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Ferroelectric control of electron half-metallicity in A-type antiferromagnets
and its application to nonvolatile memory devices
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Two-dimensional (2D) A-type antiferromagnetic van der Waals (vdW) materials with either intralayer fer-
romagnetic and/or intralayer antiferromagnetic coupling have sparked great interest due to their potential
applications in spintronics. By first-principles design we predict that a heterostructure formed by sandwiching the
2D A-type antiferromagnet, 2H-VSe,, between the 2D out-of-plane ferroelectric, Sc,CO,, presents a semimetal
band structure with a half-metallic conduction band. The mechanism giving rise to this peculiar structure
cooperatively originates from the strong built-in electric field of the double-layer ferroelectric Sc,CO,, and
from the charge transfer selectively occurring only at one interface. Based on the so-designed Sc,CO,/VSe,
multiferroic heterostructure, two concepts for nonvolatile memory devices are proposed, in which two states
(“1” and “0”) are realized by switching the polarization direction of the ferroelectric layers. These results
demonstrate that the combination of 2D ferroelectrics and A-type antiferromagnetic vdW materials provides
not only a fascinating way to achieve half-metallicity in 2D materials, but also a route to the design of new

types of nonvolatile ferroelectric memory devices.
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I. INTRODUCTION

Half-metallicity, which is characterized by a metallic fea-
ture for one spin channel and an insulating feature for the
other spin channel, has attracted great interest due to its
importance in spintronics [1-10]. It was first discovered in
Heusler compounds [11] and later in many other materials,
such as manganese perovskites [12], metal-DNA complexes
[13], and organometallic benzene-vanadium wire [14], etc. As
a result from the rise of 2D materials in the past decade and
their great potential in low dimensional spintronic devices,
tremendous effort has been made to realize half-metallicity in
2D systems. Overall, 2D half-metal materials can be divided
into two categories, namely, intrinsic half-metals (such as
iron dihalide [6], transition-metal (TM) dihydride [15], TM
dinitride [16], and Cr3Xy (X = S, Se,Te) [17]) and other
2D materials tuned to half-metallic by external means (such
as transverse electric field [18,19], chemical decoration [20],
and carrier doping [21,22]). Since the number of intrinsic
half-metals is rather limited, the extrinsic tuning of other 2D
materials has proven a very important supplementary way
towards 2D half-metals. Especially, half-metals achieved with
certain external modulations have the great advantage of easy
control over the transition between the half-metallic and the
semiconducting state, so that fully spin-polarized current can
be switched on and off as necessary, and a typical such ex-
ample is zigzag-edged graphene nanoribbon (ZGNR) under
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a transverse electrical field [18]. Consequently, new schemes
for realizing half-metallic 2D systems have always been an
intriguing topic in spintronics.

It is well known that spin polarization or magnetism is
a prerequisite for achieving half-metallicity. Unfortunately,
most 2D materials, such as graphene [23], h-BN [24], black
phosphorus [25,26], etc. [27-30], are not magnetic, a fact that
hinders their applications in spintronic devices. In order to
solve this problem, various strategies have been proposed to
induce magnetism in 2D materials, for example, by defect
and decoration engineering [31-34], or by magnetic proximity
effect [35,36]. However, none of these schemes appear fully
satisfactory. On the one hand, it is difficult to create long-
range magnetic ordering between extrinsically introduced
local magnetic moments via robust exchange interaction [37].
On the other hand, the substrate-induced magnetic response
of 2D materials is also rather limited [38,39]. Consequently,
using intrinsic ferromagnetism, originating from the parent
2D lattice, appears more interesting and more practical for
device applications.

Very recently, two theoretically predicted 2D materials
with intrinsic ferromagnetism, namely, Cr,Ge,Teg [40] and
Crl; [41], have been successfully synthesized [38,42], paving
the way for 2D spintronics at the monolayer level. Unfor-
tunately, the Curie temperatures Tc of both Crlz (45 K)
and Cr,Ge;Teg (20 K) are much lower than room tempera-
ture, even lower than liquid-nitrogen temperature, a fact that
greatly limits their practical application in devices. Despite
the low T¢, the discovery of such 2D ferromagnets sparkled
great interest and inspired the study of novel low-dimensional
magnets. An interesting class is that formed by vanadium
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FIG. 1. Schematic illustration of a 2D van der Waals memory.
Cartoon of the layer- and spin-resolved density of states of the A-
type AFM bilayer system (a) without and (c) with stacking a 2D
ferroelectric material. Here o and § are the two spin indices for
spin up and spin down, respectively. (b) Schematic plot of a vdW
multiferroic heterostructure consisting of the A-type AFM bilayer
crystal sandwiched between two 2D ferroelectric layers. 11, ||, and
1| indicate the magnetic coupling and the magnetization orientation,
while P 1 is the polarization direction of the ferroelectric layers.

