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Creating a three-dimensional intrinsic electric dipole on rotated CrI3 bilayers
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Two-dimensional (2D) materials are being explored as a novel multiferroic platform. One of the most studied
magnetoelectric multiferroic 2D materials are antiferromagnetically coupled (AFM) CrI3 bilayers. Neglecting
magnetism, those bilayers possess a crystalline point of inversion, which is only removed by the antiparallel
spin configuration among its two constituent monolayers. The resulting intrinsic electric dipole on those bilayers
has a magnitude no larger than 0.04 pC/m, it points out of plane, and it reverts direction when the Ising-like-
chromium spins are flipped (toward opposite layers versus away from opposite layers). The combined presence of
antiferromagnetism and a weak intrinsic electric dipole makes this material a two-dimensional magnetoelectric
multiferroic. Here, we remove the crystalline center of inversion of the bilayer by a relative 60◦ rotation of its
constituent monolayers. This process enhances the out-of-plane intrinsic electric dipole tenfold with respect to
its magnitude in the nonrotated AFM bilayer and also creates an even stronger and switchable in-plane intrinsic
electric dipole. The ability to create a three-dimensional electric dipole is important because it enhances the
magnetoelectric coupling on this experimentally accessible 2D material, which is explicitly calculated here as
well.
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I. INTRODUCTION

Ferroicity is a symmetry-breaking quantum phenomenon
[1] that gives rise to domain physics. Magnetoelectric mul-
tiferroics [2,3] lack spatial and time-inversion symmetries
[4–12], and the experimental exfoliation of an atomically thin
material (graphene) [13–15] is now evolving into a field aim-
ing to deliver advanced functional multiferroic materials at the
atomic-thickness limit.

Effects from coupled magnetic and electric fields have
been studied for over a century: Röntgen recorded magnetic
fields when dielectric objects move within a constant electric
field [16], Curie concluded that magnetoelectric effects are
due to broken symmetries [1], and Debye coined the term
“magnetoelectric directional effect” [17]. The first multifer-
roic material was grown in 1959 [18], and the demonstration
of intrinsic magnetoelectric coupling in antiferromagnetically
coupled Cr2O3 was rationalized by Dzyaloshinskii [19] and
experimentally demonstrated by Astrov [5]. The main crystal-
lographic families for bulk multiferroics [6,7,9–11,20–36] are
perovskites [2,37], compounds with hexagonal structure [38],
boracites [39], and BaMF4 compounds [40,41].

Initial forays into multiferroics within the 2D materials
community are studies of quantum paraelastic/ferromagnetic
SnO monolayers [42–44], and of ferroelastic/ferroelectric
(experimentally available) group-IV monochalcogenide
monolayers [45–49]. Magnetoelectric couplings induced by
the proximal placement of ferroelectric and ferromagnetic
2D materials have been discussed too [50–53], along
with theoretical and experimental reports on the change
of magnetic ordering by charge doping [54,55], and

proposals for atomistic defects as sources of multiferroic
behavior [56]. Analytical models exploring magnetoelectric
couplings in 2D materials exist as well [57,58]. Notably,
layered multiferroic NiI2 was experimentally demonstrated
recently [59,60].

A recent and comprehensive study of ferroelectricity on
bilayers based on an analysis of nonmagnetic groups appeared
recently [61]. Nevertheless, being one of the most studied
magnetoelectric bilayer systems, the electric control of mag-
netization on AFM-coupled CrI3 bilayers [62–66] (that is,
their magnetoelectric coupling) was experimentally demon-
strated in 2019 through second harmonic generation [67]. The
coupling relies on the broken inversion symmetry induced
by the alternating (Ising-like) out-of-plane magnetization at
opposite monolayers [67,68], which is furnished when con-
sidering the full magnetic group. The magnetic ordering of
monolayers [69] and bilayers [70] can also be tuned by uniax-
ial strain.

