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Two-dimensional (2D) multiferroics have attracted considerable interest since the recent discovery of 2D fer-
roelectricity and ferromagnetism in van der Waals materials. Here we show the universality of 2D multiferroics
in the Ca-based double-perovskite bilayer system and the transition of magnetization that is dependent on the
ferroelectric switching paths by combining symmetry analysis and first-principles calculation. We demonstrate
that although both the switching of rotation and tilt distortion can lead to polarization reversal, only the latter can
cause a change in the direction of magnetization. The breaking of the inversion symmetry correlation between
the initial and final polarization states is the key to achieve the transition of magnetization caused by polarization
reversal. The ferroelectric switching that reverses tilt distortion via multistep switching generally has the lowest
energy barrier, providing the feasibility of controlling magnetization by an electric field.
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When a bulk crystal is reduced to two dimensions (2D),
exotic electronic phases tend to emerge, resulting in unique
physical properties that differ from its bulk [1–3]. Symme-
try breaking caused by dimensionality reduction may play a
key role in the emergence of new functions of 2D materi-
als [2,4]. For example, spatial inversion symmetry breaking
in 2D transition-metal dichalcogenides provides a basis for
exploring their applications in piezoelectricity and valleytron-
ics [5,6]. At present, 2D materials are mostly found in van
der Waals materials, whose 2D building blocks retain their
structural and chemical bond characteristics [7]. Recently, the
successful growth of the freestanding perovskite oxides down
to the monolayer limit provides a great opportunity to explore
new functions of 2D materials beyond van der Waals mate-
rials [8,9]. Importantly, the coupling between lattice, charge,
orbital, and spin degrees of freedom may induce exotic corre-
lated electronic phases in 2D perovskite oxides [9,10].

Octahedral rotation distortion is very common in per-
ovskite bulks but without breaking the spatial inversion
symmetry [11]. However, recent studies have shown that when
the perovskite bulk is reduced to 2D, a special type of oc-
tahedral rotation can break the spatial inversion symmetry
[12,13], similar to the layered perovskite oxides [14–16]. This
is promising to motivate research on the functional properties
of 2D perovskites based on inversion symmetry breaking,
such as ferroelectricity, piezoelectricity, chirality, valleytron-
ics, and multiferroics [17–20]. Recently, we demonstrated that
the 2D perovskite multiferroics can be achieved by extend-
ing to a magnetic double-perovskite (DP) bilayer, in which
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the switchable polarization is coupled with magnetization via
octahedral rotation [13]. However, several key issues remain
to be addressed: (1) What are the universal results of this
2D system? (2) Are other low-energy ferroelectric switching
paths possible? (3) What is the transition of magnetization
along different switching paths?

In this Letter we choose a variety of 3d-4d and 3d-5d com-
binations of transition-metal ions for the designed 2D system
with the formula A3BB′O7 (A=Ca, Sr), which contains the
bilayers of 91 existing DP materials. We systematically inves-
tigate their structural, electronic, ferroelectric, and magnetic
properties by using symmetry analysis and first-principles cal-
culation (more details are given in the Supplemental Material
[21]). The influence of Hubbard parameter U is discussed, and
then some universal results are summarized. The symmetry
correlation between the initial and final polarization states
is analyzed to explain the transition of the magnetization
direction along different ferroelectric switching paths. We
demonstrate that although both the switching of rotation and
tilt distortion can lead to polarization reversal, only the latter
can break the inversion symmetry correlation, resulting in the
reversal of the in-plane magnetization.

Considering the possible structural reconstruction caused
by dimensionality reduction, we first examined the ground-
state phases of all bilayers by using the structure search
method. Starting from the prototype phase of the bilayers,
it forms a

√
2×√

2×2 perovskite supercell due to the most
common rock-salt-type arrangement of magnetic ions [22].
Previous study has shown that its three modes of octahedral
rotation—in-phase rotation (IR), out-of-phase rotation (OR),
and tilt—are all dynamically unstable [13]. Our tests show
that only the freezing of these octahedral rotation modes
can reduce the energy of the system (see Fig. S1 [21]). In
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FIG. 1. Octahedral rotation types of the Ca-based and Sr-based
bilayers with effective U values of (a) U3d = 4 eV, U4d/5d = 1 eV,
and (b) U3d = 2 eV, U4d/5d = 0 eV. Color-filled squares represent the
corresponding octahedral rotation types: a−a−c+ (green), a−a−c−

(red), a−b0c0 (purple), a−b0c+ (blue), and a0a0c− (yellow).

order to determine the ground-state structure, we analyzed
the structural symmetry caused by various types of octahedral
rotation and then calculated the energy of each structural
phase.

