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Controlling magnetism of two-dimensional (2D) multiferroics by external electric field provides
special opportunities both for fundamental research and future development of low-cost electronic
nano-devices. Here, we report a general scheme for realizing magnetic-phase transition in 2D type-I
multiferroic systems through the reversal of ferroelectric polarization. Based on first-principles
calculations, we demonstrate that a single-phase 2D multiferroic, namely ReWCls monolayer,
exhibits two different low-symmetric (C,) phases with opposite in-plane electric polarization and
different magnetic order. As a result, an antiferro-to-ferromagnetic phase transition can be realized by
reversing the in-plane electric polarization through the application of an external electric field. These
findings not only enrich the 2D multiferroic family, but also uncover a unique and general

mechanism to control magnetism by electric field, thus stimulating experimental interest.



Magnetoelectric coupling, mediated by the manipulation of magnetization through electric field,
has great potential in the field of spintronics, such as magnetocapacitors, high-performance
information storage and processing devices [1,2]. Consequently, multiferroic materials exhibiting
strong magnetoelectric properties are much desired, but are naturally scarce owing to the inherent
exclusion between ferroelectricity and ferromagnetism [3,4]. Inspired by the recent progress in the
field of two-dimensional (2D) ferroelectricity [5,6] and ferromagnetism [7-9], 2D multiferroic
materials have attracted considearble attention [10—17]. However, a magnetic phase transition
induced by the reversal of ferroelectric polarization has never been observed in any 2D multiferroics.

Generally, there are two kinds of interactions responsible for magnetoelectric coupling, namely,
spin-orbital and spin-lattice interactions [18]. The former is usually observed in type-II multiferroics,
where the electric polarization is induced by symmetry breaking caused by a certain magnetic order
(e.g. spiral magnetic order [19]). On the other hand, type-I multiferroics have been widely studied
because of their strong and robust magnetization/polarization. However, magnetoelectric effect
dominated by the spin-lattice interaction in type-I multiferroics is usually quite weak because the
electric dipoles and magnetic moments often originate from different ions. Although a single-phase
type-I multiferroic, in which the electric dipoles and magnetic moments have the same source, has
been demonstrated [16], it is still unclear how to couple the magnetic phases and ferroelectric
polarizations in such multiferroics.

In this Letter, we propose a general mechanism for realizing electrical control of magnetism in
2D type-I multiferroic systems. That is, in a 2D ferroelectric (FE) compound with triangular lattice,
for example, ReWCls monolayer where the electric polarization is induced by charge and orbital
ordering, the reversal of the in-plane ferroelectric polarization is accompanied by a magnetic phase
transition. In this sense, an external proper electric field not only reverses the electric polarization but
also changes the magnetic ordering of the system. Our first-principles calculations demonstrate that
there are two inequivalent multiferroic phases of ReWCls monolayer with C, symmetry (denoted as
D-type and C-type phases in the following). The D-type phase is antiferromagnetic (AFM) and has
an electric polarization along [1-10] orientation, whereas the C-type phase is ferromagnetic (FM)
with an electric polarization along [-110] orientation. Thus, the electric polarization and the magnetic
phases in ReWClg monolayer can be simultaneously manipulated by an external electric field. This
mechanism is also observed in other 2D multiferroic compounds, which confirms its generality.
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Our first-principles calculations are based on the density functional theory (DFT)[20] as
implemented in the Vienna ab initio simulations package (VASP) [21]. The core electrons are treated
by the projector augmented-wave (PAW) approximation [22], and the exchange-correlation
functional is given by the generalized gradient approximation parameterized by Perdew, Burke, and
Ernzerhof (GGA-PBE) [23]. An effective Hubbard U=1 eV is added following Dudarev’s
method [24] for the Re-5d and W-5d orbitals. The plane-wave cutoff energy is set to 600 eV in all
calculations, and the first Brillouin zone is sampled using a I'-centered 12 x 12 x 1 Monkhorst-Pack
grid [25]. All geometries are relaxed until residual forces are smaller than 10~ eV/A. The FE
polarization is calculated using the Berry phase method [26]. The maximally localized Wannier
functions (MLWFs) are constructed by using the wannier90 package [27]. The phonon dispersion is
calculated using the finite displacement method, as implemented in the PHONOPY code [28].

