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Nonvolatile electric field control of magnetism in bilayer Crl; on monolayer In,Se;
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Electrical control of magnetism is of great interest for low-energy-consumption spintronic applications. Here,
via first-principles calculations, we propose a van der Waals (vdW) multiferroic heterostructure composed of a
magnetic Crl; bilayer and a ferroelectric «-In,Se; monolayer substrate. Interestingly, the interlayer magnetism
of bilayer Crlj; is switchable between the ferromagnetic and antiferromagnetic coupling by nonvolatile control of
the ferroelectric polarization direction of a-In,Ses. The interlayer magnetic coupling of Crl; bilayer originates
from the direct interaction of adjacent I atoms between Crl; monolayers, which can be tuned by the polarization
of In,Se;, explaining the electrical control of interlayer magnetic phase transition. Our work demonstrates a
multiferroelectric material platform by artificially stacking two dimensional vdW layers, providing an effective
method for achieving nonvolatile electrical control of atomic-thin vdW ferromagnets.

DOLI: 10.1103/PhysRevB.104.064443

I. INTRODUCTION

Magnetoelectric multiferroic materials exhibit coupled
magnetic ordering and electric polarization, which allows
electrical control of magnetism, promising for next-generation
devices with low-dissipation electric writing and fast mag-
netic reading functions [1-3]. In accompany with continuous
miniaturization and increasing integration of spintronic de-
vices, two dimensional (2D) multiferroic materials have
become one of the hottest research topics in the condensed
matter physics and materials science [3]. However, single-
phase 2D multiferroic materials are rare because of the
inherent mutual exclusion between magnetism and electrical
polarization. While magnetism usually results from partially
filled orbitals, ferroelectricity arises from off-center cations
requiring completely empty or occupied orbitals [4].

van der Waals (vdW) heterostructures have been success-
fully synthesized [5-8] and offer an exciting platform to
integrate 2D materials with various properties, generating
opportunities to explore new possibilities such as 2D multifer-
roics. Due to the atomically clean interface, a van der Waals
heterostructure integration of a 2D magnet and a 2D ferro-
electric material may preserve their original magnetic and
electrical orders, providing a scalable pathway to obtain 2D
multiferroics. With the coexistence of these orders, control-
lably tuning one order could manipulate the other, realizing
multiferroic functions through regulating interlayer coupling
in certain layered materials with specified stacking orders.

2D magnets such as Crlz [9], CrGeTe; [10], VSe, [11]
as well as Fe;GeTe, [12] and 2D ferroelectric (FE) lay-
ers, e.g., 1T7'-WTe; [13], a-In,Se; [14-16], and SnTe [17],
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have been recently synthesized in experiments. Among them,
bilayer (BL) Crl; is of particular interest because of its
intralayer ferromagnetism and manipulatable interlayer mag-
netism between antiferromagnetic (AFM) and ferromagnetic
(FM) coupling [18,19]. Such manipulation in a volatile man-
ner of BL-Crl; has been demonstrated experimentally by
electric gating [20,21], high pressure [22,23], or a reasonably
large magnetic field [24]. This switchable interlayer mag-
netism of BL-Crl; through electrical field implies it to be a
potential component for constructing a multiferroic van der
Waals heterostructure, in which the magnetism might be tuned
by a nonvolatile electrical polarization field.

Two-dimensional «-In,Ses is an ideal candidate to intro-
duce the ferroelectric order to multiferroic van der Waals
heterostructures. The middle Se atoms are off center, which
breaks the centrosymmetry of In,Se; and generates a net
out-of-plane electric polarization at room temperature [14,16].
The obtained small polarization barrier of 66 meV [25] cor-
responds to an experimental coercive electric field of around
2 mV/A [16]. The ferroelectric polarization of In,Se; per-
sists on different substrates [16,25], and is robust against
the depolarization electric field in ultrathin «-In,Se; as the
intrinsic interlocking of in-plane and out-of-plane electric
dipoles stemming from its lattice structure [14,15]. More-
over, in In;Ses-based heterostructures it has recently been
theoretically shown that switching the direction of electrical
polarization in o-In,Se; could affect the electronic band gaps
[26], magnetic couplings [27], and the magnetization direc-
tion [28] of its adlayers. These pioneering studies might imply
that «-In,Ses can also provide a nonvolatile route to switch
the interlayer magnetism of BL-Crl; but does not change
the semiconducting nature of the heterostructure, the latter of
which is essential for a reversible manipulation.

