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ABSTRACT: Multiferroic tunnel junctions (MFTJs) have aroused significant interest due to their functional properties useful for
nonvolatile memory devices. So far, however, all of the existing MFTJs have been based on perovskite-oxide heterostructures limited
by a relatively high resistance-area (RA) product unfavorable for practical applications. Here, using first-principles calculations, we
explore spin-dependent transport properties of van der Waals (vdW) MFTJs which consist of two-dimensional (2D) ferromagnetic
FenGeTe2 (n = 3, 4, 5) electrodes and 2D ferroelectric In2Se3 barrier layers. We demonstrate that such FemGeTe2/In2Se3/FenGeTe2
(m, n = 3, 4, 5; m ≠ n) MFTJs exhibit multiple nonvolatile resistance states associated with different polarization orientation of the
ferroelectric In2Se3 layer and magnetization alignment of the two ferromagnetic FenGeTe2 layers. We find a remarkably low RA
product (less than 1 Ω·μm2) which makes the proposed vdW MFTJs superior to the conventional MFTJs in terms of their promise
for nonvolatile memory applications.
KEYWORDS: Multiferroic tunnel junctions, van der Waals materials, tunneling electroresistance, tunneling magnetoresistance,
multiple nonvolatile resistance states, resistance-area product

A promising spintronic device based on electron tunneling
is the magnetic tunnel junction (MTJ),1 which serves as

the key building block in nonvolatile magnetic random access
memories (MRAMs). Changing the magnetic alignment of two
ferromagnetic electrodes in an MTJ from parallel to antiparallel
causes a sizable change in tunneling resistance of an MTJ,
which is known as the tunneling magnetoresistance (TMR)
effect.2 Functional properties of tunnel junctions can also be
enhanced using a ferroelectric barrier.3 Reversal of the electric
polarization of the barrier in a ferroelectric tunnel junction
(FTJ) by an applied electric field produces a sizable change in
resistance of the junction, that is, the phenomenon known as
the tunneling electroresistance (TER) effect.4,5

A multiferroic tunnel junction (MFTJ) is a FTJ with
ferromagnetic electrodes or equivalently a MTJ with a
ferroelectric barrier.6 In a MFTJ, the TER and TMR effects
coexist which makes them interesting both from the
fundamental point of view as well as from the point of
nonvolatile low-power memory device application.7−9 So far,
all of the considered MFTJs have been based on oxide-
perovskite materials which can be epitaxially grown using

modern thin-film deposition techniques.10−15 However, the
resistance-area (RA) product of the conventional MFTJs is
typically rather large, ranging from kΩ·μm210,11 to
MΩ·μm2,12−15 which limits their application in practical
devices. For instance, for a recording density of around 200
Gbit/in2, an RA product of an MTJ read head should lie below
1 Ω·μm2.16 Similarly, in high-density MRAMs of about 5 Gbit/
in2 the impedance matching condition requires an MTJ cell to
have an RA product of less than 6 Ω·μm2.17

The issue of a large RA product for conventional MFTJs
mainly stems from the intrinsic properties of ferroelectric
materials which has a critical thickness of about few
nanometers and a relatively large energy bandgap of about
several electron-volts (eV). This critical problem, impeding

Received: August 26, 2020
Revised: November 26, 2020
Published: December 2, 2020

Letterpubs.acs.org/NanoLett

© 2020 American Chemical Society
175

https://dx.doi.org/10.1021/acs.nanolett.0c03452
Nano Lett. 2021, 21, 175−181

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
N

E
B

R
A

SK
A

 L
IN

C
O

L
N

 o
n 

Ja
nu

ar
y 

21
, 2

02
1 

at
 0

5:
04

:1
4 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yurong+Su"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinlu+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Meng+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jia+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Long+You"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Evgeny+Y.+Tsymbal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.0c03452&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03452?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03452?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03452?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03452?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03452?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03452?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03452?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03452?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/nalefd/21/1?ref=pdf
https://pubs.acs.org/toc/nalefd/21/1?ref=pdf
https://pubs.acs.org/toc/nalefd/21/1?ref=pdf
https://pubs.acs.org/toc/nalefd/21/1?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c03452?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf


