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ABSTRACT

Two-dimensional multiferroics have attracted tremendous attention due to their intriguing physics and promising applications. However, it
has been a major challenge to discover and design two-dimensional multiferroic materials with large electric polarization and strong magne-
toelectric coupling. In this work, we propose a strategy to design a two-dimensional van der Waals heterostructure with strong magnetoelec-
tric coupling by stacking a transition metal phthalocyanine (TMPc) molecule with ferroelectric monolayer In2Se3. By first-principles
electronic structure calculations, we predict that the magnetic states of the TMPc molecule can be controlled by electrically switching the
polarization direction of In2Se3 using an external electric field. This strong magnetoelectric coupling effect originates from the interfacial
charge transfer and orbital splitting, resulting in the different magnetic states of TMPc/In2Se3 heterostructures in two opposite ferroelectric
phases. Based on the TMPc/In2Se3 heterostructure, a high-density magnetic memory device is proposed for pure electric writing and
magnetic reading. Our predictions may open avenues for finding and designing multiferroic heterostructures by using two-dimensional
ferroelectric materials and zero-dimensional magnetic molecules with a strong proximity effect.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0012039

Multiferroic materials have shown intriguing physical phenom-
ena and great promise for applications such as magnetoelectric and
spintronic devices and high-performance information storage and
processing devices.1,2 Nevertheless, natural multiferroics are quite
scarce with tremendous challenges for practical applications, such as
weak magnetoelectric coupling, small electric polarization, and low
cure temperature.3–8 Therefore, it is of great importance to discover
multiferroic materials with different magnetoelectric coupling mecha-
nisms. In addition, realizing mutual electric and magnetic control via
magnetoelectric coupling in reduced dimension will have a high
impact on the miniaturization and high integration of devices.

Several two-dimensional (2D) ferroelectric (FE),9–17 2D
ferroelastic,10,13,18 and ferromagnetic (FM)19–25 materials have been
reported in recent years. Specifically, 2D FE materials such as SnTe,9

In2Se3,
14,15,26,27 CuInP2S6,

28 and few-layer WTe2
16 have also been pro-

posed and the spontaneous FE polarization has been observed experi-
mentally at room temperature. On the other hand, the long-range
magnetic order was recently experimentally confirmed in the 2D

magnetic materials CrI3
22 and Cr2Ge2Te6.

20 Furthermore, several clas-
ses of 2D multiferroics with coexisting ferromagnetism, ferroelasticity,
and ferroelectricity were theoretically predicted, such as group IV
monochalcogenides,13 halogen-intercalated phosphorene bilayers,29

CrN,30 Hf2VC2F2,
31 C6N8H organic networks,32 monolayer CrBr3,

33

monolayer CuMP2X6 (M ¼ Cr, V; X¼ S, Se),34,35 VOX2 (X ¼ Cl, Br,
and I),36 and bilayer Cr2NO2.

37 However, achieving strongly coupled
electric polarization and magnetization remains challenging. An alter-
native route is to explore different magnetoelectric coupling mecha-
nisms by “hybridizing” 2D ferroelectric materials and magnetic
molecules via the spatial proximity effect.

Van der Waals heterostructure engineering38 opens the door
for exploring low-dimensional composite multiferroic materials.
Intriguing physical phenomena and coupling mechanisms may
develop at the complex interface in the heterostructure. Combining
two different order parameters (ferromagnetism and ferroelectricity)
to form a heterostructure may offer the possibility of achieving strong
magnetoelectric coupling. Very recently, in 2D In2Se3/FeI2

39 and
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Sc2CO2/bilayer CrI3
40 heterostructures, FeI2 and bilayer CrI3

undergo a transition from FM to antiferromagnetic coupling when
the direction of FE polarization is reversed. In 2D In2Se3/
Cr2Ge2Te6,