dichalcogenides (VX,, X = S, Se, Te), which exhibit intrinsic
ferromagnetism and high 7¢ (VS;: 292 K, VSe;: 472 K, VTe,:
553 K), making them promising candidates for room temper-
ature spintronic devices [43—45]. First-principles calculations
have revealed that both their 2H and 1T phases are energeti-
cally stable [44,46]. More interestingly, bilayer 2H-VSe is an
A-type van der Waals (vdW) antiferromagnetic (AFM) semi-
conductor with both ferromagnetic (FM) intralayer coupling
and antiferromagnetic interlayer coupling [9,47,48].

Figure 1(a) schematically shows the layer- and spin-
resolved density of states for a bilayer A-type vdW antifer-
romagnet. As a conventional antiferromagnet the total density
of states is not spin polarized, since the two spin subbands
are spin degenerate. In this case, however, the intrinsic ferro-
magnetism of the monolayers is such that the different spin
subbands are spatially located on different monolayers. Based
on these features, Gong et al. [9] have recently proposed
that half-metallicity can be achieved by breaking the symme-
try of a VSe, bilayer by mean of a vertical electrical field.
This provides a mechanism for turning an antiferromagnetic
vdW semiconductor into a half-metal. Nevertheless, half-
metallicity is achieved at an extremely large critical electric
field (40 MV /cm), which is practically a great challenge in
the laboratory. Therefore, an interesting question is whether
it is possible to achieve half-metallicity in 2H-VSe, antifer-
romagnetic vdW crystals without using an extremely strong
external electrical field.

The recent emergence of 2D ferroelectrics provides the
possibility of effectively tuning the electronic structures of 2D
magnetic materials due to their spontaneous polarization elec-
trical field [49,50]. As for polar systems, the built-in field is
generally much larger than any field available in the laboratory
by several orders of magnitude. In addition, 2D polar materi-
als have two substantially differently work functions at their
two surfaces. Thus, when a 2D polar material is in contact
with a 2D nonpolar one, charge transfer arising from the work
function mismatch provides a second way for tuning the shift
of the band structures. The main idea of this work is to use

such a built-in electric field and the different work functions to
manipulate the magnetism. Hence, we propose a multiferroic
heterostructure that realizes half-metallicity by sandwiching
a bilayer A-type antiferromagnet between two ferroelectric
monolayers with an out-of-plane electrical polarization, as
shown in Fig. 1(b). The presence of such a built-in vertical
field together with the possible interfacial charge transfer due
to the different work functions between different materials is
expected to raise the electrostatic potential at the first layer
with respect to that at the second one. Consequently, the band
energies (density of states) associated with the first layer will
be shifted upwards with respect to those of the second layer.
This may eventually result in the appearance of states of only
one spin at the Fermi level [see Fig. 1(c)]. Note that, for a
system to be half-metallic, we can have only the valence band
or only the conduction band or both of them of only one
spin channel crossing the Fermi level. Figure 1(c) shows a
situation where only the conduction band of spin « crosses
the Fermi level. In order to demonstrate the feasibility of this
proposal we demonstrate, by first-principles calculations, the
half-metallicity of a 2H-VSe, bilayer sandwiched between
two 2D ferroelectric Sc,CO, layers. It is found that, when
both the Sc,CO, layers are polarized along the same direc-
tion, the so-constructed heterostructure has a semimetal band
structure with the valence band located at one of the Sc,CO,
layers and the conduction band located at the adjacent VSe,.
Most importantly, the conduction band is fully spin polarized,
namely the VSe; bilayer is turned into a half-metal. Interest-
ingly, by reversing the polarization of the ferroelectric layers,
the 100% spin-polarized state moves to the other VSe, layer
in the bilayer, and so does the valence band on the adjacent
ScyCO, one. Furthermore, we will show that our proposed
vdW heterostructure holds some potential for fabricating new
kinds of ferroelectric memory devices.