For all the Ca-based bilayers, the ground-state structures
have the a−a−c+ type octahedral rotation (in the Glazer nota-
tion), independent of the U values used [see Figs. 1(a) and
1(b)]. Phonon dispersion and ab initio molecular dynamics
simulation confirm the dynamic and thermal stability of this
ground-state phase (see Fig. S2 [21]). These results indicate
that the octahedral rotation types of all Ca-based bilayers
remain unchanged with respect to their bulk phases [22]. This
structural robustness may be related to their generally small
tolerance factor. In contrast, the ground-state structures of
most Sr-based bilayers exhibit a−a−c−-type octahedral rota-
tion with very slight tilt distortion. Therefore their structure
and energy are close to that of the a0a0c−-type octahedral
rotation. Other structural phases, especially the a−a−c+-type
rotation, also compete for the ground state and even become
the ground-state phase of a few Sr-based bilayers at specific
U values. The change of U value causes the transition of the
ground state of some Sr-based bilayers which are related to
the energy proximity of different structural phases.

The a−a−c+-type octahedral rotation results in a polar P21

phase. The polar displacements of the two surface layers are
the same but opposite to that of the middle layer, resulting
in a net polarization along the tilt axis. In contrast, in the
nonpolar structure (P1̄ space group) established by a−a−c−-
type octahedral rotation, an antipolar mode emerges and is
coupled with the OR and tilt distortion. The polar displace-
ments of the two surface layers are opposite, resulting in the
cancellation of polarization. This so-called “hybrid improper
antiferroelectricity” has recently been observed in layered per-
ovskite oxides [23]. The above results indicate that octahedral
rotation-induced polarization generally exists in the Ca-based
bilayers.

Reversing the IR or tilt mode individually results in a
reversal of polarization, both of which can be accomplished
by a one-step or a multistep switching [13,24]. The multistep
switching of reversing IR mode refers to changing the sense
of rotation of each layer in turn, while the multistep switching
of reversing tilt mode is accomplished by a 180◦ rotation
of the tilt axis within the ab plane. The former undergoes
a nonpolar intermediate state with a−a−c−-type octahedral
rotation, while the latter undergoes an orthorhombic twin state
with its tilt axis perpendicular to the initial direction.

For all Ca-based bilayers, we evaluated their energy barrier
of reversing polarization along different switching paths. The
results show that the one-step switching paths that reverse
the IR or tilt mode generally have a higher energy barrier
because they respectively undergo a barrier phase without
tilt or rotation distortion (see Fig. S3 [21]). For almost all
bilayers considered, the multistep switching of reversing tilt
mode (via an orthorhombic twin) has the lowest energy barrier
(see Fig. S4 [21]). Previous experiments have shown that
the emergence of orthorhombic twin domains in ferroelectric
Ca3Ti2O7 is responsible for its unexpectedly low switching
barrier [25]. The multistep switching of reversing IR mode
usually has a relatively high energy barrier due to the fact
that it undergoes a barrier phase where the rotation of one
perovskite layer disappears. However, for some bilayers it
has close or even lower energy barrier compared with the
multistep switching of reversing tilt mode (see Figs. S3 and S4
[21]). This indicates the possibility of ferroelectric switching
via reversing the IR mode in this 2D polar system. The change
of U value slightly modulates the energy barrier for most
bilayers, but it may cause significant changes in the energy
barrier and even the transition of the lowest-energy path for a
few materials, such as the Co-containing bilayers, which tend
to undergo a transition of spin states with the change of U
values.