41 the magnetocrystalline anisotropy of Cr2Ge2Te6 can
change between the easy-axis and easy-plane depending on the
polarization direction of In2Se3. Those reports indicate the possibil-
ity of electrically controlled magnetic properties by van der Waals
heterostructure engineering. In the present work, we propose a mul-
tiferroic heterostructure by combining the transition-metal phthalo-
cyanine42–47 (TMPc) molecule with 2D FE material In2Se3. By first-
principles electronic structure calculations, we predict that by revers-
ing the FE polarization direction, the magnetic states of TMPc can
be controlled robustly via TMPc/In2Se3 (TM ¼ Ti, Mn, and Fe) het-
erostructuring. In particular, in the TiPc/In2Se3 system, the molecu-
lar magnetic moment can change from 0 to 1.32 lB when the FE
polarization direction is reversed, showing a very strong magneto-
electric coupling. In addition, compared with other proposed two-
dimensional multiferroic heterostructures, it may be easier to control
and integrate magnetic molecules on the FE substrate surface. Our
study indicates that TiPc/In2Se3 is an intriguing platform for appli-
cations in high-density nonvolatile memory devices.

The TMPc/In2Se3 heterostructure consists of a magnetic TMPc
molecule on the surface of FE monolayer In2Se3. Figure 1 shows the
structure of the TMPc molecule and two opposite ferroelectric phases
of In2Se3. The TMPc molecule has been studied extensively in the
fields of photovoltaics, molecular electronics, and spin electronics.42–47

Because there is a transition metal atom in the center of the TMPc
molecule, it holds a finite magnetic moment depending on the transi-
tion metal element.48–51 In2Se3 exhibits room-temperature ferroelec-
tricity with reversible spontaneous electric polarization in both out-of-
plane and in-plane directions, and the highest barrier is about 66meV
per unit cell,14 which is comparable to the well-known FE material
PbTiO3 according to first-principles calculations.52 The lattice con-
stant of the optimized monolayer In2Se3 is 4.106 Å, in agreement with
the previous reports.14

All the calculations were performed by density functional theory
(DFT)53 implemented in the Vienna Ab initio Simulation Package

(VASP),54 with the Perdew–Burke–Ernzerhof (PBE) functional55 in
the generalized gradient approximation. A Hubbard U correction was
included to account for electronic correlation in 3d transition metals,
with a moderate effective U value of Ueff ¼ U � J ¼ 3 eV.56 Varying
Ueff does not change our conclusion, and the corresponding results
can be found in Fig. S1 in the supplementary material. Additionally, a
plane wave basis set with a kinetic energy cutoff of 400 eV was
employed, and a vacuum slab of 30 Å was used to minimize the image
interaction from periodic boundary condition. The positions of all
atoms were relaxed until the force is less than 0.01 eV/Å, and the con-
vergence criterion for the total energy was set to 1� 10�6 eV. van der
Waals interaction was taken into account by using Grimme’s semi-
empirical correction method.57 To reduce the image interaction
between TMPc molecules, we used a 5� 5 supercell of In2Se3, and the
shortest distance between the two neighbor molecules is 5.31 Å (see
Fig. S2 in the supplementary material).

First, we determine the most stable adsorption site of the TMPc
molecule on the surface of monolayer In2Se3. By structural optimiza-
tion and total energy calculation, we predict two stable adsorption
sites: one is the top stacking configuration when the TM atom is on
the top of the surface Se atom of In2Se3 and the other is the hollow
stacking configuration when the TM atom is located at the hollow site
of surface Se atoms, as shown in Figs. 1(c) and 1(d). The top stacking
configuration is the most stable one, which is lower than the hollow
stacking configuration by 74meV and 58meV for FEup [Fig. 1(c)] and
FEdn state [Fig. 1(d)], respectively. In the following, we will focus on
the most stable top stacking configuration.