Here, we optimize the intrinsic electric dipole moment P
of a CrI3 bilayer by a relative 60◦ rotation among layers (a
concept recently applied to MnSe bilayers [71]). This proce-
dure results in a tenfold increase of the out-of-plane intrinsic
electric dipole and it gives rise to an even larger in-plane
intrinsic electric dipole [61]. This effect is unlike what is re-
ported on MnSe bilayers, which only develop an out-of-plane
intrinsic electric dipole [71]. The three-dimensional intrinsic
polarization enhances the magnetoelectric coupling of CrI3

bilayers, which is calculated here explicitly.
The paper is organized as follows: The numerical methods

are described in Sec. II. The results and discussion are pro-
vided in Sec. III. Conclusions can be found in Sec. IV.
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FIG. 1. (a) CrI3 monolayer. (b) CrI3 bilayer on its AB FM (uuuu) configuration prior to the relative rotation: FM coupling prevents the
removal of a center of inversion and the development of a net intrinsic electric dipole; see Table I. (c) CrI3 bilayer with AB′ stacking. The
crystalline point of inversion—not considering the magnetic configuration–is shown in subplots (b) and (c).

II. METHODS

This paper is based on density functional theory with the
PBE approximation for exchange-correlation [72] as imple-
mented in the VASP package [73–75]. The implementation
of spin-orbit coupling (SOC) is inconsistent with the use of
ab initio van der Waals corrections on this code, and em-
pirical van der Waals corrections due to Grimme et al. [76]
were utilized for that reason (see Fig. S1 and Table SI in
the Supplemental Material [77] for an extended discussion of
structure versus exchange-correlation functionals). Structural
optimizations were performed using a 15 × 15 × 1 k − point
mesh. We used an energy cutoff of 500 eV for the expansion
of electronic states in terms of plane waves, an energy con-
vergence criteria of 10−6 eV, and a force convergence limit of
10−4 eV/Å. Structural optimizations were performed in con-
figurations whereby the angle among in-plane lattice vectors
a1 and a2 was kept fixed at 120◦ [see Fig. 1(a)]. All calcu-
lations included dipole corrections, and the lattice constant
parallel to the two-dimensional material’s normal was set to
a3 = 50 Å to further reduce out-of-plane interactions among
periodic copies (see Fig. S2(a) in Ref. [77] for an energy con-
vergence test versus a3). To treat the strong on-site Coulomb
interaction of Cr d orbitals, we used the DFT+U method
introduced by Dudarev et al. [78], with an effective value
of U equal to 3 eV (J = 0) [79]. Structural optimizations
were originally carried without SOC, which was turned on for

structures at local minima and to compute one-dimensional
cuts of the energy landscape.

Having a well-converged electronic density is crucial to
determine the intrinsic electric dipole moment P, which was
calculated using the Berry phase theory of polarization [80]. P
remained unchanged on a denser, 71 × 71 × 1 k-point mesh.
In addition, the convergence of P against the magnitude of a3

was guaranteed as well (see Fig. S2(b) for a test of Pz versus
a3 [77]).

Phonon dispersion calculations were performed with the
PHONOPY tool [81] on a 3 × 3 × 1 supercell. Atomic dis-
placements were set at 0.005 Å. In those calculations, the
k-point grid was set to 5 × 5 × 1. Cutoff energy and energy
convergence criteria remained at 500 eV and 10−4 eV/Å, re-
spectively. The force constant (Hessian) matrix at the � point
was obtained as well; eigenvalues and eigenvectors of this
Hessian were utilized to calculate the magnetoelectric cou-
pling tensor α using the method developed by Íñiguez [82].

III. RESULTS AND DISCUSSION

A. AB and AB′ CrI3 bilayers

The CrI3 monolayers [62,83] depicted in Fig. 1(a) are one
of many available two-dimensional ferromagnets and antifer-
romagnets [84–89]. Crucial for an eventual creation of an
in-plane electric dipole moment are the voids within star-of-
David patterns on this structure. No such voids are present on
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hexagonal boron nitride nor transition metal dichalcogenide
(TMDC) monolayers, for which no in-plane intrinsic electric
dipoles occur on their (non-moiré, rotated by 60◦) ferroelec-
tric bilayer configurations [90–96]. This monolayer belongs to
the crystalline space group P31m (space group No. 162) [97].
(A listing of all its potential magnetic groups can be found in
Table SII [77].)

