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Two-dimensional (2D) materials that exhibit spontaneous magnetization, polarization or strain (referred to as
ferroics) have the potential to revolutionize nanotechnology by enhancing the multifunctionality of nanoscale
devices. However, multiferroic order is difficult to achieve, requiring complicated coupling between electron
and spin degrees of freedom. We propose a universal method to engineer multiferroics from van der Waals
magnets by taking advantage of the fact that changing the stacking between 2D layers can break inversion
symmetry, resulting in ferroelectricity as well as magnetoelectric coupling. We illustrate this concept using
first-principles calculations in bilayer Nilp, which can be made ferroelectric upon rotating two adjacent layers
by 180° with respect to the bulk stacking. Furthermore, we discover a novel strong magnetoelectric coupling
between the interlayer spin order and interfacial electronic polarization. Our approach is not only general but
also systematic, and can enable the discovery of a wide variety of 2D multiferroics with strong magnetoelectric

coupling.

Introduction.—The ability to synthesize stable layered van
der Waals (vdW) materials has opened up new possibilities for
mechanically-assembled stacks of heterostructures and led to
significant advances in materials science [1-3]. These new
artificial materials display a range of unprecedented multi-
functional properties [4—6], one notable example being fer-
roic orders such as ferromagnetism [7, 8] and ferrroelectricity
[9-11]. 2D magnetic materials show great promise as a new
class of magnets because their properties can be controlled
through the application of external stimuli beyond temper-
ature and magnetic field, such as mechanical strain or gate
voltage [12-15]. Recently a new type of ferroelectricity in
vdW materials was proposed [9] and experimentally observed
[10, 11, 16-20]. For vdW materials such as hexagonal boron
nitride (hBN) or transition metal dichalcogenides (TMDs)
where centrosymmetry is broken by stacking-engineering, an
electronic out-of-plane polarization P, occurs through inter-
layer charge transfer. The magnitude and orientation of P
is determined by the relative stacking between the layers and
can be switched by a relative sliding, resulting in ‘vdW ferro-
electricity’ [11, 21, 22].

The functional properties of vdW materials can be further
tuned by introducing a relative twist or lattice mismatch be-
tween neighboring layers, resulting in a moiré superlattice
on a scale much larger than the underlying crystal periodic-
ity. This has been the source of many interesting and uncon-
ventional emergent phenomena, one notable example being
superconductivity in ‘magic angle’ twisted bilayer graphene
[23-26]. Creating a moiré superlattice from a vdW ferroelec-
tric results in the formation of moiré polar domains (MPDs)
[27, 28]. These MPDs have been experimentally shown to re-
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sult in ferroelectricity [11, 18] through the asymmetric change
in domain size in response to an applied electric field. The
MPDs also have an in-plane polarization component P and
as a result they have nontrivial topology [29-32], analogous
to the polar textures observed in oxide perovskites [33-36].
Similar topological magnetic textures have been proposed and
reported by twisting vdW magnets, such as Crlz [37, 38].

The coexistence or interplay between ferroelectricity and
magnetism can give rise to multiferroic order [39, 40], which
is promising for enhanced functionality in nanodevices. While
2D multiferroics are less common than bulk counterparts such
as BiFeO3 [41], the vdW magnet Nil, [42-44] has shown sig-
nals of multiferroic order down to the monolayer limit [45].
The proposed mechanism in Nil, is the appearance of im-
proper ferroelectricity in response to long-range magnetic or-
der which breaks inversion symmetry [38, 46-49]. There are
a few disadvantages to this relatively complicated magneto-
electric coupling mechanism. The strength of the coupling de-
pends on the strength of the Rashba spin-orbit coupling (SOC)
in a material and may be weak in materials that do not con-
tain heavy elements. Moreover, it also requires magnetization
gradients such as complex spin textures.

While the coexistence of ferroic orders has previously been
predicted in other vdW magnets [9, 50-52], significant cou-
pling between polarization and magnetization, which would
enhance multifunctionality [39], is not guaranteed. Here we
discover a novel strong magnetoelectric coupling in artificially
stacked vdW magnets, between the interlayer electronic po-
larization and spin ordering. In the model system we use to
illustrate this effect, Nil,, we find that changing the interlayer
spin order modifies the electronic structure and can change the
electronic polarization by a factor of two; this in turn leads to
additional jumps in the ferroelectric hysteresis loop, implying
that ferroelectric polarization may be tuned using a magnetic
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Ilustration of tuning multiferroic order and magnetoelectric coupling in vdW magnets with stacking engineering. (a) A vdW bilayer

with an AFM interlayer spin configuration is sketched (spins denoted by red arrows), with color-coded edges to help identify the relative
orientation of the layers. The bilayer has an inversion center and is nonpolar. (b) Rotating the layers by 180° breaks the inversion center,
resulting in a stacking dependent polarization P, (x), denoted by the green (down) and purple (up) arrows. (¢) A relative sliding x between
the layers inverts the polarization. (d) Changing the interlayer spin order to FM (spins denoted by blue arrows) affects the magnitude of the
polarization, but not the direction. The corresponding stackings in bilayer Nil, are illustrated below i 1n each case. There is a relative shift
between the layers along the unit cell diagonal: x = x(a; + ay), where xap = 0, xap = j and xgp = 3 Most of the magnetic moment is
concentrated on the Ni atoms, with a small magnetic moment transferred to the I atoms.

field, and magnetization may be tuned using an electric field.