The most important and interesting theoretical prediction here is
that the magnetic moment of the TMPc/In2Se3 heterostructure
depends on the polarization direction of ferroelectric In2Se3 when the
TM atom is Ti, Mn, or Fe, as shown in Fig. 2(a). In particular, for the
TiPc/In2Se3 heterostructure, the FEup state possesses a magnetic
moment of 1.32 lB, while the FEdn state is non-magnetic. This indi-
cates that by applying a vertical electric field, one can switch two oppo-
site polarization states to achieve two different magnetic states
(magnetic and non-magnetic), thereby offering an efficient knob to
realize the electric control of magnetic states. The physical mechanism

FIG. 1. Top views of a TMPc molecule (a)
and monolayer In2Se3 (b). Side views of
the TMPc/In2Se3 heterostructure with two
different polarization directions of In2Se3:
(c) up (FEup) and (d) down (FEdn). For
each FE state, the corresponding top and
hollow stacking configurations are shown
on the left and right, respectively.
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of these electrically controlled magnetic states can be understood from
the interfacial charge transfer and orbital splitting determined by the
FE polarization direction of In2Se3. Figure 2(b) shows the distance
between the TM atom of the TMPc molecule and its nearest neighbor-
ing Se atom of In2Se3. It can be seen that this distance in the FEdn state
is always shorter than that in the FEup state, which means that the
interaction between the TMPc molecule and In2Se3 in the FEdn state is
stronger than that in the FEup state. This different interaction will lead
to different charge transfer and orbital splitting and finally determine
the magnetic state of the TMPc molecule.

In the following, we take TiPc/In2Se3 as an example to elaborate
the underlying physical mechanism. First, the magnetism is mainly
contributed by the Ti atom from the spin density of FEup state as
shown in Figs. 3(a) and 3(b). Furthermore, from the projected density
of states (DOS) in Fig. 3(c), it can be seen that the magnetism origi-
nates mainly from the spin splitting of the Ti atom in the FEup state.
However, for the FEdn state in Fig. 3(d), the spin is fully degenerate so
that the whole system is non-magnetic. Therefore, in the following, we
will focus on the 3d orbital of the Ti atom and study the effect of sub-
strate In2Se3 to explain the microscopic origin of magnetism.

For the TMPc molecule, the TM atom is located at the center of a
square lattice of four N atoms [see Fig. 1(a)]. According to ligand field
theory, in a D4h symmetric ligand field, the d orbital splits into four
groups:dx2�y2 , dxy, dz2 , and doubly degenerate dxz and dyz, as shown
in Fig. 4(a). Since two d electrons of Ti occupy the two lowest dxz and
dyz orbitals, the TiPc molecule possesses a magnetic moment of 2.0 lB.
This can be confirmed from the orbital-resolved DOS of the single
TiPc molecule as shown in Fig. 4(b). Below the Fermi energy, two
main peaks from dxz and dyz orbitals are occupied by two electrons
with the same spin. When the TiPc molecule is placed on the surface
of In2Se3, the hybridization and mixing of atomic orbitals can change
the orbital splitting and ordering and, correspondingly, the magnetic
states can also be changed.

When the TiPc molecule is placed on the surface of monolayer
In2Se3, the Ti atom is displaced out of the molecular plane toward
In2Se3 due to the interfacial interaction [see Figs. 1(c) and 1(d)]. This
deviation from the molecule plane has an important influence on the
d orbital of Ti. Due to the change of the ligand field, the out-of-plane
orbitals such as dxz, dyz, and dz2 move to higher energy, while the in-
plane orbitals dxy and dx2�y2 move to lower energy. For the FEup state,
although the dz2 orbital moves above dxy, the lowest energy orbitals
are still dxz and dyz as shown in Fig. 4(c). For the FEdn state, the dxz
and dyz orbitals continue moving to higher energy and partially over-
lap with the dxy orbital due to the shorter distance between Ti and Se
and stronger interaction than that in the FEup state.