When analyzing CrI3 bilayers, previous studies explore
two stable structures (labeled AB and AB′) that are formed by
relative translations between layers [62–64,70,97,98]: Start-
ing with an AA structure in which the two monolayers sit
atop one another, translating the top layer by 2a1/3 + a2/3
yields the AB structure displayed in Fig. 1(b). Not consid-
ering magnetism, it belongs to space group P3 (space group
No. 147). (Possible magnetic groups are listed in Table SII
[77].) If one translates the lower monolayer originally set on
the AB conformation by a1/3, the resultant structure is AB′
[Fig. 1(c)], which belongs to space group C2/m (12) [97]
without the inclusion of magnetism (see Table SII for potential
magnetic groups [77]).

The AB bilayer is observed in low-temperature samples
(T < 210 K) [99] and has the magnetic spins of Cr atoms
ferromagnetically (FM) aligned in an Ising-like (out-of-plane)
configuration. To set ideas, each monolayer has two Cr atoms
on its unit cell (navy blue dots in Fig. 1(a)), and each Cr
atom contributes a spin magnetic dipole moment μ of about 3
Bohr magnetons (μB = 9.274 × 10−24 J/T) along the z axis.
Without loss of generality, we set each of the four Cr atoms
on the unit cell (u.c.) to μ = (0, 0,+3μB), and label such FM
setting uuuu (for up-up-up-up), where the first two labels refer
to the Cr atoms in the lower monolayer and the remaining
two labels indicate the direction of spin on the two atoms at
the upper monolayer. A displacement of the lower monolayer
by either a1/3 or a2/3 takes the structure shown into the
widely studied AB′ configuration [65,67,70,79,83,97,98,100],
with a preferred AFM configuration explicitly labeled uudd
in which Cr atoms at each monolayer have out-of-plane
magnetic dipoles pointing toward the opposite monolayer
(d stands for spin down in this context). Without consid-
ering their magnetic moment, antiferromagnetically coupled
(AB′) CrI3 bilayers stem from a bulk monoclinic phase and
belong to space group C2/m (space group No. 12). All pos-
sible magnetic groups with an AB′ configuration are listed in
Table SII [77].

The lack of a center of inversion on AFM AB′ bilayers was
experimentally verified through second-harmonic generation
and it is driven by their magnetic configuration [65,67,83].
In other words, its nonzero magnetoelectric coupling [67]
originates from the removal of a center of inversion by an
antiparallel spin. Theory indicates a FM coupling among
CrI3 monolayers in the AB (ground state) configuration
[70,79,97,98], which is inconsistent with experiment, where
an AFM coupling is observed. That theoretical result is in-
dependent of the exchange-correlation functional, the van
der Waals correction scheme, and the Hubbard (U) term on
the Cr atoms with and without SOC [79]. The ground-state
structure at bilayer thickness is still a matter of debate–it
has been suggested that the AFM AB′ structure is created
at room temperature and trapped by the extra layers used to
create experimental devices [70,97,98]. Nevertheless, switch-

TABLE I. Intrinsic electric dipole moments per u.c. area for CrI3

bilayers at AB and AB′ configurations. FM configurations have all
spins pointing up (uuuu) or down (dddd), while the studied AFM
configurations were uudd and dduu. Digits within parenthesis indi-
cate the precision of calculations.

Configuration P (pC/m)

AB FM (uuuu) (−0.0(1), 0.0(0),−0.0(1))
AB FM (dddd) (−0.0(1), 0.0(0),−0.0(1))
AB′

1 FM (uuuu) (−0.0(1), 0.0(0),−0.0(1))
AB′

1 FM (dddd) (−0.0(1), 0.0(0),−0.0(1))
AB′

2 FM (uuuu) (−0.0(1), 0.0(0),−0.0(1))
AB′

2 FM (dddd) (−0.0(1), 0.0(0),−0.0(1))

AB AFM (uudd) (−0.0(1), 0.0(0),−0.0(3))
AB AFM (dduu) (−0.0(1), 0.0(0),+0.0(2))
AB′

1 AFM (uudd) (−0.0(1), 0.0(0),−0.0(4))
AB′

1 AFM (dduu) (−0.0(1), 0.0(0),+0.0(2))
AB′

2 AFM (uudd) (−0.0(1), 0.0(0),−0.0(4))
AB′

2 AFM (dduu) (−0.0(1), 0.0(1),+0.0(2))

ing among AFM and FM magnetic configurations can be
experimentally performed at will [62–64].