device application of MFTJs, can be solved using recently
discovered two-dimensional (2D) van der Waals (vdW)
materials.
The discovery of ferromagnetic and ferroelectric 2D vdW

materials offers a new platform for exploring new physical
phenomena and potential device applications.18,19 Hetero-
structures based on magnetic vdW materials have revealed
novel functionalities. Specifically, it has been reported that the
graphite/CrI3/graphite vdW tunnel junctions exhibit a huge
magnetoresistance effect over thousands of percent at low
temperature.20−23 Among known 2D ferromagnetic vdW
metals, FenGeTe2 (n = 3, 4, 5) compounds24−28 exhibit high
Curie temperature TC (about 220 K for Fe3GeTe2, 280 K for
Fe4GeTe2, and over 300 K for Fe5GeTe2) and thus are
promising for spintronic applications. MTJs based on these
ferromagnetic vdW materials have been explored both
experimentally29 and theoretically.30 In addition, thanks to
the weak vdW interactions, the Fermi level pinning which may
cause the deterioration of TMR in conventional MTJs is
largely avoided in vdW MTJs.31,32

In parallel with the discovery of 2D ferromagnetism, 2D
ferroelectricity has been predicted and experimentally observed
in vdW materials. In particular, a single layer of α-In2Se3 and a
similar class of III2−VI3 vdW materials have been demon-
strated to exhibit 2D ferroelectricity with both in-plane and
out-of-plane polarization at room temperature.33−36 Combin-
ing ferromagnetic and ferroelectric materials is interesting for
creating functional multiferroic vdW heterostructures with
magnetoelectric properties. A recent theoretical work has
predicted that reversal of In2Se3 polarization in a Cr2Ge2Te6/

In2Se3 vdW heterostructure could change the magnetic
anisotropy of Cr2Ge2Te6.

37

These results point to a possibility of creating an MFTJ
entirely based on the recently discovered 2D vdW ferroic
materials. Because of the stable polarization of the vdW
ferroelectrics, such as In2Se3, down to the monolayer limit,
these 2D materials can be efficiently used as ultrathin tunnel
barriers in MFTJs. It is expected that in this new type of vdW
MFTJs, the RA product should be much lower than that in
conventional perovskite-oxide MFTJs due to the 2D
ferroelectricity of the vdW barrier and its narrow energy
bandgap. Thus, 2D vdW ferroic materials may provide a new
and more advanced material platform for MFTJs.
In this work, using first-principles calculations based on

density functional theory we investigate full vdW MFTJs and
predict that they constitute reliable functional devices with
multiple resistance states and a low RA product. As a
representative example, we consider MFTJs composed of
vdW ferromagnetic metals FenGeTe2 and a vdW ferroelectric
barrier α-In2Se3 and explore their spin-dependent transport
properties depending on the orientation of electric polarization
of In2Se3 and the relative magnetization alignment of
FenGeTe2. Without loss of generality, we assume that
nonmagnetic metal electrodes are made of the 2H phase of
PtTe2 (2H-PtTe2). Thus, the overall atomic structure of the
considered MFTJs is PtTe2/FemGeTe2/α-In2Se3/FenGeTe2/
PtTe2. Figure 1a shows the atomic structure of the PtTe2/
Fe4GeTe2/α-In2Se3/Fe3GeTe2/PtTe2 MFTJ for the two
opposite ferroelectric polarization orientations of In2Se3 and
two magnetization alignments of Fe4GeTe2 and Fe3GeTe2. To