II. COMPUTATIONAL DETAILS

All geometrical relaxations and electronic structure calcu-
lations are performed using the Vienna ab initio simulation
package (VASP) [51], which is based on density functional
theory (DFT) with a plane-wave basis set and the projector-
augmented wave method [52]. The exchange and correlation
functional is adopted in the generalized gradient approxima-
tion (GGA) with the Perdew-Burke-Ernzerhof (PBE) form
[53]. The Heyd-Scuseria-Ernzerhof (HSE06) hybrid func-
tional is also adopted for accurately checking the electronic
properties of the studied systems [54]. The 2D materials lie
in the xy plane and along the z axis a vacuum region of
about 15 A is introduced to eliminate the interaction be-
tween neighboring periodic images. The energy cutoff for the
plane-wave basis-set expansion is 500 eV. The convergence
tolerance for all the structural optimization calculations is
set to 1 meV/A. The Brillouin zone in the reciprocal space
is sampled using a I'-centered Monkhorst-Pack scheme with
16x16x1 and 21 x21x 1 k points for structural relaxation and
electronic structure calculations, respectively. Dipole correc-
tions are adopted to eliminate the effects due to the spurious
electric field along the vacuum direction. In order to fully
describe the van der Waals interaction between the layers
during the structure relaxation the DFT-D2 method of Grimme
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FIG. 2. The structures investigated in this work. (a) Top and side views of the 2H-VSe, bilayer. (b) 3D isosurface of the spin density of
the 2H-VSe; bilayer. The yellow and blue colors denote the spin-up and spin-down components, respectively. (¢) The xy-planar average of the
electrostatic potential of the 2H-VSe, bilayer. (d) Top and side views of the 2D ferroelectric material Sc,CO, in the polarized states P4 and
PJ.O¢ and O_ are the two oxygen termination planes of the ferroelectric Sc,CO; layer. O¢ denotes the side where one C atom is right below
each terminating O atom, while O denotes the other side. (e) The xy-planar average of the electrostatic potentials of a Sc,CO, monolayer.
(f) Side view of the 2D vdW multiferroic heterostructure consisting of a bilayer 2H-VSe, and two Sc,CO, monolayers with polarization
directions pointing both upward (P 11) or both downward (P | |). VSe,-1, VSe;-2, Sc,CO,-1, and Sc,CO,-2 denote the different VSe, and

Sc,CO;, layers.

is adopted in our calculations [55]. In addition, we take into
account on-site correlation in the V 3d shell by mean of the
GGA + U scheme with on-site Coulomb energy U = 2.0 eV
and exchange parameter / = 0.84 eV, values optimized for the
same material in Ref. [9].

III. RESULTS AND DISCUSSION

A. Electronic structures of bilayer VSe, and monolayer Sc,CO,

We start by investigating the structural and electronic prop-
erties of bilayer 2H-VSe, (for convenience, it is abbreviated
as bi-VSe,), whose top and side views are shown in Fig. 2(a).
The optimized in-plane lattice constant is 3.34 A and the
interlayer distance is 3.22 A, values that agree well with
previous work [9]. Our spin-polarized calculations demon-
strate that the A-type AFM state with intralayer FM order and
interlayer AFM coupling is the ground state of bi-VSe,, and
the spin moment mainly distributes on the vanadium atoms
[see the spin density in Fig. 2(b)]. We also calculate the
magnetic anisotropy energy (MAE) of the bilayer 2H-VSe,
with including spin-orbit coupling, which is defined as the en-
ergy difference between the magnetization in the out-of-plane
(001) and in-plane (100) directions, namely, Enxjag = Ego1 —
Ei00. The calculated Eyag is found to be 0.54 meV/f.u.,
which means that bilayer 2H-VSe, is a XY antiferromagnet.
This result is consistent with previous investigations [9,44].
The spin-polarized band structures of bi-VSe, are then calcu-
lated and shown in Figs. 3(a) and 3(b). It is clearly seen that
the two spin channels around the Fermi level are degenerate.
Interestingly, we find that, in bi-VSe,, the spin-up states in

the valence band are only contributed by the upper VSe;-1
layer, while the spin-down states in the valence band are
only contributed by the bottom VSe,-2 layer. Likewise, in
the conduction band, the spin-up states are only contributed
by the bottom VSe;-2 layer, while the spin-down ones are
only contributed by the upper VSe,-1 layer. This is exactly the
situation shown by the cartoon of Fig. 1(a) and it is consistent
with previous studies [9].