We report the magnitude of the intrinsic electric dipoles for
the AB and AB′ bilayers in Table I. For context, electric dipole
moments as large as 5 pC/m have been recently reported
experimentally [101].

Table I conveys the following information: (i) FM-coupled
AB and AB′ bilayers display negligible intrinsic electric
dipole moments. Since there is a center of inversion in those
structures, the reported P for the FM-coupled structures con-
veys the numerical precision achieved here, which is of the
order of ±0.01 pC/m.

On the other hand, the lack of a center of inversion fa-
cilitated by AFM magnetic configurations gives rise to an
expected net Pz [65,67,83] in Table I. In AFM structures,
Pz does not change signs in going from structure AB onto
any of the two energy-degenerate structures AB′, which are
arrived at by a displacement of the upper monolayer by a1/3
(for a structure labeled AB′

1) or a2/3 (AB′
2). The two struc-

tures AB′
1 and AB′

2 were optimized independently, hence
providing a cross check of numerical results. In short, FM
AB and AB′ configurations have a center of inversion and
do not develop an intrinsic electric dipole; AFM AB and AB′
configurations, on the other hand, break inversion symmetry
due to their spin configuration and give rise to an out-of-plane
net intrinsic electric dipole moment (Pz) that swaps signs upon
spin reversal and regardless of the (AB or AB′) atomistic
configuration. Table I shows the magnitude of the intrin-
sic electric dipole on experimentally available CrI3 bilayer
configurations.

B. Rotated CrI3 bilayers (s1, s2,1, and s2,2)

While the electric control of magnetism in CrI3 bilayers
reported in the recent past [62–64] relies on an external elec-
tric field, one precept of this paper is to engineer an intrinsic
electric dipole by a relative rotation [61] to enhance the multi-
ferroic properties of those bilayers; such rotations are a handle
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FIG. 2. (a) CrI3 bilayer at a local minimum after a 60◦ rotation with respect to the axis shown. This bilayer structure is dubbed s1. The
removal of a crystalline inversion center is made evident in the lowermost side views. Pz can be reverted by sliding the lower monolayer by
(b) about 2a1/3 on a bilayer structure labeled s2,1 or (c) by about 2a2/3, on a structure labeled s2,2. The different orientations of the mirror
plane for structures s2,1 and s2,2 are highlighted.

for magnetoelectric multiferroic behavior that is not available
on nonlayered multiferroics [2,6,7,9–11,20–41].

Following a concept introduced by Wu and coworkers
[102,103] (and experimentally verified for hexagonal boron
nitride and TMDC bilayers [90–95]), we rotated the upper
monolayer on the AB structure by 60◦. This removes the
bilayer’s crystalline center of inversion and induces an in-
trinsic electric dipole. The rotated bilayer structure—which
we labeled s1 (for structure 1)—is displayed in Fig. 2(a) and
belongs to the crystalline space group Cm (space group No. 8)
(see Table SII for its possible magnetic groups). The group Cm
does not forbid the creation of an intrinsic in-plane electric
dipole that is parallel to the mirror plane depicted in Fig. 2(a)
[61].

An additional displacement of the lower monolayer in bi-
layer s1 [Fig. 2(a)] by about 2a1/3 [as explicitly displayed
in Fig. 2(b)] or by about 2a2/3 [Fig. 2(c)] still results in a
structure belonging to crystalline space group Cm (8). We
label s2,1 the structure seen in Fig. 2(b)—in which the lower
monolayer was originally displaced by 2a1/3—to tell it apart
from the bilayer s2,2 shown in Fig. 2(c), in which the lower
monolayer was initially displaced by about 2a2/3 instead.