Figure 1. (a) Atomic structures of the PtTe2/Fe4GeTe2/α-In2Se3/Fe3GeTe2/PtTe2 MFTJs. Ferroelectric polarization of In2Se3 is pointed right
(P→) or left (P←). For the calculation of TMR, the magnetic moments of Fe atoms in Fe4GeTe2 are pointing up (M↑), while these in Fe3GeTe2 are
pointing up (M↑) or down (M↓) for parallel or antiparallel magnetization alignment, respectively. (b) From left to right, the atomic structure of
bulk Fe3GeTe2, Fe4GeTe2, and Fe5GeTe2 in a hexagonal lattice.
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calculate the transmission across the MFTJs, we proceed as
follows.
The crystal structures of bulk FenGeTe2 (n = 3, 4, 5) are

shown in Figure 1b and the experimental lattice constants of
Fe3GeTe2, Fe4GeTe2 and α-In2Se3 are listed in Supporting
Information (SI) Table S1. The crystal structure of bulk
Fe5−xGeTe2 has been experimentally reported to belong either
to the R3̅m26,27 or R3m28 space group. Here, for simplicity, we
use the theoretically predicted crystal structure of Fe5GeTe2
that belongs to the P3m1 space group and has A-A stacking.25

The in-plane lattice constants of FenGeTe2 and α-In2Se3 have a
mismatch of less than 1%, which allows using a (1 × 1) in-
plane unit cell to model FemGeTe2/α-In2Se3/FenGeTe2
MFTJs. The calculations are performed using Quantum
ESPRESSO38 within the generalized gradient approximation
(GGA) for the exchange correlation potential39 and the
ultrasoft pseudopotential.40,41 A Monkhorst-Pack k-point mesh
of 16 × 16 × 16 and plane-wave cutoff 40 Ry are used for the
self-consistent electronic structure calculations. The vdW
interaction is taken into account using the DFT-D3 scheme.42

For the interface structures, atomic relaxations are performed
using a 16 × 16 × 1 Monkhorst-Pack grid for k-point sampling,
and atomic positions are converged until the Hellmann−
Feynman forces on each atom become less than 10−4 Ry/a.u.
(∼2.6 meV/Å).
First, we calculate the electronic structures of bulk FenGeTe2

and one quintuple layer (QL) thickness of In2Se3. SI Figure S1
shows the calculated spin-polarized band structure and density
of states (DOS) of bulk FenGeTe2 which we find consistent
with the previous results.25 The calculated average magnetic
moment on Fe atoms is 2.10, 2.15, and 2.11 μB for n = 3, 4, 5,
respectively, which are somewhat larger than the experimental
values for Fe3GeTe2 (1.63 μB),

24 Fe4GeTe2 (1.8 μB),
25 and

Fe5GeTe2 (2.0 μB).
27 This discrepancy may partly be

attributed to the imperfect stoichiometry in the experimentally
prepared samples.
SI Figure S2 shows the calculated band structure of 1QL and

3QL α-In2Se3, indicating that 1QL α-In2Se3 is a semiconductor
with an indirect bandgap of 0.80 eV in agreement with the
previous results (0.78 eV),33 and the 3QL α-In2Se3 is a metal
with the energy bands crossing the Fermi energy. Because of
the presence of a vacuum layer, the out-of-plane ferroelectric
polarization of 1QL and 3QL α-In2Se3 is well-defined and can
be evaluated by directly integrating the charge density (see SI
Section 2 for calculation details). We find that the out-of-plane
electric dipole of 1QL α-In2Se3 (3QL α-In2Se3) is 0.092 eÅ
(0.17 eÅ) and in good agreement with the previous result of
0.094 eÅ.33 The in-plane electric dipole of 1QL α-In2Se3 is
calculated using the Berry phase method43 to be 2.694 eÅ
which is slightly larger than the value of 2.360 eÅ found in ref
33, possibly due to the smaller in-plane lattice constant of
In2Se3 (a = 4.026 Å) that we have taken from experiments44 (a
= 4.106 Å in ref 33).
Next, we consider several possible interface atomic

