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The recent discovery of two-dimensional (2D) ferromagnetism in van der Waals materials has opened
the door to the control of 2D magnetism by means of electric field. Here we demonstrate the magnetization
reversal through switching polarization in a designed 2D multiferroic oxide by combining group theory
analysis and first-principles calculation. We show that ferroelectricity can be induced by a specific
octahedral rotation in a perovskite bilayer. Ferromagnetism can be introduced simultaneously by extending
the guideline to the B-site ordered double-perovskite bilayer. We have found two coupling mechanisms
between polarization and magnetization that enable the reversal of the in-plane magnetization by
ferroelectric switching. Our work provides guidelines for the design of 2D multiferroics with intrinsic
magnetoelectric coupling and helps to control the 2D magnetism by electric field.
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The recent discovery of 2D ferromagnetism in van der
Waals magnets provides unprecedented opportunities to
manipulate magnetism in the 2D limit [1–4]. Electrostatic
gate control of magnetism, embodied in electric field-
induced modification of magnetic order, saturation mag-
netization, coercive field and Curie temperature [5–8], has
been demonstrated in these 2D ferromagnets. However,
electric-field control of magnetization direction, which is
a key challenge in the development of the new-generation
magnetic memory storage and spintronics [9,10], has not
been demonstrated in 2D materials. The coupling between
polarization and magnetization in multiferroics may
provide an effective way to control the direction of
magnetization by electric field [9–12]. Many efforts have
been devoted to searching for 2D multiferroics [13–15]
since the discovery of 2D ferroelectricity [16–19] and
ferromagnetism. However, up to now, the research on 2D
multiferroics is mainly focused on van der Waals materi-
als, and the intrinsic magnetoelectric (ME) coupling has
not been proposed in these predicted 2D multiferroic
materials [15].
Recently, the successful growth of 2D freestanding

perovskite oxides [20–22] has stimulated research on the
design of 2D functional materials based on perovskite
oxides. Octahedral rotation distortion is common in per-
ovskite oxides, which usually tunes the magnetism without
breaking the inversion symmetry [23]. However, it has been
proposed that in perovskite superlattice [24] and layered
perovskites such as the Ruddlesden-Popper (RP) phase
[25,26], the combination of two types of octahedral rotation
can induce ferroelectricity, which has recently been

experimentally demonstrated in RP oxides [27,28]. This
suggests that a perovskite bilayer, as the basic building block
of the A3B2O7-type RP oxides, can induce ferroelectricity
through a specific octahedral rotation distortion. However,
ferromagnetism is difficult to achieve in a perovskite bilayer
because of the common antiferromagnetic (AFM) coupling
between neighbor magnetic ions. An effective way to
achieve ferromagnetism is to extend the guideline to the
B-site ordered double-perovskite (DP) bilayer, in view of the
fact that many bulk DP oxides exhibit ferromagnetism or
ferrimagnetism with high Curie temperature [29,30]. From
the perspective of symmetry, ferroelectricity in this DP
bilayer requires oxygen octahedron to form in-phase rotation
(IR) and tilt distortion simultaneously, which is the most
common form in DP oxides [30]. In addition, a highly
ordered DP structure requires a large difference in the
valence and radius of the magnetic ions, such as the
3d-5d combination with B3þ=B05þ (or B2þ=B06þ) oxidation
states. Ferromagnetism or ferrimagnetism has been widely
reported in such systems [29,30].
In this Letter, we focus on the DP bilayer with the Fe-Os

combination, whose bulk phase Ca2FeOsO6 meets the
prerequisites of ferroelectricity for octahedral rotation and
is a ferrimagnetic insulator [31]. By combining group theory
analysis and first-principles calculation, we systematically
study the structural, electronic, ferroelectric, and magnetic
properties of the Ca3FeOsO7 bilayer, as well as the changes
of magnetism in ferroelectric switching. We confirm the
coexistence of ferroelectricity and ferrimagnetism, and
determine the lowest-energy path of reversing polarization.
We identify two unique ME coupling mechanisms that
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enable the reversal of the in-plane magnetization through
switching polarization.
Ground-state structure.—The B-site ordered DP oxides

have a rock-salt-type arrangement of transition-metal ions
in the most common case [30], so the prototype phase of its
bilayer forms a

ffiffiffi

2
p

×
ffiffiffi

2
p

× 2 perovskite supercell structure
with a P4=nmm space group. Group theory analysis shows
that there are three types of octahedral rotation: the IR with
irreducible representation Γ−