A comparison among Figs. 2(a) and 2(b) shows that the
mirror plane of bilayer s2,1 remains parallel to that seen on bi-
layer s1. Thus, besides the natural creation of an out-of-plane
intrinsic electric polarization by the 60◦ relative rotation, this

mirror plane allows for a non-zero in-plane intrinsic electric
dipole parallel to a1 on bilayer s2,1 as well. Nevertheless, the
mirror plane turns out to be parallel to the x axis (that is,
parallel to a1 + a2) for the s2,2 bilayer [Fig. 2(c)], allowing
for a possible in-plane intrinsic electric dipole along the x axis
on the s2,2 bilayer. This way, the rotated CrI3 bilayers may
develop an in-plane component of the intrinsic electric dipole
that can be controlled by sliding. The creation of an in-plane
intrinsic electric dipole through a relative 60◦ rotation among
monolayers lends additional handles for the engineering of
magnetoelectric couplings by geometrical/mechanical means.

Figure 3 shows the total energy and global minima for
the AB and (rotated) s1 FM bilayers, and for three additional
AFM configurations (uudd , udud , and uddu) for both AB and
s1 structures. The energetics of the AB bilayer are consistent
with previous results [70,97]. The numerical results reported
in Fig. 3 were obtained without SOC. (Electronic band struc-
tures for AB and s1 bilayers show similar band gaps; those can
be found in Fig. S3 [77].) Note that—though the s1 structure
sits higher in energy than the AB bilayer on Fig. 3(c)—falling
back into the AB structure requires a macroscopic rotation of
the entire upper layer in unison, an event that is statistically
rare. In other words, structure s1 sits at a stable local energy
minimum.

Figure 4(a) displays the energy landscape and the optimal
relative height among monolayers upon relative sliding, on
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FIG. 3. Side views illustrating four possible (Ising-like) mag-
netic configurations for (a) the AB CrI3 bilayer and (b) the rotated
bilayer on the s1 configuration. The FM configuration is labeled
uuuu, and three AFM configurations (uudd , udud , and uddu) were
considered as well. (c) Total structural energy around global (AB)
and local (s1) minima for CrI3 bilayers as a function of the lattice
parameter a0 and magnetic configuration, without SOC. The s1 local
minima on the FM configuration sits 139 K/u.c. above the global
minima, while the AFM s1 structure with a uudd magnetic config-
uration sits 203 K/u.c. above that global minima (see Table SIII for
numerical details [77]).

the bilayer configuration in which the upper monolayer was
rotated by 60◦. This was calculated for FM (uuuu) and AFM
(uudd) magnetic configurations without SOC. The point at
which lattice vectors a1 and a2 join in Fig. 4(a) provides the
energy and separation among monolayers for structure s1 in
Figs. 2(a) and 3(c).

Working with a primitive u.c., the energy and structural
sampling was carried out by displacing the upper layer by
na1/12 + ma2/12–n and m ran from 0 to 11–with respect
to structure s1. So that bilayers do not fall back into local
minima while computing the landscape, the atomic in-plane
coordinates were kept fixed, and only the out-of-plane com-
ponents were allowed to relax. The landscape and height
profiles depicted upon multiple u.c.’s in Fig. 4(a) rely on pe-
riodicity, and the energies were expressed with respect to that
obtained for the AB FM configuration (see Fig. 3(c) and Table
SIII [77]).

A more detailed calculation was performed for one-
dimensional cuts along a1 or a2 [Fig. 4(b)]. In those
calculations, all atoms were allowed to move around the local
minima, and SOC was turned on. Unlike the energy landscape
of rotated hBN or TMDC bilayers, which have identical maxi-
mum energies as the layers move either along the a1 or a2 axes
(see, e.g., Refs. [96,104]), the rotated CrI3 bilayer displays
barriers of dissimilar height, with the largest height assigned
to a displacement along a1. This anisotropy was not discussed
in Ref. [61]. The identical barriers observed in rotated hBN
and TMDC bilayers [96,104] guarantees that the local minima
be exactly at a distance 2a1/3 or 2a2/3. To the contrary, and
as seen in Fig. 4(b), the dissimilar heights of the barriers make
the s2,1 structure be located at 0.6389a1 instead, while the s2,2

structure sits at 0.6806a2, and justifies our choice of words
(“about 2/3”) made earlier on.