structures. The details of these calculations are given in SI
Section 3. To build the entire atomic structure of MFTJs with
the 2H-PtTe2 electrodes, we fix the in-plane lattice constant to
be 4.03 Å for PtTe2/Fe4GeTe2/α-In2Se3/Fe3GeTe2/PtTe2 and
4.026 Å for PtTe2/Fe5GeTe2/α-In2Se3/Fe3GeTe2/PtTe2
MFTJs. By performing full atomic relaxations of these MFTs,
we find the energetically favorable interface between PtTe2 and
FenGeTe2, shown in Figure 1a. Then, for each MFTJ we
calculate self-consistently the electronic structure of the

supercell (such as those shown in Figure 1a) and the bulk
2H-PtTe2 electrode. The supercell is considered as the
scattering region, ideally attached on both sides to semi-
infinite 2H-PtTe2 electrodes. Next, the transport properties are
calculated using the wave function scattering method45

implemented in Quantum ESPRESSO.38 The spin-dependent
conductance of the tunnel junction per unit cell area is

calculated as follows: G T k( )e
h k

2

= ∑σ σ , where Tσ(k∥) is the

transmission probability for an electron at the Fermi energy
with spin σ and Bloch wave vector k∥ = (kx, ky), e is the
elementary charge, and h is the Plank constant. In the
calculations, the 2D Brillouin zone (2DBZ) is sampled using a
uniform 200 × 200 k|| mesh.
We first investigate the stability of ferroelectric polarization

of the 1QL α-In2Se3 sandwiched between the FenGeTe2 layers.
Figure 2a shows the in-plane averaged macroscopic electro-

static potential across the Fe4GeTe2/α-In2Se3/Fe3GeTe2
junction for the right (P→) and left (P←) polarization states
of In2Se3. The switchable built-in electric field within the
In2Se3 layer (dashed lines in Figure 2a) confirms the presence
of ferroelectric polarization in In2Se3. We find however that the
net ferroelectric polarization of the whole Fe4GeTe2/α-In2Se3/
Fe3GeTe2 structure is reduced compared to the polarization
for a free-standing 1QL α-In2Se3. Specifically, for the P→ state
we obtain polarization of 0.022 eÅ, which is around a quarter
of the value for a free-standing α-In2Se3 monolayer. This

Figure 2. (a) The planar averaged macroscopic electrostatic potential
in a Fe4GeTe2/α-In2Se3/Fe3GeTe2 MFTJ for right (P→) (red lines)
and left (P←) (blue lines) ferroelectric polarization. The black box
indicates the region within 1QL-In2Se3. The dashed lines in the black
box connect the potentials between the two outmost Se layers with a
slope indicating the built-in electric field induced by the electric
polarization of 1QL-In2Se3. (b) The total energy profile for a
Fe4GeTe2/1QL-In2Se3/Fe3GeTe2 MFTJ across ferroelectric polar-
ization reversal of α-In2Se3 involving ferroelectric states of β′-In2Se3.
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reduction of the ferroelectric polarization can be attributed to
the charge transfer between FenGeTe2 and In2Se3.

46

An important point to address is the stability of the
ferroelectric state of α-In2Se3 in the Fe4GeTe2/α-In2Se3/
Fe3GeTe2 structure against transition to the β′-In2Se3 phase.
We calculate the total energy of the Fe4GeTe2/1QL-In2Se3/
Fe3GeTe2 heterostructure across the ferroelectric phase
transition involving both the α and β′ phases of In2Se3. The
results shown in Figure 2 demonstrate that both polarization
states of α-In2Se3 have a lower total energy compared to the β′-
In2Se3 phase, which confirms the bistable ferroelectric state of
α-In2Se3 in the sandwiched structure.
The calculated transport properties of the PtTe2/Fe4GeTe2/

α-In2Se3/Fe3GeTe2/PtTe2 MFTJ are shown in Table 1. The
TMR ratio is defined as TMR = (GP − GAP)/GAP, where GP

and GAP are the conductances for parallel (M↑↑) and
antiparallel (M↑↓) magnetization alignments of the two
ferromagnetic FenGeTe2 layers, respectively. Similarly, the
TER ratio is defined as TER = (GL − GR)/GR, where GR and
GL are the conductances for right (P→) and left (P←)
polarization directions of the ferroelectric In2Se3 layers,
respectively. As is evident from Table 1, the TMR depends
on ferroelectric polarization of In2Se3 and is calculated to be
89% and 64%, for right and left polarization orientations,
respectively. The TMR originates from the dissimilar
electronic structures for majority and minority spins of
FenGeTe2 which are evident from the exchange split electronic
structures shown in SI Figure S1 as well as the spin-dependent
Fermi surfaces shown in SI Figure S6.