A typical character of FE materials is the switching of spontaneous electric polarization by
reversing the external electric field. Akin to the case of ferromagnetism, the measured hysteresis loop
is usually recognized as a criterion for ferroelectricity in experiments. Theoretically, the FE
switching is defined as a transition between two equivalent structural phases with opposite electric
polarization. 2D transition metal trihalides, which can be easily exfoliated from their van der Waals
bulk phases, have recently received much attention [7]. Additionally, most of these materials are
intrinsically magnetic. Thus, 2D transition metal trihalides can be an ideal platform to study possible
electric-field-induced magnetic phase transition. However, a spontaneous polarization in such
triangular lattices is absent without breaking the inversion or rotational symmetry. For example, in a
2D triangular lattice consisting of one cation and one anion [Fig. 1], the in-plane electric polarization
can only be induced by breaking the in-plane C; symmetry (e.g. by introducing a lateral
displacement of the anion), resulting in two possible inequivalent C, phases (denoted as D-type and
C-type) with opposite electric dipoles. This is quite different from previously studied 2D FE
systems [5,11,29-36]. Moreover, due to the crystal field change casued by structural deformation,
D-type and C-type phases may exhibit different kinds of on-site energy level splitting, leading to
different orbital ordering. Consequently, different magnetic and electronic properties of D-type and
C-type phases are expected. Therefore, by applying an external electric field to reverse the electric
polarization of this system, a structural phase transition accompanied by significant changes of
magnetic and electronic properties can be realized.
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To break the inversion or rotational symmetry of a 2D triangular lattice, one of the ideal
candidate systems is the bi-metallic trihalide monolayer, for example, ReWClg monolayer [Fig. 2], in
which the Re and W ions are distributed in two nested 2D triangular frameworks. Different alloyed
configurations of ReWCls have been considered, and the honeycomb-checkboard pattern [Fig. 2] is
lower by at least 20 meV/metal in energy than the other considered patterns (Fig. S1 [37]). Different
from typical non-polar transition metal trihalide monolayers (e.g. Crl;) with Dsy symmetry, a
remarkable structural distortion occurs in the honeycomb-checkboard ReWCls monolayer, resulting
in the reduction of crystal symmetry from Dsto C,. Two different distorted phases of C,-ReWClg
(denoted as D-type and C-type) are observed, which agree well with the physical model discussed in
Fig. 1. In the D-type phase, each two neighboring Re and W ions tend to form a Re-W dimer with a
bond length of 2.585 A, which is much smaller than the other Re-W distance (3.803 A). On the other
hand, in C-type, parallel ...Re-W-Re-W... chains are observed with a Re-W bond length of 3.002 A,
which is smaller than those between chains (3.865 A). Note that both D-type and C-type phases can
be reproduced by the CALYPSO method [47,48]. The formation energies [defined as Ef =

(Erewcty — 6 X Her — Hre — Hw)/8, where Egpewe, is the total energy and pire, puw and ucy are

chemical potentials taken from hexagonal Re crystal, bcc W metal crystal, and gas phase Cl,,
respectively] of D-type and C-type are -0.68 and -0.64 eV/atom, respectively. The dynamical and
thermal stabilities of D-type and C-type have been verified by phonon calculations (Fig. S2 [37]) and
ab initio molecular dynamic simulations (Fig. S3 [37]), respectively. These results indicate that both
D-type and C-type ReWCls monolayers are experimentally feasible.

As shown in Fig. 2, D3-ReWClg is metallic while both D-type and C-type phases are
semiconductors with indirect band gaps of 0.67 and 0.38 eV, respectively (1.68 and 1.26 eV at
HSEO06 [49] level). Such metal-semiconductor transition is caused by large structural distortion
which splits the £, levels of transition metal ions. The spin-orbit coupling barely affects the
electronic structures, and is ignored hereafter. Close inspection of the spin density and projected
density of states (PDOS) of D-type and C-type (Fig. 3) shows that the spin charges are mainly
localized around the W ions, and spin-polarization near the Fermi level is mainly contributed by the
W-5d orbitals. The formal spin moment for W and Re ions are 1 and 0 ug, respectively. Such a small

magnetization can be understood from the valence states for W and Re ions, which are +5 and +1,



respectively. In this case, the magnetic moment of 1 ug comes from W>'-d" electrons. There is no
noticeable spin-polarization on Re ions because the Re'"-d° electrons fully occupy the Re-1,, orbitals.
Also, the rearrangement of W-#, orbitals under different structural distortions leads to different
orbital orderings for D-type and C-type phases, as shown in Fig. 3. From the on-site d levels derived
from the MLWFs [38] (Table SII and Fig. S5 [37]), we find that the dy,, dy, orbitals are lower in
energy than the dy, orbital in the D-type phase. Thus, the spin-polarization for D-type phase is
mainly contributed by dx,, dy, orbitals. On the contrary, in the C-type phase, the spin-polarization is
dominated by dx, orbitals because the dy, and dy, orbitals are higher in energy than the dy, orbital.
These results coincide exactly with the PDOS as illustrated in Fig. 3. Additionally, one can see a
large overlap between W-5d and Re-5d orbitals from the PDOS, different from other previously
studied bi-metallic compounds where d orbitals of different transition metals are distinctly
separated [50,51]. Besides, the electron localization function (Fig. S7 [37]) shows bonding-like
behavior between the nearest neighboring Re and W ions. Thus, there could be strong direct
interactions between Re and W ions in the C,-ReWClg monolayer becasue of the delocalization of 54
orbitals in comparison with the localized 3d orbitals. Such strong Re-W interaction may also be
responsible for the large structural distortions and the formations of dimers and chains in
C,-ReWClg monolayer.