Based on these unique band features, bi-VSe, appears ideal
for realizing the proposal of Son et al. of electrically tuning
the magnetic state towards half-metallicity [9,18]. However,
just as indicated by Kan et al. [56], the electric field required
for generating half-metallicity in such schemes is typically
too strong and thus not practical. Instead, we propose here
an alternative and probably a more feasible strategy. We sand-
wich bi-VSe, between two monolayers of a 2D ferroelectric
material with out-of-plane spontaneous polarization. This will
introduce a built-in potential gradient that will play the same
role of an external field to introduce a potential energy differ-
ence between different layers along the vertical direction.

Recently, many 2D ferroelectric materials with in-plane
polarization, such as monolayer black phosphorous-like
Group IV chalcogenides MX (M = Ge, Sn; X = S, Se, Te)
[57-60], or with out-of plane polarization, such as III,-VI3
compounds [61-64], MXene Sc,CO, [65], Hf, VC,F, [66],
and MoTe, [67], have been theoretically proposed. Some
of them have been also experimentally fabricated such as
In,Se; [62,64] and MoTe, [67]. Here we take MXene Sc,CO,
to building the vdW multiferroic heterostructure displayed
in Fig. 2(d). Sc,CO, possesses an intrinsic out-of-plane
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FIG. 3. The layer- and spin-resolved band structures for: (a) spin up of the free-standing VSe, bilayer; (b) spin down of the free-standing
VSe, bilayer; (c) spin up of the Sc,CO,/VSe, system in the P 14 state; (d) spin down of the Sc,CO,/VSe, system in the P 11 state; (e) spin up
of the Sc,CO,/VSe, system in the P | | state; and (f) spin down of the Sc,CO,/VSe, system in the P | | state. The different colors represent
the contributions from the different layers in the heterostructure. (g) The band structure of a single layer of Sc,CO,.

polarization and good lattice matching with bi-VSe,. The
optimized lattice constant of monolayer Sc,CO, is 3.44 A,
which means a very small lattice mismatch (3.0%) with bi-
VSe, (3.34 A). The band structure of Sc,CO, is shown in
Fig. 3(g). It is that of a wide-gap insulator with a GGA + U
indirect band gap of 1.83 eV.

B. Electronic structure of the Sc,CO,/VSe,
multiferroic heterostructure

In our proposed structure bi-2H-VSe; is stacked vertically
between two Sc,CO, monolayers to form a multiferroic vdW
heterostructure. Here we consider two different polar con-
figurations, in which the polarization directions of the two
ferroelectric layers are either both pointing upward (denoted
as P11) or both downward (denoted as P | ), as shown in
Fig. 2(f). Switching between these two states can be driven
by a uniform vertical electric field pulse. When constructing
the heterostructure a slight compressive strain is exerted on
Sc;CO;, in order to match the in-plane lattice constant of
VSe, (3.34 A). After structural relaxation, it is found that
the interlayer distance between VSe, and the O  termination
of Sc,CO, is 3.44 A, while that with the Oc¢ termination is
2.78 A for both the P44 and P || configurations. In addi-
tion, we also calculate the energy difference of bilayer VSe,
between FM and AFM states in the proposed Sc,CO,/VSe,
heterostructure and find that Epyy — Eapy = 0.8 meV/flu.,
which is slightly smaller than Ery — Eapm = 1.0 meV /f.u. in
the pristine bilayer VSe,. This means that the whole sandwich
heterostructure still favors antiparallel magnetic coupling be-
tween interlayers. In order to determinate the stability of the
proposed multiferroic heterostructure, its binding energy per
unit area Ej, is calculated as —89 meV/A2, demonstrating
that Sc,CO,/VSe; is a typical vdW heterostructure. We de-
fine Eb = (Eheter — EVSez — 2E]:E)/2S, where Egg, Evsez, and
Eeter are the total energy of the individual Sc,CO,, VSe,, and
Sc,CO,/VSe, vdW multiferroic heterostructure, respectively,

and 28 denotes two contact areas between two Sc,CO, layers
and bilayer VSe; in the heterostructure. As expected, the neg-
ative binding energy demonstrates the stability of the structure
and the feasibility of experimentally forming Sc,CO,/VSe;
vdW multiferroic heterostructures. Note that the binding en-
ergy at the Sc,CO,/VSe, interface is about —76 meV//c\z,
since the elastic energy cost associated with strain Sc;CO; is
13 meV/A2. This binding energy value is slightly larger than
what is typically found in conventional 2D heterostructures,
suggesting that there may be contributions to the binding
interaction additional to van der Waals only [68]. This will
be discussed later on in relation to the interlayer charge trans-
fer. We have also calculated the MAE of the Sc,CO,/VSe,
heterostructure and obtained an Eyag of about 0.33 meV /f.u.
This is slightly smaller than that of the free-standing bilayer
2H-VSe,, meaning that the easy magnetization axis is still
along the in-plane direction.