1 , the out-of-phase rotation
(OR) with Γþ

3 , and tilt mode with Γþ
5 , as shown in

Fig. 1(a). The phonon band structure of the prototype
phase [Fig. S1(a) in the Supplemental Material [32] ]
reveals that the above three types of modes in the
Ca3FeOsO7 bilayer are all dynamically unstable modes.
By contrast, for the Sr3FeOsO7 bilayer, only the IR and OR
modes are unstable [Fig. S1(b)] [32]. We then calculated
the energy gain from freezing each soft mode. The results
confirm that only the soft modes involving the three
types of octahedral rotation can generate energy gain
(Fig. S2 [32]).
Next, we determined the structural symmetries resulting

from individual rotation mode and their various combina-
tions [Fig. 1(a)]. The IR plus tilt (Γ−

1 ⊕ Γþ
5 ) establishes

three different polar structures depending on the direction
of the tilt axis, while the OR plus tilt (Γþ

3 ⊕ Γþ
5 ) results in a

nonpolar structure. The ground-state structure of the
Ca3FeOsO7 bilayer (polar P21 phase) has the a−a−cþ
rotation (Table S1 [32]), the same as its bulk phase [31].
Similarly, the a0a0c− rotation pattern of the Sr3FeOsO7

bilayer remains unchanged with respect to its bulk phase
[31], results in a nonpolar P4=n phase. The dynamic
and thermal stability of the ground-state phase in the
Ca3FeOsO7 bilayer are confirmed by phonon dispersion
and ab initio molecular dynamics simulation (Fig. S3 and
Fig. S4 [32]), respectively. A polar mode dominated by Ca
ion displacement emerges in this ground-state phase
[Fig. 1(b)]. Its amplitude is proportional to the magnitude
of IR and tilt modes [Fig. 1(c)], which is a manifestation of
a trilinear coupling [28].
Ferroelectric switching.—Although the combination of

IR and tilt modes can establish a polar structure in the
absence of the polar distortion, the polar mode is still
necessary to maintain such a distorted structure. Figure 2(a)
shows the energy landscape around the prototype structure
of the Ca3FeOsO7 bilayer in the absence of the polar mode.
The tilt mode disappears in the lowest-energy structure.
When the polar mode is introduced, the IR and tilt modes
are both present in the lowest-energy structure [Fig. 2(b)].
Changes in the sign of IR or tilt mode lead to four structural
domains. Polarization can be reversed by switching the IR
or tilt distortion individually. However, both of these one-
step switching paths have an energy barrier too high to
reverse polarization. We then considered the two-step
switching paths that involves reversing rotation across an
antipolar structure [Fig. 3(a)] and reversing tilt via an
orthorhombic twin [Fig. 3(b)]. Previous theoretical
studies have suggested that these multistep switching
paths have lower energy barriers in RP oxides [43,44].

(a) (b)

(c)

FIG. 1. (a) Crystal structure of the prototype phase of the DP bilayer and the symmetry resulting from various octahedral rotation.
(b) The polar mode QΓ−

5
and (c) its coupling with the IR and tilt modes. The change in energy is shown as a function of the amplitude of

the polar mode. The parameter λ represents the amplitude of the IR and tilt modes fixed in the calculation.
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We demonstrate that the switching path via an orthor-
hombic twin has the lowest energy barrier [Fig. 3(c)],
about twice the calculated value of Ca3Ti2O7 [43].
Correspondingly, its ferroelectric polarization reaches
∼31 μC=cm2 (expressed in bulk form by considering its
thickness), greater than that of the latter. The variation of
each distortion mode along this lowest-energy switching
path [Fig. 3(d)] confirms that the tilt axis and polarization
undergo a 180° rotation in the ab plane.
Reversal of magnetization through switching polariza-