The presence of different ferromagnetic layers, that is,
Fe4GeTe2 and Fe3GeTe2, terminating the semi-infinite PtTe2
electrodes produce asymmetry in the MFTJ which is necessary
for the nonzero TER effect.8 We find that the TER ratio is 41%
and 62% for parallel and antiparallel magnetization alignment
of ferromagnetic layers, respectively (Table 1). These values
are not as large as those in some perovskite-oxide FTJs,10,11

which is explained by the small out-of-plane polarization and
the similar atomic and electronic structures of the left and right
FenGeTe2 interfaces in the MFTJs.
We find that the ferroelectric polarization reversal of In2Se3

mainly changes the transmission of the spin-up electrons for
parallel magnetization and spin-down electrons for antiparallel
magnetization of the ferromagnetic Fe4GeTe2 and Fe3GeTe2
layers from Table 1. Noting that the spin-up and spin-down
notation is referred to the electron spin in Fe4GeTe2, this fact
indicates that the polarization switching mostly affects the spin-
up transmission of Fe3GeTe2. This can be understood by
looking at changes in the interface atomic structure upon
ferroelectric polarization switching. Specifically, the interface
distance between Fe3GeTe2 and α-In2Se3 is 0.170 Å for the P←
state which is smaller than that for the P→ state (Figure S5).
This produces a larger transmission across the interface
between the Fe3GeTe2 and α-In2Se3 layers for the P←
polarization especially in the spin-up conduction channel, as
we will discuss later.
Overall, as seen from Table 1, the electron transmission and

the associated RA product (see details for the RA calculation in
SI Section 5) reveal four resistance states of the PtTe2/
Fe4GeTe2/α-In2Se3/Fe3GeTe2/PtTe2 MFTJ. These states are

Table 1. Calculated Spin-Dependent Electron Transmission T↑ and T↓
a

M↑↑ (parallel magnetization) M↑↓ (antiparallel magnetization)

spin up T↑ spin down T↓ T ( = T↑ + T↓) RA (Ω·μm2) spin up T↑ spin down T↓ T ( = T↑ + T↓) RA (Ω·μm2) TMR

P→ 1.48 × 10−2 7.11 × 10−3 2.19 × 10−2 0.17 5.82 × 10−3 5.76 × 10−3 1.16 × 10−2 0.31 89%
P← 2.29 × 10−2 7.85 × 10−3 3.08 × 10−2 0.12 4.40 × 10−3 1.44 × 10−2 1.88 × 10−2 0.19 64%
TER 41% 62%

aAlso the RA product, the TMR (in bold) for left and right polarizations of the In2Se3 barrier layer and the TER (in bold) for parallel and
antiparallel magnetization alignments of the two ferromagnetic FenGeTe2 layers in the PtTe2/Fe4GeTe2/α-In2Se3/Fe3GeTe2/PtTe2 MFTJ.

Figure 3. Electron transmission for spin-up and spin-down conduction channels in 2DBZ for PtTe2/Fe4GeTe2/α-In2Se3/Fe3GeTe2/PtTe2 MFTJ
with right (P→) and left (P←) ferroelectric polarizations of In2Se3 and parallel (M↑↑) and antiparallel (M↑↓) magnetization alignments of Fe4GeTe2
and Fe3GeTe2. The transmission intensity is indicated in logarithmic scale by different colors.
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distinguished by the different magnetic alignments of the
ferromagnetic FenGeTe2 layers and different polarization
directions of the ferroelectric In2Se3 layer. It is important to
point out that the calculated RA products for all four resistance
states are less than 1 Ω·μm2 which is a desirable feature of an
MFTJ for device applications. This is in contrast to the
previously calculated RA products for perovskite-oxide MFTJs
of around several kΩ·μm2.10,11 We observe similar features of
TMR, TER, and RA products for a PtTe2/Fe5GeTe2/α-In2Se3/
Fe3GeTe2/PtTe2 MFTJ (see Table S2 in SI).
Such low RA products in the proposed MFTJ can be