Here, we propose that the formation of a multiferroic
heterostructure between high temperature (HT)-BL-Crl; and
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FIG. 1. Top view of (a) HT-BL-1 x 1 Crl; and (b) V3 x +/3 In,Se; monolayer. Side views of HT-BL-Crl; /In,Se; heterostructures with
the In,Se; ferroelectric dipole moment directed (c) upward and (d) downward, respectively. Black rhombuses in (a) and (b) refer to the

HT-BL-Crl; unit cell and /3 x +/3 In,Ses supercell.

a-InySes monolayer is possible with a small lattice mismatch.
Interestingly, we show that flipping the polarization direction
of the a-In,Se; layer switches the interlayer magnetism of
HT-BL-Crl3. Such a switch is found to originate from the
ferroelectric polarization dependent hopping strengths of the
different channels [19] between interfacial I atoms from each
Crl; layer. The nonvolatile electrical control of magnetism
is robust even under the enlarged interface distance between
Crl; and In,Se; because it is governed by a mechanism in
which the electric field of the nonvolatile FE material plays a
dominant role.

II. METHODOLOGY

Spin-polarized density functional theory (DFT) calcula-
tions were performed using the projector augmented wave
[29,30] method as implemented in the Vienna ab initio simula-
tion package [31,32]. The optB86b-vdW exchange correlation
functional was chosen for the van der Waals corrections
[33-35]. The Perdew-Burke-Ernzerhof [36] functional was
adopted to conduct total energy, magnetism, and electronic
structure calculations. An on-site Coulomb interaction with
U =39¢eV and J = 0.9 eV was considered for the Cr—3d
orbitals [19]. The kinetic energy cutoff of 500 eV for the
plane-wave basis set was found to be sufficient for the
Crl3 /a-In,Ses heterostructures. The Brillouin zone was sam-
pled using a uniform I'-centered 7 x 7 x 1 Monkhorst-pack k
mesh for structural relaxations and 11 x 11 x 1 for electronic
structures and magnetism calculations. Spin-orbit coupling
(SOC) was considered in total energy and electronic structure
calculations.

The Crl;/In,Ses heterostructure was modeled using a 1 x
1 Crl; bilayer with AFM coupling in which stacking or-
der is the high temperature (HT) phase of its bulk crystal
[18,19] [Fig. 1(a)] and a +/3 x +/3 a-In,Se; monolayer (ML)
[Fig. 1(b)] with a lattice mismatch of less than 2%, denoted
as HT-BL-CrlI3/In;Se;. A vacuum layer of 20 A was used
to eliminate interactions between periodic images. Lattice
constants and atomic positions were fully relaxed until the
residual force on each atom was less than 0.01 eV/A. DFT

calculated lattice parameters of ground state (AFM) 1 x 1
HT-BL-Crl; and 1 x 1 «-In,Se; are a = b = 6.900 A and
a = b =4.074 A, respectively, and the energy of HT-BL-Crl5
in the AFM state is 0.48 meV/Cr lower than that of the
FM state. These results are in good agreement with previous
theoretical values [18,19,25], indicating the accuracy of the
calculation method and the parameters we adopted. The mag-
netocrystalline anisotropy energy (MAE) was extracted by
calculating the energy difference between the cases in which
all magnetic moments of Cr were oriented along the a and
c lattice vectors, respectively. A dipole correction perpendic-
ular to the heterostructure was applied to eliminate spurious
dipole-dipole interaction between periodic images.