TABLE II. Intrinsic electric dipole moments per u.c. area for
CrI3 bilayers at the s1, s2,1, and s2,2 configurations. Digits within
parenthesis indicate the precision of calculations. The removal of
a center of inversion upon rotation makes Pz increase an order of
magnitude with respect to its value on AFM AB and AB′ configura-
tions (Table I). In addition, Pz does not change signs upon reversal
of antiferromagnetic polarization (uudd versus dduu) but only upon
relative displacements among monolayers. A larger in-plane intrinsic
electric dipole swapping direction at s2,1 and s2,2 is now created.

Configuration P (pC/m)

s1 FM (uuuu) (+0.9(3),−1.6(0),+0.2(5))
s1 FM (dddd) (+0.9(3),−1.6(0),+0.3(0))
s2,1 FM (uuuu) (+0.9(4),−1.6(0),−0.2(5))
s2,1 FM (dddd) (+0.9(4),−1.6(1),−0.3(1))
s2,2 FM (uuuu) (−1.8(4),+0.0(1),−0.2(5))
s2,2 FM (dddd) (−1.8(7),+0.0(1),−0.3(0))

s1 AFM (uudd) (+0.8(0),−1.3(7),+0.2(5))
s1 AFM (dduu) (+0.8(0),−1.3(7),+0.2(5))
s2,1 AFM (uudd) (+0.8(0),−1.3(7),−0.2(5))
s2,1 AFM (dduu) (+0.8(0),−1.3(7),−0.2(5))
s2,2 AFM (uudd) (−1.6(1),+0.0(1),−0.2(5))
s2,2 AFM (dduu) (−1.6(1),+0.0(1),−0.2(5))

Calculations in which SOC is turned on require copious ad-
ditional computational resources, and those were only pursued
for structures along the one-dimensional cuts of the landscape
in Fig. 4(b) for that reason. Surprisingly, SOC did not break
the energy degeneracy of the minima s1 and s2,1 significantly
upon inversion of the magnetic moment, as the total energy
difference upon a magnetic swap from uuuu to dddd FM
configurations was only 0.15 K/u.c. Calculations of magnetic
anisotropy barriers can be found in Fig. S4 [77].

The structural stability of bilayer s1 alluded to earlier is
established with the vibrational spectra shown in Fig. 4(c),
which lacks imaginary modes. In addition, and in preparation
for the calculation of the magnetoelectric coupling tensor, we
also considered the bilayer structure situated at the (unstable)
saddle point p in the landscape (see imaginary modes), for
which both FM and AFM magnetic configurations turn degen-
erate. Point p is shown in Fig. 4(b). Figure 4(d) shows P as the
structure is turned from s2,1 to s1 along a1. For comparison,
the reported magnitudes of the out-of-plane intrinsic electric
dipole are 1.0 pC/m for a MoS2 bilayer [102], 0.5 pC/m
for a WSe2 bilayer [95], and 0.4 pC/m for a WTe2 bilayer
[103,105].

C. Three-dimensional intrinsic electric polarization
of rotated CrI3 bilayers

While Pz swaps signs as the bilayer evolves from structure
s1 into s2,1 or s2,2 as expected [102,103], there is an in-plane
intrinsic electric dipole moment in Fig. 4(d). In the remainder
of this paper, we will (i) justify this observation, (ii) argue
that it can be switched, and (iii) calculate the magnetoelectric
coupling of the rotated CrI3 bilayer.