Then we calculated the total energy of various collinear
magnetic orders to determine the magnetic ground states
of the Ca-based bilayers. Electronic properties were also
calculated based on the determined magnetic ground state
(see Fig. S5 [21]). The ions at the beginning of the
transition-metal series (containing Sc, Ti, Nb, Ta) are always
nonmagnetic, while the subsequent Mo and W ions are also
nonmagnetic, except for the specific combinations such as
VMo, CrMo, FeMo, and CrW. Note that the Co ions in the
CoNb and CoTa bilayers are transformed into a nonmagnetic
state (at U20) with the decrease of U values (see Fig. 2).
The bilayers with only one type of magnetic ion are gen-
erally antiferromagnetic insulator. The exception appears in
the ScRe and TiRu bilayers, whose magnetic ground state
changes to ferromagnetic as the U value of the magnetic ions
decreases. Most bilayers containing two types of magnetic
ions exhibit a G-type antiferromagnetic phase, which results
in ferrimagnetism due to the difference in magnetic moments
of neighbor magnetic ions (see Fig. 2). However, the change of
U value can cause the magnetic ground state of some bilayers
to change from ferrimagnetic to antiferromagnetic (usually
the C-type phase). A similar magnetic phase transition from
G type to C type has been observed in some DP bulks
[22,26], in which the magnetic exchange interaction is very
sensitive to octahedral rotation distortion. Moreover, for some
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FIG. 2. Magnetic phases and electronic properties of Ca-based
bilayers calculated with different U values. The effective U values
used are U3d = 4 eV, U4d/5d = 1 eV (denoted as U41), U3d = 4 eV,
U4d/5d = 0 eV (U40), U3d = 2 eV, U4d/5d = 1 eV (U21), and U3d =
2 eV, U4d/5d = 0 eV (U20 ), respectively. Color-filled squares rep-
resent the corresponding magnetic ground state: antiferromagnetic
(purple), ferrimagnetic (green), ferromagnetic (red), and nonmag-
netic (yellow). Capital letters denote the corresponding electronic
properties: insulator (I), metal (M), and half-metal (H).

ferrimagnetic bilayers, the reduction in U values, especially
for 4d and 5d ions, will lead to a transition from insulator to
half-metal or metal. The metal-insulation transitions induced
by the change of U value or temperature effect are common
in DP bulks (especially those that contain Re) [27,28]. For
most Ca-based bilayers, the electronic and magnetic proper-
ties calculated by nonzero U values of 4d/5d ions (U41 and
U21) remain unchanged with respect to their bulk phases (see
Fig. S6 [21]).

These results indicate that the Ca-based DP bilayer system
provides a broad platform for the realization of 2D multi-
ferroics, polar ferromagnetic metals, and half-metals. Recent
studies have shown that the polarization of polar metals can be
switched via strain gradients [29], and even by electric fields
in the 2D case [30,31]. Whether the in-plane polarization of
the metal or half-metal bilayers can be switched needs to be
further clarified.

Next, in order to identify the coupling between polarization
and magnetization, we studied the change in the direction of
magnetization with polarization reversal. Magnetic anisotropy
calculation shows that the easy-magnetization axis always
lies in the plane perpendicular to the tilt axis, which can be
attributed to the twofold rotation symmetry around the tilt
axis (see Supplemental Material [21]). Depending on whether
the polarization is reversed by switching IR or tilt mode, the
easy axis remains unchanged or rotates to a direction that is
symmetric about the c axis with respect to the initial state,
respectively [see Fig. 3(a)]. Although the Dzyaloshinskii-

FIG. 3. (a) Magnetic anisotropy energy of the initial (P//b) and
final (P//−b) states of ferroelectric switching for the Ca3CrOsO7

bilayer (U41). The two final states are obtained by reversing rotation
(IR) and tilt modes of the initial state, respectively. (b) Symmetry
correlation between the crystal structures of the initial and final
states. The curved solid arrows represent the directions of octahedral
rotation and tilt distortion, and the dotted lines penetrating the oc-
tahedra represent the local easy-magnetization axes of the magnetic
ions.