Next, in order to investigate the influence of the ferroelec-
tric polarization on the electronic structure of bi-VSe,, we
calculate the spin- and layer-resolved band structures of the
Sc,CO,/VSe; heterostructure with either the P14 orthe P |, |
polarization configuration. These are shown in Figs. 3(c)—
3(f). Looking at the P11 case [see Figs. 3(c) and 3(d)] it is
found that the presence of the ferroelectric layers induces an
insulator-to-metal transition. The Fermi level cuts through the
valence band of the bottom Sc,CO,-2 layer, while it remains
in the band gap associated with the upper Sc,CO,-1 one. The
presence of holes in the heterostructure is compensated by an
electron pocket associated with the VSe, bilayer. This is fully
spin polarized and the band at the Fermi energy is completely
dominated by spin-up states. The electronic structure is thus
that of a semimetal with a fully spin-polarized conduction
band. Given the spatial separation of the electron and hole
pockets, the VSe, bilayer has the electronic structure of an
electron half-metal.

By reversing the direction of the electrical polarization of
the ferroelectric layers, as shown in Figs. 3(e) and 3(f), we
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find that the bilayer VSe, remains half-metallic. However,
now only spin-down states cross the Fermi level and they are
fully localized on the upper VSe,-1 layer. At the same time
the valence band is now associated with the upper Sc,CO;-1
layer, namely it remains localized on the Sc,CO, layer adja-
cent to that of bi-VSe, sustaining the metallicity. In addition,
it is important to note that, regardless of the polar configu-
ration, the layer-resolved bands of the individual VSe, and
Sc,CO; layers resemble extremely closely those of the iso-
lated monolayers. This indicates that there is nearly no band
hybridization, but only a relative band shift in the heterostruc-
ture. It is well known that the PBE or PBE + U functional
generally cannot describe correctly the band feature of the sys-
tem. Thus we have also performed HSE06 hybrid functional
calculations to check the results and found that the band gap
of the 2H-VSe, bilayer is 1.01 eV, well consistent with the
previous study [9]. Figure S1 in the Supplemental Material
(SM) presents the layer-resolved and spin-resolved density
of states (DOS) of the P11 and P || configurations [69]. It
is found that, in the P14 (P |) configuration, the bottom
(upper) Sc,CO; layer exhibits metallic behavior. Moreover,
half-metallicity can be observed in the bilayer VSe, and the
fully spin-polarized states are located on the bottom (upper)
one, which is in good agreement with the results obtained
with the PBE + U functional. It is also important to note that
the energy difference between P14 and P | | is zero. In spite
of this, these two states will be very stable and the switch
between them can only be achieved by an electrical field to
reverse the ferroelectric polarization direction. Thus, they are
two bistable states. These results indicate that the construction
of a vdW heterostructure using 2D ferroelectric materials is
an effective way to tune the half-metallicity of the A-type
antiferromagnetic crystal bi-VSe;.