The effectiveness of the relative 60◦ rotation procedure in
enhancing Pz is demonstrated in Table II, where a tenfold in-
crease with respect to the experimentally available AB′ AFM
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FIG. 4. (a) Energy landscape as a function of sliding among CrI3 monolayers for FM (uuuu) and AFM (uudd) magnetic configurations
(without SOC), and corresponding optimal vertical separation among monolayers D (see Fig. 1(b)). Structure s1 sits at the point from which
lattice vectors a1 and a2 join, and it is periodic upon lattice translations. Structure s2,1 (s2,2) sits 0.6389a1 (0.6806a2) away from s1 locations.
(b) One-dimensional cuts of the energy landscape along (i) a1 and (ii) a2 with and without SOC turned on. (c) Structural stability of s1 bilayer,
and vibrational spectra at saddle point p displaying a few imaginary modes. (d) Induced intrinsic three-dimensional electric dipole along the
straight path joining structures s1 and s2,1. The inset shows the change in magnetization at a nearly degenerate crossover among AFM and FM
configurations at point p.

bilayer (see Table I) is registered. Rounding up the reported
values to 0.3 pm/C (a value close to the 0.2 pm/C reported
in Ref. [106]), and dividing by � 12 Å—which would cor-
respond to the thickness of a u.c. in a bulk 3D stack—one
gets 0.025 µC/cm2, which sits halfway between the values
reported in Refs. [61] and [107] and may be mostly due
to the different exchange-correlation functionals employed
in our works. Furthermore, switching of Pz is achieved by
sliding from structure s1 into either s2,1 or s2,2 [102,103]. A
more remarkable result is the creation of an even larger in-
plane intrinsic electric dipole like the one present in group-IV
monochalcogenide monolayers [47,49,108].

We explain the existence of an in-plane intrinsic electric
dipole (which provides vistas for magnetoelectric couplings
in this unique multiferroic) by recourse to symmetry: s1, s2,1,
and s2,2 CrI3 bilayers all belong to crystalline space group
Cm. Nevertheless, while the s1 and s2,1 bilayers have a mir-
ror plane parallel to a1 = a0(1/2,−√

3/2, 0) [Figs. 2(a) and
2(b)], bilayer s2,2 has a mirror plane parallel to a1 + a2 (x axis
in Fig. 2(c)). Any in-plane dipole for structures s1 through s2,1,
if it is to exist, must be parallel to a1 [and this is the case for
Px and Py in Fig. 4(d)]. In other words, its magnitude must
satisfy the ratio −√

3 � −1.73. This is precisely documented
in Table III. As for structure s2,2, the in-plane electric dipole
can only be parallel to the x axis, which is what one sees in
Table II. Furthermore, the magnitude of the in-plane dipole is
nearly identical at s1, s2,1, and s2,2, and it must switch in going
from structure s2,1 to structure s2,2 through s1.

The second check to justify the creation of in-plane com-
ponents of intrinsic electric polarization is numerical: adding

up all vectors that can be built from all four Cr atoms to the
nearest I atoms on the opposite monolayer within the u.c.
(�x,�y,�z), one gets the results listed in Table III. A top
view of the atoms involved is displayed in Fig. 5 for bilayers
AB, AB′

1, s1, and s2,1. The observed relative displacements
indeed respect the crystalline symmetry of group Cm: they
are parallel to the mirror planes.

D. Calculation of the magnetoelectric coupling
at point p within the energy landscape

We end this paper with a calculation of the magnetoelectric
tensor for the rotated CrI3 bilayer. Following Íñiguez [82], we

TABLE III. Sum of vectors pointing from Cr atoms to the first-
and second-nearest I neighbors located in the opposite monolayer.
This sum is carried out over all Cr atoms in the u.c. Py/Px as reported
in Table II correlates with �y/�x , and hence justifies the existence of
a nonzero in-plane intrinsic dipole moments on rotated CrI3 bilayers.
(a1,y/a1,x = −√

3 � −1.73.)