III. RESULTS AND DISCUSSIONS

A. Structural properties of HT-BL-CrI;/In,Se; heterostructure

Three possible vertical stackings including hollow, top,
bridge configurations are considered for HT-BL-Crl3/In;Ses
heterostructure as shown in Fig. S1 of the Supplemental Ma-
terial [37]. Among them, the hollow stacking [Figs. 1(c) and
1(d)] in which interfacial I atoms sit at the hollow sites of
interfacial Se hexagons is found to be energetically lower than
that of the top (bridge) one by 6.914 (1.405) and 6.905 (1.125)
meV /atom for upward (P-up) and downward (P-down) po-
larized In,Sejs, respectively. Thus, HT-BL-Crl3 /In;Se; refers
to the hollow configuration in the following unless stated
otherwise. Table S1 [37] lists the structural information of
the hollow stacking HT-BL-CrlI3 /In,Ses heterostructure with
opposite polarization directions, i.e., the P-up and P-down
states. The interlayer I-I distance (d; as denoted in Fig. 1)
in the P-up state (3.496 A) is 0.015 A larger than that of the
P-down state (3.481 A) for the AFM configuration, but almost
equivalent to the pristine HT-BL-Crl3’s (3.495 A). Moreover,
the equilibrium I-Se interface distance (d, as denoted in
Fig. 1) reduces from 3.321 to 3.296 A as the polarization
direction of In,Ses flips from upward to downward, increasing
correspondingly the interface strength between HT-BL-Crl;
and In;Ses. The smaller I-I and I-Se interlayer distances in
the P-down state may modulate the charge distribution and
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FIG. 2. Atomic decomposed band structures with SOC, the VBM and CBM schematic diagram of HT-BL-Crl;/In,Se; heterostructures
(a),(b) for P-up and (d),(e) for P-down of In,Ses, respectively. The induced interlayer magnetic coupling between Cr atom layers switches
from (b) AFM to (d) FM. The blue (green) solid circles refer to the Cr atoms at the top (bottom) layer, light brown arrows refer to the spin
direction of Cr atoms, and large blue arrows stand for the ferroelectric polarization direction of In,Se;. The energy difference is defined by
AE = Eapm — Erm. A negative value indicates that the HT-BL-Crl; prefers an interlayer antiferromagnetic coupling for an upward polarization

of In,Se; and vice versa.

thus influence the interlayer magnetic coupling of HT-BL-
Crl;. Furthermore, the thickness of the two Crl; monolayers
in HT-BL-Crl; adlayer is no longer the same (Fig. S2 [37]),
illustrating that its spatial inversion symmetry is broken by the
In,Ses substrate.

B. Electronic structure and magnetoelectric coupling properties

Figures 2(a) and 2(d) show the band structures of HT-BL-
Crl3 /In;Ses at P-up and P-down configurations, respectively.
Both configurations offer direct band gaps at the I point
of 0.44 and 0.34 eV, respectively. In the P-up state, the va-
lence band maximum (VBM) and conduction band minimum
(CBM) of the heterostructure are mainly composed of the
In,Se; and Crls, respectively [see Figs. 2(a) and 2(b)]. When
switching the polarization direction of In,Se; to downward,
the total dipole moment of the heterostructure is also reversed
relative to the P-up configuration since the intrinsic electric
polarization of In,Se; is dominant in the heterostructure.
The reversed polarization causes a switched determination of
VBM (Crl3) and CBM (In;Se3) as well as a reduced band gap
of 0.34 eV as shown in Figs. 2(d) and 2(e).

The HT-BL-Crl3/In,Se; heterostructure contains an in-
trinsically ferroelectric In,Ses; layer and a magnetic HT
Crl; bilayer. We may expect a magnetoelectric coupling
effect in the HT-BL-Crl3/In,Ses; heterostructure manipu-
lated by electrically switching the In,Ses; polarization. The
overall out-of-plane dipole moment of the heterostructure
is 0.10 (—0.07) e A/In2$e3 in the P-up (P-down) state,
which is contributed by the intrinsic moment in In;Ses
(Dingrinsic = 0.09 e A/Inzse [25]) and the interface induced

dipole moment at the Crl3/In,;Se; interface (Dingerface =
0.01 and 0.02 e A/InQSe3 in the P-up and -down state, re-
spectively). In the P-up state, the interfacial moment is
oriented in the same direction as the intrinsic moment (see
Fig. S3 [37]), reinforcing the electrical field applied on the
Crl; bilayer. Conversely, the electrical field is negative in the
P-down state, and it is slightly weakened since the dominant
intrinsic moment in In;Ses is antiparallel to the interfacial one
(see Fig. S3 [37]).