attributed to the small bandgap of α-In2Se3. Figure S8 shows
the atomic weight projected band structures of the Fe4GeTe2/
α-In2Se3/Fe3GeTe2 MFTJ for ferroelectric polarization point-
ing right and left. The valence band maximum (VBM) of 1QL
α-In2Se3 is found to be 1.14 eV below the Fermi energy due to
the band alignment between FenGeTe2 and In2Se3. As a result,
the Fermi energy crosses the conduction bands of α-In2Se3 and
leads to the small RA.
Increasing α-In2Se3 thickness above 1 QL makes it

metallic.33 Figure S2b shows the calculated band structure
and DOS of 3QL α-In2Se3 which demonstrate that several
energy bands cross the Fermi energy. Table S3 shows the
results of transport calculations for a PtTe2/Fe4GeTe2/α-
In2Se3 (3QL)/Fe3GeTe2/PtTe2 MFTJ where 3QL α-In2Se3 is
used as a spacer layer. We find that both TMR and TER are
around tens of a percent and the RAs are lower than 1 Ω·μm2

which prove the robustness of the MFTJ regardless of the
barrier layer thickness and the conduction type of the α-In2Se3
film.
To elucidate in more detail the effects of ferroelectric

polarization and magnetization alignment on electron trans-
mission, we calculate the k∥- and spin-resolved transmission
Tσ(k∥) of PtTe2/Fe4GeTe2/α-In2Se3/Fe3GeTe2/PtTe2 MFTJ
in the 2DBZ. The results are shown in Figure 3 for parallel
(M↑↑) and antiparallel (M↑↓) magnetization alignments of the
Fe4GeTe2 and Fe3GeTe2 layers with right (P→) and left (P←)
ferroelectric polarizations of In2Se3. The overall transmission
patterns reflect the distribution of the available conduction
channels of the 2D Fermi surface of the 2H-PtTe2 electrodes
displayed in SI Figure S7. There is a relatively large
transmission around the Γ̅ point (k∥ = 0) of the 2DBZ. It is
clearly seen that the transmission of the MFTJ is modulated by
reversing the ferroelectric polarization of In2Se3. In particular,
when the ferroelectric polarization is pointing left (P←),
transmission of the spin-up channel for parallel (M↑↑)
magnetization and transmission of the spin-down channel for
antiparallel (M↑↓) magnetization are large. That is, the left
polarization (P←) enhances the transmission of the spin-up
channel in Fe3GeTe2 layer.
This behavior can be understood as follows. The trans-

mission for an electron with spin σ across a junction can be
approximated by the following expression10,47

T t t tk k k k( ) ( ) ( ) ( )L C R=σ
σ σ σ

where tL
σ(k∥) and tR

σ(k∥) are the interface transmission
functions at left (Fe4GeTe2/α-In2Se3) and right (Fe3GeTe2/
α-In2Se3) interfaces, respectively, and tCσ(k∥) is the trans-
mission function across the In2Se3 layer. As we discussed
previously, for the left (P←) ferroelectric polarization, the
Fe3GeTe2/α-In2Se3 interface distance is smaller, and therefore
transmission tR