In addition to the orbital splitting, another important effect is the
interfacial charge transfer when a heterostructure is formed.
According to Bader charge analysis, the TiPc molecule loses electrons
while In2Se3 gains electrons in the TiPc/In2Se3 heterostructure due to
the stronger electronegativity of Se compared to Ti. In the FEup state,
about 0.41 electron is transferred from the TiPc molecule to In2Se3.
Therefore, the two lowest dxz and dyz orbitals become partially occu-
pied by electrons and, thus, the Fermi energy passes through the DOS
peak consisting of dxz and dyz orbitals, as shown in Fig. 1(c). This leads
to a decrease in magnetic moment in the FEup state from 2.0 lB in the
single TiPc molecule to 1.3 lB. Compared with the FEup state, in the
FEdn state, more electrons (about 0.92 electrons) are transferred from
the TiPc molecule to In2Se3 due to the stronger interaction. This
causes the Fermi energy to continue to move toward the lower energy
and eventually leads to magnetic instability. Therefore, the FEdn state
becomes non-magnetic, as shown in Fig. 4(d). The significant differ-
ence of interaction between the TiPc molecule and In2Se3 is also
reflected in the large energy difference (1.25 eV) between the FEup and
FEdn states of TiPc/In2Se3 heterostructures, indicating the different
bonding interaction and distance between nearest Ti and Se atoms,
2.65 Å and 2.42 Å for the FEup and FEdn states, respectively. This dif-
ferent bonding interaction is further confirmed by the large difference
in the charge transfer between the FEup and FEdn states, as listed in
Table S1 in the supplementary material, leading to the different elec-
tronic structure and magnetic properties. Therefore, the interfacial
charge transfer and orbital splitting together determine the different
magnetic state of the FEup and FEdn TiPc/In2Se3 heterostructures. This
physical mechanism is also effective for MnPc/In2Se3 and FePc/In2Se3
systems, in which the magnetic moments are changed by 0.5 lB for
MnPc/In2Se3 and 1.0 lB for FePc/In2Se3 when the FE polarization
direction is reversed [see Fig. 2(a)]. The partial density of states of
MnPc/In2Se3 and FePc/In2Se3 heterostructures are shown in Fig. S3 in

FIG. 2. (a) Magnetic moment of the TMPc/In2Se3 van der Waals heterostructure
with different 3d transition metal atoms (TM ¼ Sc � Cu). (b) The shortest distance
between the TM atom and the nearest Se atom in In2Se3.

FIG. 3. Side (a) and top (b) view of spin density for the FEup state of TiPc/In2Se3.
The projected density of states for the FEup (c) and FEdn (d) states of the TiPc/
In2Se3 heterostructure.
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the supplementary material. Two factors may play an important role
in the change of the magnetic states from FEup phase to FEdn phase:
one is the large hybridization and charge transfer between TMPc and
In2Se3, which enables the strong coupling between ferroelectric In2Se3
and magnetic molecule; the other is the large difference of electron
transfer between FEup and FEdn phases, which allows for different d
orbital occupations in the FEup and FEdn phases, thereby enabling a
disparate magnetic state. Considering these two factors, we find that
TMPc/In2Se3 with TM ¼ Ti, Mn, and Fe possess both higher charge
transfer and larger charge transfer difference between FEup and FEdn
phases, as listed in Table S1 in the supplementary material. The above
two factors are potential mechanisms that lead to the different behav-
ior of Ti, Mn, and Fe compared to other TM elements. Recently, a sim-
ilar scenario has been reported by Arruda et al.58,59 They studied the
effect of the metal substrate on the magnetic state of molecule and sug-
gested that the charge transfer leads to a “turning off” of the exchange
splitting and quenching of the spin moment.59