In each of the two polarization states, we compared the
total energies of the heterostructures for the Crl; bilayer in the
interlayer AFM and FM configurations, respectively. In the
P-up state, the interlayer AFM configuration of the Crl; bi-
layer is ~1.595 meV /Cr more favored than the interlayer FM
configuration, as shown in Fig. 2(c). Excitingly, the interlayer
FM configuration becomes the ground state of the Crl; bilayer
in the P-down state by 1.717 meV /Cr lower than the interlayer
AFM, as shown in Fig. 2(f). This trend doesn’t change by
applying different DFT-vdW functionals, and AE by the hy-
brid functional (HSE), —1.386 meV /Cr (1.771 meV/Cr) for
P-up (P-down) polarization of In,Ses, is close to the values
predicted by PBE, as shown in Table S2 [37]. The AE also
change negligibly by flipping the spin polarization of the two
Crl; layers simultaneously since the ML-In;Ses is not mag-
netized by neighboring Crls;. The magnetic moment of each
Cr atom in the heterostructure (3.01 pg) is almost the same
as that in the pristine HT-BL-Crl3 (3.00 wp). Furthermore,
HT-BL-Crl; keeps the out-of-plane easy magnetization axis
(along ¢ axis) in the heterostructure but is slightly reduced by
~0.03 meV /Cr (P-up) and 0.01 meV /Cr (P-down) compared
to the pristine value of 0.236 meV/Cr (Table S3 [37]). In
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FIG. 3. (a),(c) Spin density (SD) of HT-BL-Crl;/In,Se; and
(b),(d) differential spin density (DSD) between P-down and P-up
HT-BL-Crl;/In,Se; in FM configuration (left side) and AFM con-
figuration (right side). The yellow and cyan isosurface in (a) and (c)
refer to spin-up and -down density, respectively. The increase and
decrease of spin density (absolute value) are shown with red and
blue isosurface in (b) and (d), respectively. The isosurface value of
SD and DSD is 6 x 10 and 2 x 10 e/bohr?, respectively. Red and
blue arrows stand for the p,,, — p. and p,,, — p,/, orbital hopping
between interlayer I atoms.

a word, switching the polarization direction of In,Ses from
up (positive) to down (negative) changes the magnetic ground
state of HT-BL-CrI; from the interlayer AFM to FM ordering
while it keeps the size and orientation of easy magnetic axis.
The switching of the polarization in In,Se; monolayer has
been observed experimentally in an FE-based device [16],
and thus the screening effects from the substrate should be
expected to be marginal [38,39].

C. Mechanism of electrically controlled interlayer
magnetic coupling

The interlayer magnetic coupling of HT-BL-Crl; has been
shown to be determined by the direct interaction of the adja-
cent I atoms from each Crl; monolayer [19]. To understand
the underlying mechanism of the interlayer magnetic phase
transition of HT-BL-Crl; by reversing the electrical polariza-
tion of In,Se; as shown above, we analyze the spin density
(SD) and differential spin density (DSD) between P-down and
P-up states of the interlayer I atoms for HT-BL-Crl; in FM
[Figs. 3(a) and 3(b)] and AFM [Figs. 3(c) and 3(d)] config-
uration, respectively. We define the orbitals distributed along
the directions of Cr-I bonds as the I-p,, [cyan isosurface in
Fig. 3(a)], and the orbital in their perpendicular direction as
the [—p, [yellow isosurface in Fig. 3(a)] [19]. As shown in
Figs. 3(a) and 3(c), the py/, orbital has the opposite spin com-
ponent to p, within one I atom. And there are also couplings
between the p orbitals of adjacent I atoms in the different Crl;
layers, that is, p./, — p; and p.;, — p,y as indicated by the
red and blue arrows in Fig. 3, respectively.

