calculated values 183/252%, respec-
tively. Here, we notice that the spin currents of FGT-hBN-FGT 
heterostructures originates from the spin-dependent scattering 

of FGT layers. This mechanism is different from ordinary 
magnetic tunnel junctions, and a new model is then proposed. 
For a 1D potential U = U(z), the WKB approximation provides 

a transmission 


T m U z E dzFexp
2

2 ( ( ) )∫= − −



 . According to 

this exponential rule, for electrons passing through two neigh-
boring scattering layers, the total transmission T = T1T2 is the 
product of two separate transmission T1 and T2. In Figure 3f, 
we have pointed out that spin-dependent scattering potential for 
electrons. Then the total transmission for parallel and antipar-
allel states are TP↑ = T↑

2, TP↓ = T↓
2, and TAP↑ = TAP↓ = T↑T↓ = 

T TP P↑ ↓ . The total currents should be IP = K(T↑T↑ + T↓T↓) and 
IAP = K(T↑T↓ + T↓T↑). Finally, we get

I I

I

T T

T T
TMR

1/ 1/

1/

( )

2
.scattering

AP P
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=
−

=
−↑ ↓

↑ ↓

 (9)

For single-layer FGT-hBN-FGT heterostructure, the cal-
culated transmission TP↑ = 1.3 × 10−2, TP↓ = 1.0 × 10−3, and 
TAP↑ = TAP↓ = 2.5 × 10−3 indeed fit TAP↑ ≈ T TP P↑ ↓ . Then we can 

infer that T↑ = TP↑  = 1.1 × 10−1 and T↓ = TP↓  = 2.2 × 10−2, 
and the calculated TMR scattering = 160% is close to the value 
in previous simulation. For double-layer FGT-hBN-FGT hetero-
structure, the calculated transmission TP↑ = 8.4 × 10−3, TP↓ = 
1.0 × 10−3, and TAP↑ = TAP↓ = 1.4 × 10−3 also fit TAP↑ ≈ T TP P↑ ↓ . 

Then we can infer that T↑ = TP↑  = 9.2 × 10−2 and T↓ = TP↓  = 
1.5 × 10−2, and the calculated TMR scattering = 215% is close to 
the value in previous simulation. Overall, our assumption exists 
and the rule for IP and IAP can be explained.

3. Conclusion

In this work, the possibility of atomically thin FGT layers 
serving as materials for ultrathin scattering spin filters and 
magnetic tunnel junctions is theoretically explored. Analysis 
based on DFT reveals the intrinsic magnetism of itinerant 
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Figure 6. Double-layer FGT-hBN-FGT magnetic tunnel junction sandwiched between two Cu electrodes. a) Two-probe model for nonequilibrium 
Green’s function calculations. b) Transmission spectrum of the system at the parallel state under zero bias. c) Transmission spectrum of the system 
at the antiparallel state under zero bias. d) Total current IP at the parallel state and IAP at antiparallel state varying with bias voltage. e) TMR varying 
with bias voltage.
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3d electrons in layered FGT. The itinerant electrons up to 
the Fermi level raise the ferromagnetism of FGT and consti-
tute spin-polarized channels for spin filtering and spin value. 
The ballistic transport through atomically thin FGT exhibits 
large spin polarization. Remarkable TMR can be achieved in 
ultrathin FGT-hBN-FGT heterostructures, in which maximum/
minimum conductance occurs when the magnetizations of two 
FGT layers are parallel/antiparallel to each other. The TMR of 
double-layer FGT-hBN-FGT heterostructures is even close to 
that of two FGT bulks separated by hBN. Our results reveal 
the possibility of 2D layered ferromagnets applied in ultrathin 
spintronic devices and future spintronics.

4. Experimental Section
The DFT calculations were performed with the PAW method,[44,45] as 

implemented in the Vienna ab initio simulation package (VASP)[46–49] 
within the LDA.[50] The correction of vdW interactions was treated 
by the DFT-D3 method with Becke–Jonson damping.[51,52] To verify 
the reliability, comparison calculations using the PBE[53] and the LDA 
functional with effective Hubbard U parameter were also performed.[54] 
Plane-wave basis set was used with a kinetic energy cutoff of 500 eV. The 
Brillouin zone integration was performed with a 15 × 15 × 1 Γ-centered 
Monkhorst–Pack grid. The convergence of total energy was considered 
to be achieved until the total energy difference of two iterated steps was 
less than 10−5 eV. To sufficiently reduce the interlayer interactions, the 
replicas of simulation system were separated by a vacuum spacing of at 
least 15 Å in the direction perpendicular to the 2D surface. The atomic 
positions were fully relaxed until the Hellmann–Feynman forces were 
below 0.01 eV Å−1. To calculate the MAE, the SOC was included in the 
computation with a full k-point grid.

COHP analysis was carried out with the LOBSTER package.[43,55–57] 
The pbeVaspFit2015 basis was used with the following basis functions: 
Fe: 3d, 4s, and 4p; Ge: 4s and 4p; Te: 5s and 5p. The wavefunctions were 
obtained from the DFT calculations within LDA.

Quantum transport calculations were performed using 
nonequilibrium Green’s function method[58] implemented in the 
TRANSIESTA code.[59] The LDA functional[50] and the improved Troullier–
Martins pseudopotentials[60] were employed. Valence electrons were 
described by double-ζ plus polarization basis set with the grid mesh 
cutoff set 250 Ry. The Brillouin zone of electrodes was sampled by 15 × 
15 × 100 Monkhorst–Pack grid. For a bias voltage Vb applied on the z 
direction, the current Iσ was given by the Landauer–Büttiker formula[61]
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e
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eV

f E E
eV

dE∫= − −



 − − +











σ σ  (10)

where σ = ± 1 denotes spin-up/spin-down, Tσ(E, Vb) is the transmission, 
EF is the Fermi energy, and fL/fR are the Fermi–Dirac distribution of left/
right electrodes at room temperature.
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