tion.—Electronic structure calculation (Fig. S5 [32])
confirms the Fe3þð3d5Þ and Os5þð5d3Þ electronic configu-
rations and semiconductor property of this ferroelectric
phase. The calculation of the total energy of various
magnetic orderings (Fig. S6 [32]) shows that the magnetic
ground state exhibits a G-type AFM order (i.e., ferri-
magnetism), identical to its bulk phase. The Monte Carlo
simulation further confirms the magnetic ground state and
estimates its Curie temperature to be ∼210 K (Fig. S7 [32]).
These results confirm that the Ca3FeOsO7 bilayer is a 2D
multiferroic material. Then we studied the evolution of
magnetism in ferroelectric switching. A magnetic phase
transition from G-type to C-type phase emerges in ferro-
electric switching (Fig. S6 [32]). This transition is similar to
the change in the magnetic phase from the G type of
Ca2FeOsO6 to the C-type phase of Sr2FeOsO6 [31]. It can
be attributed to the change in the competition between the
AFM exchange interactions of the out-of-plane Fe-Os and
Os-Os bonds, which show opposite trends with the change
of tilt distortion (Fig. S8 [32]).
Magnetic anisotropy calculation [Fig. 4(a)] shows

that the easy-magnetization axis always lies in the

plane perpendicular to the polarization. Although the
Dzyaloshinskii-Moriya (DM) interaction [45,46] results in
a canted spin configuration and contributes to magnetic
anisotropy, the easy-axis direction changes slightly when the
DM interaction is included (Fig. S9 [32]). This ME coupling
is similar to that of multiferroic BiFeO3, whose AFM plane
is always perpendicular to the polarization [47]. What is
different, however, is that in the Ca3FeOsO7 bilayer the
reversal of the polarization results in a change in the easy-
axis direction. The easy axis turns to a direction symmetric
about the c axis with respect to its initial direction [Fig. 4(a)].
There are two possible paths of switching magnetization as
polarization reverses, which lead to the reversal of the
in-plane and out-of-plane magnetization, respectively
[Fig. 4(b)]. The actual path depends on the evolution of
the easy-axis direction in the process of ferroelectric switch-
ing. Figure 4(c) shows the magnetic anisotropy energy
surface of a series of intermediate structures during the
transition from the initial state to the orthogonal twin state.
From the second step, the easy axis turns to the direction

FIG. 2. Total energy as a function of the amplitudes of IR (QΓ−
1
)

and tilt (QΓþ
5
) modes in the (a) absence and (b) presence of the

polar mode.

FIG. 3. (a) Schematic of a two-step switching path that reverses
the rotation mode. The curved arrow represents the rotation
direction of the adjacent octahedron. (b) Schematic of a two-step
switching path that reverses the tilt mode. The arrow represents
the direction of the tilt axis. (c) Total energy as a function of
switching coordinate for one-step switching paths that reverse the
rotation (R) or tilt (T) mode, and two-step switching paths via an
antipolar or twin structure shown in (a) and (b), respectively.
(d) Changes in the decomposed IR (Γ−

1 ), tilt (Γ
þ
5 ), and polar (Γ−

5 )
modes along the lowest-energy switching path.
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close to the c axis, and rotates continuously around the c
axis. This significant change with respect to the initial state is
related to the aforementioned magnetic phase transition.
These results demonstrate that the magnetization direction
always changes in the upper hemispherewithout crossing the
ab plane, so the in-plane magnetization will be reversed in
ferroelectric switching.
Epitaxial strain is known to have a significant effect on

octahedral rotation in perovskite films [23]. By combining
the strain-bulk and heterostructure models, we studied the
effect of epitaxial strain and interface hybridization on this
bilayer. For the heterostructure model, we chose the most
commonly used SrTiO3 substrate. The results show
that there is no obvious hybridization at the interface,
and the interface effect does not change the ground-
state structural, ferroelectric and magnetic properties
(Fig. S10 [32]). The ferroelectric P21 phase is always
the ground state over the entire strain range (Fig. S11
[32]). However, the energy barrier of reversing tilt dis-
tortion in one or two steps is significantly reduced by
compressive strain, which is related to the suppression of
tilt distortion by compressive strain. The switching path
via an orthorhombic twin still has the lowest energy
barrier of 79 meV=f:u:, (Fig. S11 [32]) slightly lower than
that of Ca3Ti2O7 [43].
The compressive strain also causes the transition of

magnetic phase from G-type to C-type AFM order.
However, spin canting induced by DM interaction results
in weak ferromagnetism with a considerable net magneti-
zation (0.38 μB=f:u:). Phenomenologically the DM inter-
action can be described by [48]