Moriya interactions [32,33] may contribute significantly to the
magnetic anisotropy of some bilayers (see Fig. S7 [21]), this
transition of magnetization is material independent, as it is de-
termined by the symmetric correlations. If the polarization is
reversed through switching the IR mode, the crystal structures
of the initial and final states are symmetrically correlated via
an inversion symmetry and a mirror perpendicular to the tilt
axis (m ⊥ b), which does not change the easy-axis direction
[see Fig. 3(b)]. In contrast, when the polarization is reversed
by switching the tilt mode, the initial and final states are
symmetrically correlated via a twofold screw axis (21//a) and
a twofold rotation symmetry (2//c). The directions of the
local and global easy axes are changed in accordance with
these symmetry operations.

However, given that there are two equivalent directions of
magnetization along the easy axis, the ferroelectric switching
by reversing IR mode may still cause the reversal of magne-
tization. Therefore we studied the evolution of the easy-axis
direction along the switching paths of reversing IR mode.
The easy axis always varies in the plane (ac plane) per-
pendicular to the tilt axis along the one-step switching path
[see Fig. 4(a)], while it deviates from this plane during the
multistep switching due to the absence of the twofold rotation
symmetry [see Fig. 4(b)]. Whether following a one-step or
multistep switching path, the evolution of magnetic anisotropy
from the intermediate state to the final state is the inverse pro-
cess from the initial state to the intermediate state. This is de-
termined by the inversion symmetry correlation between the
transition structures of the first half and the second half of the
switching paths. Therefore, the magnetization will return to its
initial direction when switching from the intermediate state to
the final state, that is, the ferroelectric switching by reversing
IR mode will not result in a reversal of the magnetization.
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FIG. 4. Evolution of magnetic anisotropy energy surface along different ferroelectric switching paths for the Ca3CrOsO7 bilayer (U41).
The switching paths involve reversing the rotation mode through (a) a one-step or (b) a multistep switching and reversing the tilt mode through
a (c) one-step or (d) multistep switching. The symmetry operation symbols describe the symmetry correlation between the corresponding
transition structures of the first half (from the initial state to the intermediate state) and second half (from the intermediate state to the final
state) of the switching paths.

For the ferroelectric switching by reversing tilt mode, the
change in the easy-axis direction [see Fig. 3(a)] means that the
in-plane or out-of-plane component of the magnetization will
be reversed, depending on the specific evolution of the easy
axis during the ferroelectric switching. Along the one-step
switching path, the easy axis varies in the ac plane and tran-
sitions to the c axis in the intermediate state, and then rotates
forward to a direction symmetrical about its initial direction
[see Fig. 4(c)]. When following the multistep switching path,
the easy axis rotates roughly around the c axis and passes
through an orthogonal twin in the intermediate state [see
Fig. 4(d)]. This change stems from the continuous rotation
of the tilt axis in the ab plane. Whether following a one-step
or multistep switching path, the magnetic anisotropy of the
transition structures of the first half and the second half is
mirror symmetrical (m ⊥ a), which is determined by the cor-
relation of the twofold screw symmetry (21//a) between the
corresponding transition structures. Therefore, as the polar-
ization reverses through switching the tilt mode, the in-plane
magnetization component will be reversed with the out-of-
plane magnetization component unchanged. The above results

demonstrate that only the ferroelectric switching by reversing
tilt mode can cause the change of the magnetization direc-
tion. Fortunately, the multistep switching path of reversing
tilt mode generally has the lowest energy barrier, providing

FIG. 5. Schematic diagram of switching the direction of magne-
tization by electric field.
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a basis for realizing electric-field control of magnetization in
this 2D system (see Fig. 5). In summary, our results show
that 2D multiferroics widely exist in the Ca-based DP bilayer
system, which also provides a broad platform for the design of
2D polar ferromagnetic metals and half-metals. The transition
of magnetization induced by ferroelectric switching can be
determined by analyzing the symmetry correlation between
the initial and final polarization states. Reversing the rotation
distortion does not change the direction of magnetization,
while reversing the tilt distortion can lead to the reversal of the
in-plane magnetization. This method, used to determine the

magnetoelectric coupling effect, can also be applied to other
multiferroics systems.
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