Since the spin-polarization is mainly contributed by W ions, here we only consider the magnetic

couplings between neighboring W ions. The spin Hamiltonian can be written as,

A= _2(2]1§i '§i,1 +]2§i : §i,2)»

i
where J; denotes the exchange interaction along [100] and [010]orientations, and J, denotes that
along the [110] orientation. The summation i runs over all the W sites. Subscripts i/1/2 are the site
indices; S is the formal magnetic moment at the W site. By energy mapping analysis on the
considered magnetic configurations (Fig. S8 [37]), the calculated J; and J, of the D-type phase are
2.00 and -1.00 meV, respectively. The positive and negative values represent AFM and FM couplings,
respectively. The ground state of the D-type phase is found to be chain-AFM (see Fig. 4). On the
contrary, the ground state of the C-type phase is FM with J; and J, of -1.75 and 0.75 meV,
respectively (Fig. S8 [37]). The difference between J; and J, for each phase can be understood by
realizing that the AFM direct-exchange interactions between 5d orbitals are sensitive to the W-W
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distance. Thus, a shorter W-W distance will enhance the AFM couplings, while a longer one will
favor FM couplings. For instance, in the D-type phase, the W-W distance along [100] orientation is
5.723 A, shorter than that along [110] orientation (6.142 A). Thus, the J; is AFM while the J> is FM.
On the other hand, the difference between J; of the D-type and C-type phases can be understood by
spin-lattice interaction. In the D-type phase, the AFM direct-exchange interaction is due to the
occupied dy,y, orbitals, whereas in the C-type phase, those are contributed by the occupied dyy
orbitals. From the PDOS, the bandwidth of dy, . orbitals is larger than that of d,, orbitals, indicating
that the AFM direct-exchange interactions between dx,, orbitals is stronger. Thus, the J; for the
D-type phase is AFM, while it is FM for the C-type phase.

Magnetic anisotropy (MA) is examined by including the spin-orbit coupling (SOC). The easy
axis for both the D-type and C-type phases is along [1-10] in-plane orientation (Table SIII [37]). The
magnetocrystalline anisotropic energies of the D-type and C-type phases are 275 and 650 ueV/W
(with respect to the out-of-plane hard axis), respectively, much larger than those of traditional metals
such as Fe (1.4 ueV/Fe). Monte-Carlo (MC) simulations further show that the magnetic critical
temperature for AFM D-type and FM C-type phases are ~21 and ~10 K, respectively. Although the
C-type phase shows a small spin-frustration, the MC results show that the FM order is stable below
the Curie temperature.

Because of the reduced C, symmetry, both D-type and C-type ReWClg monolayers are expected
to be electrically polar. Interestingly, our results show that the electric polarization for D-type and
C-type phases are parallel to the ¢, axis and are opposite to each other. The in-plane spontaneous
polarization of FE orders are calculated to be 0.87x10"° (along [1-10] orientation) and 0.54x10™"°
C/m (along [-110] orientation) for D-type and C-type, respectively. If we estimate the thickness of the
monolayer to be 6 A, which is normally the interlayer spacing in layered transition metal trihalides,
the polarizations are 5.24 and 3.22 ,uC/cmz, respectively (see Fig. S9 and for details [37]). These
values are comparable to those of recently reported 2D FE SnSe, phosphorene [12,35,52], 2D
multiferroic (CrBr3),Li[16] and traditional bulk FE BaTiO; [53-55]. Different from previously
studied 2D FE systems such as SnTe, In,Se; and CrBr; [5,16,31,56], we find that the polarization of
D-type or C-type phase can only be switched by 120° or 240° by adjusting the distance between
neighboring W and Re ions. But for 180° FE switching, one has to interchange the positions of W
and Re ions or rotate the whole structure by 60°, which is impossible by applying an external electric
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field. What will happen if we reverse the external electric field, e.g. from [1-10] to [-110] direction?
One possibility is a phase transition from the D-type to the C-type phase since they have opposite
polarizations. This is confirmed by applying an in-plane homogeneous electric field (Section X in
[37D).