In addition, we study the effect of charge transfer on the ferro-
electric states of heterostructures. The out-of-plane dipole moments
are about 4.48 eÅ/supercell (0.18 eÅ/unit cell) and �0.91 eÅ/supercell
(�0.04 eÅ/unit cell) for FEup and FEdn phases of TiPc/In2Se3, which
are different from those of pristine In2Se3, 0.13 eÅ/unit cell for the
FEup phase and �0.13 eÅ/unit cell for the FEdn phase, respectively.
Although the values of dipole moments are changed due to the charge
transfer when the heterostructures are formed, the direction of the
dipole moment of FEup and FEdn phases remains unchanged, which is
the same as the case of pristine In2Se3. Therefore, the polarization
direction of In2Se3 can be switched by reversing an external electric
field and, thus, the magnetic states of the system can be controlled.
Due to the existence of charge transfer in the heterostructure, we also
calculate the minimum energy pathway of In2Se3 from the FEup phase
to the FEdn phase with uniform doped electrons by using the nudged
elastic band (NEB) method, shown in Fig. S4 in the supplementary
material. The energy barriers for electron-doped In2Se3 are very close
to that without doping. In addition, we directly calculate the minimum
energy pathway from the FEup phase to the FEdn phase for the TiPc/
In2Se3 heterostructure (see Fig. S5 in the supplementary material). The
transition energy barrier is about 0.09 eV, close to the results reported
by Li and Li.18 Therefore, the charge transfer has little effect on the fer-
roelectric switching in TiPc/In2Se3 heterostructures.

Based on the above predictions, we propose a device concept.
Figure 4(e) shows a schematic diagram of a simple magnetoelectric
memory device. In experiments, TiPc molecules can be sputtered on
the In2Se3 substrate to form a TiPc/In2Se3 heterostructure. By applying
an external vertical electric field locally, we can switch two ferroelectric
states of In2Se3. Correspondingly, the molecular magnetic states can
be controlled. When the applied electric field points upward, the TiPc
molecule is magnetic with a finite moment and recorded as a “1” state.
When the applied electric field is reversed (i.e., pointing downward),
the molecule is non-magnetic and recorded as a “0” state [see
Fig. 4(f)]. The two states, 0 and 1, can be detected by magnetic probe
experimentally, realizing pure electric writing and magnetic reading of
the electronic states in the TiPc/In2Se3 heterostructure. Our proposed
device concept is different from the conventional spin device where a
magnetic readout depends on the up or down-spin states. In our case,
the magnetic states can be changed from a finite magnetic moment to
zero moment by switching the two opposite ferroelectric states. Due to
the zero-dimensional characteristics of molecules, the TiPc/In2Se3 het-
erostructure may have advantages for the development of high density
magnetic storage devices.

In summary, by first-principles calculations, we propose a 2D
TMPc/In2Se3 van der Waals heterostructure consisting of a magnetic
TMPc molecule and FE monolayer In2Se3. We predict that magnetic
states of TMPc/In2Se3 (TM ¼ Ti, Mn, and Fe) can be controlled by
switching electric polarization of FE In2Se3 using the external vertical
electric field. More importantly, the magnetic moment of TiPc/In2Se3
can change from a finite value of 1.3 lB to 0, realizing the electric con-
trol of magnetic states. The physical origin of this pure electrically con-
trolled magnetism is that two opposite ferroelectric polarization states
lead to different interfacial charge transfer and orbital splitting and
eventually determine the orbital filling and magnetic state. Our find-
ings provide an important theoretical insight for developing high-
density nonvolatile memory applications and may further stimulate
experimental exploration in the related fields.

See the supplementary material for the details of spin mag-
netic moments of the TiPc/In2Se3 van der Waals heterostructure
with different Ueff ¼ 1, 2, 3, and 4 eV, the shortest distance between
adjacent TMPc molecules in the supercell, partial density of states

FIG. 4. (a) Splitting of the d level of the
central metal atom of the TMPc in a
tetragonal ligand field. (b) Partial density
of states of the single TiPc molecule pro-
jected to the 3d orbital of Ti atom. Partial
density of states of the TiPc/In2Se3 heter-
ostructure in the FEup (c) and FEdn (d)
states projected to 3d orbital of the Ti
atom. Schematic illustration of a high-
density magnetoelectric memory device
(e) realizing 0 and 1 binary states for mag-
netic memory (f) where 0 and 1 refer to
non-magnetic and magnetic state, respec-
tively. The purple and red arrows repre-
sent the polarization directions.
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of FePc/In2Se3 and MnPc/In2Se3 heterostructures, the minimum
energy pathway of In2Se3 from the FEup and FEdn phases with uni-
form electron doping, and the minimum energy pathway of TiPc/
In2Se3 from the FEup and FEdn phases.
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