As the DSD plotted in Fig. 3(b) for the FM configuration,
reversing the electric polarization direction from up to down
primarily increases the charge density mostly in the spin-down
component of the I—-p,, orbitals [see Fig. 3(a)]. The enlarged
spin density thus exclusively enhances the FM hopping be-
tween the two neighboring I atomic layers. For the AFM
configuration, the majority spins (p,/,) are oppositely oriented

for the two adjacent I atomic layers, as shown in Fig. 3(c). The
flipping of the polarization direction from up to down reduces
the spin density of either spin-up or -down component for the
interlayer I—p,/, orbitals [see Fig. 3(d)]. Therefore, the in-
terlayer AFM hopping is weakened because of the decreased
spin-up and -down densities of the interlayer I—p,,, orbitals.
Table S4 [37] shows the enlarged and diminished magnetic
moments of the interfacial I atoms in the interlayer FM and
AFM configurations, respectively, qualitatively supporting the
change of spin density of the interlayer I—p,,, orbital.

Such a change of spin density of interlayer I—p,, orbitals
could be understood based on the electrical polarization
dependent band alignment between Crl; and In,Se; (Fig. 4)
and differential charge density (DCD) at the I-I interface
(Fig. S4 [37]). The HT-BL-Crl; is symmetric and both sides
have the same electrostatic potential [Fig. 4(a)], while In,Ses
has an asymmetric structure thus its electrostatic potential is
different for two sides [Fig. 4(b)]. As HT-BL-Crl; contacts
with oppositely polarized In,Ses;, we can see different band
alignments shown in Fig. 4(c). For the P-up state, the energy
difference between the VBM of In,Se; and the CBM of
HT-BL-Crl; is small, causing obvious charge redistribution
between In,Ses and Crl; interface [Fig. S4(a) [37]], as well
as abundant charge accumulation at the I-I interface in Crl3
bilayer [Fig. S4(c) [37]]. As a comparison, the larger energy
difference between the VBM of P-down In,Se; and the CBM
of HT-BL-Crl; induces charge transfer from the I layer in
the I-Se interface to the outmost I layer [Fig. S4(b) [37]] and
relatively less charge accumulation in between two Crlj layers
[Fig. S4(d) [37]]. The HSEO06 calculated band alignment in
Fig. S5 [37] also indicates the charge redistribution at I-Se
and I-I interfaces for different electric polarization states
of In,Se; but with a type II band alignment between P-up
In,Se; and Crls. Furthermore, the electric field regulates
the interlayer potential energy (Fig. S6 [37]) between Crls
bilayer, which also changes the interlayer exchange coupling.
Overall, flipping the polarization of In,Ses from upward to
downward induces an opposite electric field on HT-BL-Crl;
in the heterostructure and modulates the charge distribution
at the I-I interface space of HT-BL-Crl;, making the FM
coupling in the Cr-I...I-Cr direct interaction more preferred
than the AFM hopping of HT-BL-Crl;.