C. Electrostatic potential distribution and interfacial
charge transfer analysis

In what follows we will discuss the physics behind the fer-
roelectric control of the half-metallicity in the Sc,CO,/VSe;
heterostructure. The electrostatic potential V (x, y, z) across
the structure is studied and V (z) = [V (x, y, 2)dxdy/N;Ny, its
average over the x-y plane, is shown as a function of z, in
Fig. 2(c) for bi-VSe, and in Fig. 2(e) for Sc,CO,. It is seen
that the electrostatic potential at the upper and lower VSe,
layer is identical. Compared to the 2D system, VSe,, the
averaged electrostatic potential of the ferroelectric Sc,CO,,
differs significantly. In particular, the potential difference be-
tween the two sides of bi-VSe; is zero [see Fig. 2(c)], while
that of Sc,CO; is as large as 1.82 eV [see Fig. 2(e)]. This
means that the work function will differ by 1.82 eV on the two
sides of Sc,CO,. Thus, there emerges a built-in electric field
in Sc,CO; due to its broken structural centrosymmetry and
the out-of-plane ferroelectric polarization [49,65]. When two
layers of Sc,CO; are put in parallel, namely when their ferro-
electric polarization vectors point in the same direction, just
as in the P 11 case, their dipole fields will add up and produce
an electrostatic potential difference, and the associated built-in
electric field, along the z axis [see the right inset in Fig. 4(a)].
Such a built-in electric field will act upon the sandwiched
bi-VSe;. In order to demonstrate the effect of such potential
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FIG. 4. Planar average electrostatic potential along the z axis in
the (a) P11 and (c) P | configurations. Planar average differential
charge density along the z axis in the (b) P41 and (d) P || config-
urations. The insets in (b) and (d) show the real-space differential
charge density in the P14 and P | | configurations.

difference, the averaged electrostatic potential energy over the
x-y plane along the z axis is shown in Fig. 4(a). It is clearly
observed that the potential energy at the bottom VSe,-2 layer
is lower than that in the upper VSe;-1 one. In particular, there
is a potential energy difference AV (the difference between
the minimum of the electrostatic potential at the two interfaces
O_ and Oc¢) of about 1.28 eV between the two VSe; layers,
which results in the spin splitting. This is in good agreement
with the band structures shown in Fig. 3(c), where we observe
the conduction band minimum (CBM) of VSe,-2 below the
Fermi level while that of VSe;-1 above it. The P || case
is equal and opposite to that of P11 [see Figs. 3(e), 3(f)
and 4(b)].

Although the discussion so far explains in detail the elec-
trostatics of the problem, in order to understand the peculiar
band structure we need to investigate further the charge trans-
fer taking place in the heterostructure. The 3D differential
charge density and the corresponding planar average over
the x-y plane along the z direction for both the P14 and
P || cases are shown in Figs. 4(b) and 4(d). We observe that
the charge transfer is always localized at the VSe;-Sc,CO,
interface with interlayer distance of 2.78 A, where the VSe,
faces the O¢ termination plane of Sc,CO;. In contrast, at
the 3.44 A-separated interface, where VSe, faces the the O_
termination plane of Sc,CO,, the charge transfer is negligible,
regardless of the polarization direction. In order to understand
this feature, we have calculated the work functions of Sc,CO,
and VSe,. For a 2D polar system the work functions measured
at the two sides of the material is different. Thus, one calcu-
lates two work functions for the ferroelectric Sc,CO, layer,
namely, W) = 3.42 eV for the O¢ surface and W, = 5.24 eV
for the O_ one. For the nonpolar VSe,, we have a single value
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of W = 5.37 eV. It is clear that W and W, are very close, thus
that charge transfer between the VSe, layer and the O_ surface
results to be negligible. However, W is much larger than W,
so that it is much easier for electrons to transfer through the
O¢ surface of Sc;CO; to the VSe, layer. This makes the
valence-band maximum (VBM) of Sc,CO,-2 partially empty
and the CBM of VSe;-2 partially occupied in the P11 case.
In contrast, since there is no charge transfer at the interface
between Sc,CO,-1 and VSe;-1, the CBM of VSes-1 remains
empty, which is fully consistent with the band structures of
Figs. 3(c) and 3(d).

Consequently, both the polarization-induced built-in field
and the charge transfer, promoted by the work function
mismatch, mutually contribute to reinforce the band shift.
However, we have to note that [see Fig. S1 and Figs. 3(c)-3(f)]
the spin splitting of the VBM is much smaller than that of
the CBM in the VSe; layers. Notably, the valence band of
VSe,; is always fully filled, so that its associated shift is not
due to the interfacial charge transfer, but mainly to the built-in
polarization field. In contrast, the conduction band of VSe,
becomes partially filled due to charge transfer and its spin
splitting is much larger. Thus, interfacial charge transfer plays
the major role in the spin splitting. This feature makes the spin
splitting of the valence band much smaller than that of the
conduction band for our ferroelectric sandwich structure and,
as a result, the half-metallicity is solely attributed to the con-
duction band. In comparison, when an external electric field
is applied [9], the valence and conduction energy states are
shifted towards the opposite direction, so that the band shifts
in the valence and the conduction band are comparable, with
both bands contributing to the half-metallicity. This is because
states belonging to different bands are spatially placed over
two different layers along the field direction.