The transition between the D-type and C-type phases was investigated by using the nudged
elastic band (NEB) method (Fig. 4). All the intermediated states have in-plane polarization along the
¢y axis. The reversal of polarization occurs around the transition state whose structure is close to the
D3-ReWClg. The activation energy barrier from the D-type (C-type) to C-type (D-type) is ~0.53
(~0.21) eV/fu., indicating that the coercive fields needed to switch the polarization along [1-10] and
[-110] orientations could be different, leading to an asymmetric hysteresis. We also have explored the
normal 120° FE switching of the D-type ground state (Fig. S10 [37]). The switching barrier is
estimated to be ~0.32 eV/f.u., comparable to that of other 2D multiferroic materials [12,15,17,31,57].
This indicates that the FE order can be stable at high temperature.

Next, we study the magnetoelectric coupling effect. Because the D-type phase monolayer is
AFM and has an electric polarization along [1-10] orientation, whereas the C-type phase is FM and
has an electric polarization along [-110] orientation, the electric polarization and the magnetic phases
in ReWClg monolayer are coupled and are simultaneously tunable by an external electric field. The
estimated magnetoelectric coupling coefficient is comparable to that of Fe/BaTiO; multiferroic
interface (see section IX in [37]). Additionally, the band gap and effective mass for the D-type and
C-type phases are also different (Fig. 2b), which are also controllable by an external electric field.
We have also examined the strain effect on the ReWClg monolayer (Fig. S4 [37]). The results show
that an in-plane tensile biaxial strain may cause a phase transition from the D-type to the C-type
phase. These findings will be useful for multi-functional spintronic applications.

It is now necessary to examine whether the inherent properties of 2D materials could be robust
on substrates. Here, a nonmagnetic nonpolar insulator of SiO; slabs is chosen to support the ReWClg
monolayer. After careful optimization, no strong chemical bonds are formed between ReWClg
monolayer and the SiO, substrate, and the magnetic and electronic properties of isolated ReWCls can
be well-retained on substrates (see Fig. S11 for details [37]).

Finally, we discuss the generality of the explored mechanism by studying other ABX; (A and B
are different transition metals) monolayers. We first adopt a tight-binding cluster model to study the
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origin of coexistence of the D-type and C-type phases and the transitions between them (see Section
VI [37]). The results show that the relative stability of the D-type and C-type phases is closely
related to the inter-atomic exchange interactions between neighboring metal sites. A stronger
inter-atomic exchange interaction will stabilize the D-type phase, whereas a weaker one favors the
C-type phase. This explains the strain-induced phase transition between D-type and C-type phases
(Fig. S4 [37]). On the basis of DFT calculations, we found that other ABX¢ systems, i.e. ReWBrg and
ReMoClg, also exhibit similar phase-dependent magnetic and ferroelectric properties as ReWClg (see
section VIII [37]), where an electrical control of magnetic phase transition is also expected. These
results demonstrate that the electrical control of magnetic phase transition and magnetoelectric
effects are general phenomena in ABXg systems.

In summary, based on an unusual FE switching phenomenon, we propose a general strategy to
realize electrical control of magnetic phase transition in 2D multiferroic materials. Through
first-principles calculations, we discovered that the ReWClg monolayer is a 2D multiferroic material,
which possesses two possible inequivalent structural phases with opposite electric polarizations and
different magnetic order. Thus, the transition between AFM and FM phases of ReWCls monolayer
can be tuned by applying a proper electric field, which also reverses the in-plane polarization.
Similar magnetoelectric coupling effects are also found in other ABX systems. These findings
reveal a new mechanism of magnetoelectric coupling of electrical control of magnetic phase
transition in 2D multiferroic materials, which is likely to create a great interest in future spintronic
studies and applications.
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Figure 1. Schematic diagram of 180° FE switching and structure-mediated magnetoelectric effect in a 2D triangular

lattice. “+” and “-” signs represent positive and negative charged ions. Orange arrows represent electric polarization.
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Figure 2. (a) Top views of the optimized structures and (b) electronic band structures of D-type, D3, and C-type
phases (from left to right), respectively, of ReWCls monolayer. Re-W dimers and ...Re-W-Re-W... chains are
marked. Blue and red spheres represent W and Re atoms, respectively. Green and red curves denote the spin-up and
spin-down bands, respectively. Dash black lines represent bands including SOC effect. The Fermi level is set to

zero. The high symmetry points of the Brillouin zone can be found in Fig. S6 [37].
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Figure 3. Spin density, on-site energy levels of W-,, orbitals (upper panel), and projected density of states (bottom

panel) for (a) D-type and (b) C-type ReWCls monolayer.
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Figure 4. Kinetic pathway of phase transition process between D-type and C-type phases of ReWCls monolayer.

Blue and pink spheres represent W and Re atoms, respectively. Orange arrows represent the electric polarizations.
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“T and “}” arrows illustrate spin moments.
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