σ(k∥) is larger. The stronger interface hybrid-
ization for the spin-up electrons with the left (P←) ferroelectric

polarization can also be seen from the projected band structure
shown in Figure S8.
To demonstrate that the multiple resistance states are robust

against the electronic structure of the electrodes, we calculate
RA products for PtTe2/Fe4GeTe2/In2Se3/Fe3GeTe2/PtTe2
and PtTe2/Fe5GeTe2/In2Se3/Fe3GeTe2/PtTe2 MFTJs by
varying the position of the Fermi energy within the range of
EF ± 0.1 eV. The calculated RA products for different
polarization and magnetization orientations are shown in
Figure 4. One can see that for different Fermi energies, the

multiple resistance states are preserved. However, the
particular RA values of the four resistance states depend on
the Fermi energy. For instance, for PtTe2/Fe4GeTe2/In2Se3/
Fe3GeTe2/PtTe2 MFTJ, the multiple resistance states are more
separated for E = EF and E = EF + 0.1 eV, while for PtTe2/
Fe5GeTe2/In2Se3/Fe3GeTe2/PtTe2 MFTJ, the multiple resist-
ance states are more separated at E = EF − 0.1 eV. The
absolute difference of RA does rely on the position of the
Fermi energy since at different energies the electronic
structures of the electrode, ferromagnetic layers and the barrier
are all altered.
The proposed MFTJs are feasible for experimental

fabrication. Parallel (M↑↑) and antiparallel (M↑↓) magnet-
ization alignments of FenGeTe2 can be realized thanks to their
different coercivities6 and a weak interlayer exchange coupling
(IEC) of two FenGeTe2 layers through In2Se3 (see Section 7 of
SI). In2Se3 and similar III2−VI3 vdW ferroelectric materials
possess both in-plane and out-of-plane polarizations. That
polarization switching can be realized by applying the electric
field either in-plane or out-of-plane.36 Experimentally, out-of-
plane (in-plane) switching of In2Se3 has been achieved in an
electric field of 200 kV/cm (40 kV/cm).48 Therefore, the
nonvolatile multiple states with switchable ferroelectric polar-

Figure 4. RA products of the multiple resistance states as a function of
the Fermi energy ranging from EF − 0.1 eV to EF + 0.1 eV for (a)
PtTe2/Fe4GeTe2/α-In2Se3/Fe3GeTe2/PtTe2 and (b) PtTe2/
Fe5GeTe2/α-In2Se3/Fe3GeTe2/PtTe2 MFTJs. The data shown in
red circles and blue squares correspond to the right (P→) and left
(P←) ferroelectric polarizations of α-In2Se3, respectively. The data
shown in solid and hollow symbols correspond to the parallel (M↑↑)
and antiparallel (M↑↓) magnetization alignments of the FenGeTe2
layers, respectively.
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izations of In2Se3 and magnetization alignments of FenGeTe2
can be realized.
The stability of ferroelectric polarization of In2Se3 QLs

sandwiched between magnetic vdW metal layers is an
important advantage of vdW ferroelectrics. The low RA in
the proposed MFTJs stems from the small bandgap of 1QL-
In2Se3 and its conduction bands align with the Fermi level of
FenGeTe2, or from the metallic feature when the thickness of
In2Se3 is larger than 2QLs. The TMR and TER in the
proposed vdW MFTJs are around tens of a percent and can be
further enhanced by using appropriate materials. For instance,
TMR can be enhanced by using thicker FenGeTe2 layers which
are expected to recover the spin-polarized bulk band
structure.49 A larger TER can be achieved by exploiting vdW
materials with a moderate out-of-plane polarization, or by
asymmetric interface engineering. A few examples of this
approach are reported in Section 8 of SI.
In summary, we have introduced a concept of the vdW

MFTJ, which may serve as a feasible analog of the perovskite-
oxide MFTJ but could produce a better performance for device
applications due to their scalability down to the nanometer
layer thickness and a low RA product. As an example, we have
considered vdW MFTJ consisting of FenGeTe2 ferromagnetic
electrodes and In2Se3 tunnel barriers. Using first-principles
calculations based on density functional theory, we have
predicted the presence of four resistance states in these vdW
MFTJs and an ultralow RA product. We hope that our
theoretical predictions will stimulate experimental efforts to
explore new functionalities of the proposed vdW MFTJs.
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