The charge transfer also explains well why the interface
with O¢ termination has the shorter interface distance of
2.78 A when compared to that with O_ termination (3.44 A).
Take the P11 case as an example. In the lower interface with
Oc¢ termination, after charge transfer the Sc,CO,-2 layer re-
mains positively charged while VSe,-2 is negatively charged.
The attractive Coulomb interaction between these two layers
greatly decreases their layer distance. On the contrary, due to
the negligible charge transfer between Sc,CO,-1 and VSe;-1
at the upper interface and consequently the absence of a strong
attractive Coulomb interaction, the layer distance between
them is much longer, namely it remains the one determined
by the dispersive interactions. With a similar analysis, we can
understand the change in charge transfer and the interface
distance for the other polarization configuration.

D. Ferroelectric memory device based
on Sc,CO,/VSe; heterostructure

Next, we suggest that the Sc,CO,/VSe, vdW heterostruc-
ture is not only capable of producing half-metallic transport,
but it is also a promising structure for designing new kinds
of ferroelectric memory devices. In the following we propose
two prototypes of memory devices. Device 1 [see Fig. 5(a)]
uses the Sc,CO, layer as source/drain metallic contact and the
bilayer VSe, as channel. The junction can be prepared in two
ferroelectric configurations. In the parallel (P) configuration

(a) Source Channel Drain Source Channel Drain

v, v,
SeCO,-1 W SesC0,-1 Se;,CO,-1 B

ScaCOa-1

Se;CO,-2 "1 ScyCO,-2 Se;COp-2 "0 Se;CO,-2
(b) ['8¢,C0,-1 ScyCO,-1
| VSel imsulative VSl conducting
Source_Drain Source_Drain
ScaCO2-2 ScpCOy-2
II1II IIOII

FIG. 5. Two prototypes of ferroelectric nonvolatile memory de-
vices based on the Sc,CO,/VSe, vdW heterostructure. In (a) device 1
the Sc,CO, layers act as source/drain contacts and bi-VSe, as chan-
nel. In (b) device 2 only one VSe; is electrically contacted and the
Sc,CO, layers provide electrostatic gating.

both leads are arranged as P 11, while in the antiparallel (AP)
one the left lead is P44 and the right lead is P | |. In the P
configuration the bottom Sc,CO,-2 and VSe,-2 layers exhibit
metallicity, while the upper Sc,CO,-1 and VSe,-1 ones be-
have as a semiconductor, as indicated by the band structure of
Figs. 3(c) and 3(d), for both the left-hand and right-hand side
leads. Thus electrons injected from the metal lead will move
from the left-hand side to the other side through an intralayer
VSe,;-2 path. For simplicity, we denote this state as “ON” or
“1” state. In contrast, in the AP configuration, obtained by
reversing the ferroelectric polarization of the right-hand side
lead to P | | with an electric-field pulse, in the right-hand side
lead the upper Sc,CO,-1 and VSe,-1 layers are conducting
while the bottom Sc,CO,-2 and VSe;-2 layers are insulating.
Then, in the left-hand side lead the upper Sc,CO,-1 and
VSe,-1 layers are insulating, while the bottom Sc,CO,-2 and
VSe;-2 are conducting. In this configuration the conduction
path involves electrons hopping from VSe,-2 on the left-hand
side to VSe;-1 on the right-hand side. This process, however,
is highly suppressed due to spin mismatch, since the transport
in the two VSe; layers is fully spin polarized with opposite
spin polarization. In this sense the induced half-metallicity of
bi-VSe; is the electronic feature giving rise to a potentially
huge tunnel electroresistance (TER) in the device. The AP
configuration is thus the “OFF” or “0” state of the device. Note
that the OFF state in practice will not correspond to an infinite
resistance due to unavoidable spin-flip scattering.

In device 2 the two metallic leads are connected with only
one of the VSe, layers [VSe,-2 in the case of Fig. 5(b)].
When the entire device is in the P 11 configuration, electrons
can propagate through VSe,-2 (1 state). In contrast, when the
junction is driven into the P || configuration by an external
electrical-field pulse, electron transmission will be completely
blocked in VSe,-2 but possible in VSe,-1. Thus, P || will
correspond to the O state. In both schemes, the polarization
state of the ferroelectric Sc,CO, layers is converted into and
detected by the conducting state of the VSe, in the data
reading process.