Configuration (�x, �y, �z) (Å/u.c.) Py/Px �y/�x

AB FM (uuuu) (0.000,0.000,0.000)
AB AFM (uudd) (0.000,0.000,0.000)
s1 FM (uuuu) (+0.216, −0.388, +10.372) −1.79 −1.72
s1 AFM (uudd) (+0.216, −0.382, +10.374) −1.77 −1.72
s21 FM (uuuu) (+0.221, −0.410, −10.369) −1.70 −1.85
s21 AFM (uudd) (+0.247, −0.423, −10.306) −1.71 −1.71
s22 FM (uuuu) (−0.453, −0.021, −10.373) 0.00 +0.05
s22 AFM (uudd) (−0.453, −0.021, −10.373) 0.00 +0.05
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(a) AB bilayer (c) s1 (d) s2,1
(b) AB’ along
a1 (AB’1)

FIG. 5. Schematic top views of Cr atoms and nearest I atoms on
the opposite monolayer; vectors joining those atoms are utilized to
determine (�x, �y, �z ) in Table III.

seek a point in the landscape for which both intrinsic electric
and magnetic dipoles are zero. As seen in Fig. 4, the in-plane
components of the intrinsic polarization remain constant, and
so we used the change of P (�P) away from the polarization at
point p here. The eigenvalues Cn of the bilayer’s Hessian at p
listed in Table IV range in between −0.011 and 13.556 eV/Å,
which compare well with Ref. [82]. We calculated the intrinsic
electric dipole for eigenvalues greater than zero (IR modes get
revealed by giving nonzero net electric polarizations), and set
all associated eigenvectors to be u = 0.1 Å in magnitude.

Since μ changes stepwise from (0,0,0) to (0,0,12μB) away
from p, we used a value for the magnetic polarity equal to
pm = (0, 0,

12μBμ0

u ), where μ0 = 1.2566 × 10−6 N/A2 is the
permeability of vacuum. This way, our expression for the
magnetoelectric tensor takes the form (SI units)

α3, j = α j,3 = 12μBμ0

0.01Å2

48∑
n=5

�Pn, j

Cn

= (−31.7, 6.7,−4.3) × 10−20 s, (1)

where the lack of 1/m reflects the fact that P is reported
in units of charge per length here. Dividing by the bilayer
thickness (� 10 Å) and multiplying by the speed of light
[109], one gets

α =
⎛
⎝

0.00 0.00 −9.30
0.00 0.00 2.01

−9.30 2.01 −1.29

⎞
⎠ × 10−2 (2)

in Gaussian units. This way, α here is one order of magnitude
smaller than the values reported for Cr2O3 by Íñiguez.

CrI3 bilayers are experimentally known to become para-
magnetic at a few Kelvin. AB′ bilayers will lose their
ferroelectric properties at that point, while rotated s1, s2,1, or
s2,2 bilayers may still maintain their ferroelectric properties

TABLE IV. Hessian eigenvalues for rotated CrI3 bilayer at point
p (eV/Å).

−0.011 0.000 0.000 0.000 0.007 0.263
0.917 1.022 1.088 1.110 1.456 1.482
2.413 2.457 2.457 2.483 2.497 2.524
2.714 2.731 3.552 3.614 3.629 3.672
4.002 4.089 4.138 4.183 4.831 4.900
4.935 4.963 6.137 6.177 6.203 6.267
9.319 9.356 9.830 9.917 9.935 10.047
10.836 10.944 10.971 11.098 13.556 13.556

at temperatures well above those for which their intrinsic
magnetism is lost.

The magnetoelectric tensor thus found implies that the
out-of-plane magnetic moment can be most easily switched by
applying an electric field along the x direction, or that the in-
plane x component of the intrinsic electric dipole will switch
directions most easily as the Ising (out-of-plane) spin swaps
signs. The explicit calculation of α brings the engineering
of two-dimensional magnetoelectric multiferroics on rotated
magnetic bilayers onto a more quantitative footing.

IV. CONCLUSION

Seeking to enhance the out-of-plane intrinsic electric
dipole of CrI3 bilayers by a relative rotation, we discovered
that those bilayers develop an unexpected and sizable in-
plane intrinsic electric dipole moment as well. This is due
to the unique atomistic structure of those magnetic materials
that does not forbid the creation of in-plane intrinsic electric
dipoles. The magnetoelectric coupling tensor α was estimated
explicitly as well. Those results enhance our understanding
and provide vistas into magnetoelectric multiferroics on two-
dimensional material platforms.
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