EDM ¼ D · ðL ×MÞ;

where D is the total DM vector, L is the AFM vector
representing the spin direction, and M is the net magneti-
zation. According to this expression, reversing D or L
individually will cause the reversal of M. Therefore, if the
D vector is coupled to ferroelectric distortion and L
remains unchanged in ferroelectric switching, the reversal
of magnetization can be achieved by means of DM
interaction. This mechanism has been proposed in some
multiferroic materials [25,48]. However, the difference is
that for the Ca3FeOsO7 bilayer, both D and L vectors are
coupled with octahedral rotation, suggesting a more com-
plex coupling mechanism.
Figure 5(a) shows the transformation of the DM vectors

of the in-plane nearest-neighbor bonds caused by the
reversal of rotation or tilt distortion. Symmetry analysis
and first-principles calculations demonstrate that the
reverse of tilt inverts the in-plane component of D vector
with the out-of-plane component Dz unchanged (Fig. S12
[32]), while reversing the rotation distortion causes the
components perpendicular to tilt axis to be reversed, as
depicted in Fig. S13 [32]. In the C-type AFM structure, the
component of the D vector parallel to the polarization
disappears in the sum of all DM interactions. This causesL
to be oriented along the direction of polarization, which has
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FIG. 4. (a) Magnetic anisotropy energy of the initial (P==b),
orthogonal twin (P==a), and final (P== − b) states in ferroelectric
switching, where P represents the ferroelectric polarization. The
change in energy is shown as a function of the angle between
the spin direction and the basis vector. When the spins lie in the
ab (ac) and bc planes, the angle refers to the a and b axes,
respectively. (b) Schematic of the change in the magnetization
direction with the reversal of polarization. (c) Magnetic
anisotropy energy surface of a series of intermediate structures
along the switching path from the initial state to the orthogonal
twin state.

FIG. 5. (a) The orientation of the DM vector of each in-plane
nearest-neighbor bond and the total vectors for the sum (denoted
by D0-D2). The middle and right images represent their trans-
formations caused by the reversal of rotation and tilt distortion,
respectively. The red arrows represent the orientation of the DM
vector, while the black vertical arrows represent the displacement
of adjacent O ions caused by tilt distortion. (b) Magnetic
anisotropy energy including DM interaction at −2% compressive
strain and (c) schematic of the orientations of the DM vector D,
AFM vector L, and net magnetization M for the initial,
intermediate, and final states.
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been confirmed by the magnetic anisotropy calculation
[Fig. 5(b)]. The dominant Dz component causes M to lie
mainly in the ab plane perpendicular to the polarization
[Fig. 5(c)]. In ferroelectric switching, the continuous
change of the in-plane component of the D vector
(Fig. S12 [32]) causes the reverse of the L vector, while
theDz component is unchanged, resulting in the reversal of
M, as shown in Fig. 5(c).
In conclusion, we propose the design of 2D multiferroic

materials with intrinsic ME coupling based on DP oxides.
The design principles can be summarized as the combi-
nation of the ferroelectricity induced by octahedral rotation
and the ferromagnetism (or ferrimagnetism) caused by the
ordered arrangement of different magnetic ions in 2D
perovskite oxides. Ferroelectricity requires octahedra to
form IR and tilt distortion with appropriate amplitude.
Ferromagnetism (or ferrimagnetism) can be introduced
simultaneously by designing combinations of magnetic
ions with large difference in ionic radius and valence, such
as the 3d-5d combination. The strong spin-orbital coupling
of 5d electrons can generate large magnetic anisotropy to
stabilize the 2D ferromagnetism, and may induce large net
magnetic moment even in AFM structure. We have found
two ME coupling mechanisms that enable the reversal of
magnetization through ferroelectric switching, which,
respectively, depend the change in the easy-axis direction
and the rotation of the DM vector caused by the reversal of
tilt distortion.
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