D. Effects of different I-Se interface distances and external
electric field

The discussion above demonstrated that the interlayer
magnetic ordering of HT-BL-Crl; is dependent on the polar-
ization of In,Ses, which also changes the interfacial distance
between Crl; and In,Ses. In this section, we further study the
effects of different interface I-Se vertical distances (d,) on the
magnetic properties of HT-BL-Crl; with both the P-up and
P-down state of In,Se;. As shown in Fig. 5(a), the increased
d; from ~2.8 A to ~3.3 A slightly increases the MAE from
0.76 to 0.83 meV for the P-up state and converges to 0.88
meV at ~5.0 A. The d, dependence of MAE in the P-down
state shares the same trend as that of P-up. Overall, the easy
magnetization axis keeps along the out-of-plane direction re-
gardless of the interfacial distances studied in this work.
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As shown in Fig. 5(b), the interlayer magnetic coupling
strength is enhanced by several folds at a small d, of ~2.8 A
compared with the case in the equilibrium distance. This can
be understood by the d>-dependent interface-induced dipole
moments (Dipgerface), Which is substantially reinforced as the
In,Se; and HT-BL-Crl; layers approach each other. The larger
Dinerface 1€ads to an increased (decreased) total dipole moment
of the heterostructure in the P-up (down) state (Fig. S7 [37])
because their dipole moment orientation between Diyyinsic and
Dineerface 18 parallel (antiparallel) (Fig. S3 [37]). As the d»
increases to about 5.0 A, the AFM coupling strength for the P-
up state approaches the magnitude of the pristine HT-BL-Crl3
(—0.48 meV /Cr), but the FM coupling strength of the P-down
state is converged to 1.25 meV/Cr. This difference mainly
arises from the varied equilibrium I-I interlayer distance (d)
between the P-down and P-up states. In terms of the P-down
state, distance d; of the AFM configuration is 0.018 A smaller
than that of the FM configuration, as shown in Table S1 [37].
They are, however, nearly equivalent in the P-up state.

Herein, we apply an external out-of-plane electric field
by adding a dipole in the vacuum region [40,41] to the
heterostructure that their states are FM P-down and AFM
P-up, respectively, to examine the stabilities of these states.

As shown in Fig. 5(c), a negative electric field (along the
negative direction of the c axis) enlarges the energy difference
between the two states and further stabilizes the FM P-down
state. In contrast, the AFM P-up state is more stable in a
positive electric field and becomes the ground state as the
electric field is larger than ~0.02 V/A. It is interesting to
note that a negative or a small positive (<0.02 V/A) external
electric field will promote the electrical polarization flipping
induced interlayer AFM to FM transition of HT-BL-Crl;.
Thus, the HT-BL-Crl3 /In,Se; heterostructure is a promising
multiferroic material with the potential for multistate stor-
age, appealing to realize a controllable magnetic reading and
electric writing function. We also studied the electronic and
magnetic properties of BL-Crl3/In,Se; heterostructures with
low temperature (LT) stacking order of bulk Crl;, denoted
as LT-BL-Crl3/In;Ses, as shown in Fig. S8 and Tables S5
and S6 [37], where the electrical-field-controlled magnetism
transition was not observed.

IV. CONCLUSIONS

In summary, we theoretically proposed a heterostruc-
ture comprised of HT-BL-Crl; and ML-In,Se;. The built-in
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FIG. 5. Evolution of (a) magnetocrystalline anisotropy energy and (b) energy difference between AFM and FM configurations of HT-BL-
Crl3/In,Se; with P-up and P-down of In,Se; under various I-Se vertical interface distances. The blue arrows denote the equilibrium interfacial
spacing position. (c) The energy difference between FM ground state of P-down HT-BL-Crl; /In,Se; and AFM ground state of P-up one as a
function of the external electric field. The blue and orange region stands for the FM and AFM coupling, respectively.
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electric field in the heterostructure is contributed by the intrin-
sic polarization of a-In,Se; and a weaker interface-induced
dipole moment at the Crl3/In,Se; interface. The magnitude
of the total electric field is larger in the P-up state than in
the P-down state as the intrinsic ferroelectric field is paral-
lel with the interface-induced field in the former case while
opposite in the latter. The negative internal electrical field in
the P-down state enhances the spin polarization of interlayer I
atoms and strengthens their direct interlayer FM interaction,
thus promoting an interlayer FM coupling of HT-BL-Crl;,
in contrast with the interlayer AFM coupling of HT-BL-
Crl;. These results illustrate an effective way of manipulating

interlayer magnetic coupling of 2D vdW magnetic materials
by nonvolatile electrical control. More experimental and the-
oretical studies are expected in this respect to accelerate their
practical applications in nonvolatile high-density data storage
devices.
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