The key to realizing the unique function of the proposed
devices is how to switch the polarization by applying an
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external electric field in a semimetallic system. However, un-
like semiconducting or insulating ferroelectrics, switching the
polarization is difficult in a ferroelectric (semi)metal due to its
relatively high free-charge concentration. In fact, an applied
bias induces electrical current rather than acts on the polar dis-
tortion. Nonetheless, the flow of the electrical current can be
prevented by insertion of a dielectric layer, thus it is possible
to apply an electric field to the Sc,CO,/VSe, heterostructure
and realize electric polarization switching. This approach has
been successfully applied in ferroelectric semimetal WTe,
[70]. Moreover, note also that typically in 2D materials the
c-axis mobility (across the layers) is orders of magnitude
smaller than the in-plane one, which is beneficial for the
reverse of ferroelectric polarization under an electrical field.
In addition, the electric polarization switching of Sc,CO, is
reported to involve a multistep process of oxygen and carbon
atoms displacements through an intermediate antiferroelectric
(AF) structure. Thus, it is necessary to consider an AF het-
erostructure (APH) shown in Fig. S2 in the SM [69]. We have
calculated the total energy of such APH configuration and
found that the total energy of the antiferroelectric heterostruc-
ture is 433 meV /f.u. higher than those of the proposed P 11
and P || multiferroic heterostructures, which demonstrates
that P14 and P | | are the most stable.

Finally, we extend to discuss the effect of monolayer
Sc,CO, on the electronic structure of bi-VSe,. We have cal-
culated the spin- and layer-polarized band structures of the
Sc,CO,/VSe, heterostructures with monolayer Sc,CO, con-
tacted at only one side of bi-VSe,, and the calculated results
are shown in Fig. S3 in the SM [69]. When bi-VSe; is in
contact with O  termination plane of Sc,CO,, namely, P14
configuration, both Sc,CO; and bi-VSe; still retain their own
intrinsic semiconducting characters. There is no charge trans-
fer between Sc,CO, and bi-VSe,. When the polarization state
of monolayer Sc,CO; is reversed, namely, P | configuration,
half-metallicity can be observed in bi-VSe; and the fully spin-
polarized states are located at the upper layer (VSe;-1), which
results from the fact that the partial electrons in Sc,CO, are
transferred into the VSe,-1 layer. From this result it appears
that the geometry having only one Sc,CO, layer in contact to
the VSe, bilayer provides another valuable scheme to achieve
half-metallicity in VSe,. The difference between using one
or two Sc,CO;, layers is that, in the one-layer case, half-
metallicity is only obtained in the VSe; layer closer to Sc,CO,
and the spin polarity of the carriers cannot be changed. In
contrast, with the double-layer structure, both the spatial layer

distribution of the half-metallic states and their spin polarity
can be switched upon reversing the ferroelectric polarization
of Sc,CO;. This provides an additional degree of freedom
for the electrical control of the magnetism and the transport
properties of our nanostructure.

IV. SUMMARY

In summary, we have designed a vdW multiferroic
heterostructure by sandwiching a bilayer A-type antiferromag-
netic 2D material VSe, between two layers of 2D ferroelectric
Sc,CO,. By using density functional theory, we have shown
that the VSe, bilayer exhibits half-metallicity, with the fully
spin-polarized state being localized at one layer of the bi-
layer, and the entire structure presenting a semimetal band
structure. Changing the ferroelectric polarization of Sc,CO,
reverses both the spin polarity and the spatial localization
of the half-metallic state. The working mechanism of the
heterostructure is well explained by the polarization-induced
built-in electric field and by the associated charge transfer.
Such vdW multiferroic heterostructure can be employed not
only for generating highly spin-polarized currents, one of
the goals of the field of spintronics, but also for realizing
new kinds of ferroelectric memory devices. A conventional
ferroelectric tunnel junction uses a ferroelectric thin film as
tunnel barrier and it works on the principle that changing the
direction of the electric polarization changes the tunnel bar-
rier electrostatic profile [71-73]. Our work proposes a totally
new design, where the conducting state of bi-VSe, is con-
trolled/switched by manipulating the electrical polarization of
Sc,CO,. We note that the heterostructure investigated here is
just one of the possible examples combining half-metallicity
and ferroelectricity in 2D. We expect that additional structures
implementing the same concept can be proposed and eventu-
ally fabricated.
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