We propose a simple and general approach for engineering
multiferroics with magnetoelectric coupling from vdW mag-
nets through artificial stacking (see Fig. 1). This approach has
already been successfully been applied to fabricate vdW fer-
roelectrics [11, 16, 18] mechanically using the tear and stack
method. Using bilayer Nil, as an example, we show with ab
initio calculations that by rotating one of the layers by 180°
with respect to the natural bulk stacking, the bilayer becomes
ferroelectric (see Fig. 2). Whether or not a system can be
made ferroelectric can be determined simply from knowledge
of the space groups of the different stackings [51]. It turns out
that the symmetries of bilayers of Nil, and of TMDs in the H1
structure (such as MoS,) are exactly the same upon rotation
by 180° with respect to the natural bulk stacking (see Table I).
This feature makes their ferroelectric properties identical.

Results.—We performed first-principles density functional
theory (DFT) calculations to simulate the properties of bilayer
Nil, [53]. We considered the aligned stacking which occurs
naturally in bulk Nil,, as well as the artificial anti-aligned
stacking (see Fig. 1), with antiferromagnetic (AFM) and fer-
romagnetic (FM) interlayer spin configurations. We empha-
size that throughout this work, AFM and FM always refer to
the interlayer alignment of spins and not the alignment within
a single layer. Because the wavelength of the spin spiral in
Nil2 is relatively long (around 7 unit cells [49]), we consider
uniform arrangements of spins pointing in the out-of-plane di-
rection in each layer in order to avoid calculations involving

NiI2 M052

Stacking

Aligned | Anti-aligned | Aligned | Anti-aligned

AA | P3ml (#164) | Pom2 (#187) | Pom2 (#187) | P3m1 (#164)

AB | P3ml (#164) | P3m1 (#156) | P3m1 (#156) | P3m1 (#164)

DW | C2/m (#12) | Abm2 (#39) | Abm2 (#39) | C2/m (#12)

BA | P3ml (#164) | P3m1 (#156) | P3m1 (#156) | P3m1 (#164)

TABLE I. Space group analysis of the high-symmetry relative stack-
ings in bilayer Nil2 and MoS;. The bold font indicates the natural
bulk stacking.

large supercells.

Fig. 2 shows the stacking energy Vyack and out-of-plane
electronic dipole moment p; as a function of relative dis-
placement x between the layers along the unit cell diagonal:
x = x(a; +ay) where a; are the lattice vectors. Results for
aligned and anti-aligned stackings as well as AFM (red) and
FM (blue) interlayer spin configurations are shown [53]. The
unit cell diagonal contains all of the high symmetry stack-
ing configurations, namely AA (x = 0,1), AB (x = %) and
BA (x = %), and the domain wall (DW) stacking (x = %).
The AFM configuration was found to be lower in energy
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FIG. 2. Stacking energy Vyi,ck and out-of-plane dipole moment p |
for aligned and anti-aligned bilayer Nil2, as a function of relative
stacking x along the unit cell diagonal. The labels AA, AB/BA and
DW refer to the relative stackings, with AA (aligned) and AB/BA
(ani-aligned) sketched in Fig. 1. Results for an AFM (FM) interlayer
spin order are shown in red (blue). The dots show results from first-
principles calculations and the solid lines show fits of the data to
C3-symmetric basis functions, such as Eq. (1) for p, .

for all stackings in both aligned and anti-aligned Nil,. The
aligned bilayer is non-polar for all stacking configurations
as the inversion center between the layers is preserved upon
sliding. For the anti-aligned stacking, the bilayer attains a
stacking-dependent electronic dipole moment which is largest
and of opposite sign for the energetically favorable AB and
BA stackings, and is comparable to the dipole moments of
other vdW ferroelectrics [53] which, while weak compared
to conventional ferroelectrics such as oxide perovskites, can
still be measured, switched, and can be used to dope proxi-
mal materials [10, 11, 16-22]. The polarization being an odd
function of stacking and respecting the C3 rotation symmetry
of the crystal takes the form [28]:

odd

pi(x,y) = py|sin(27x) +sin (27wy) —sin 27(x+y)) | ,

(D
with x = (x,y) in fractional coordinates of the unit cell lattice
constant. p‘l’dd is a coefficient to be fit to DFT calculations.
Additionally, anti-aligned Nil, also has a stacking-dependent
in-plane polarization similar to rhombohedral hBN and TMDs
[53].

Fig. 2 shows that the magnitude of the polarization in anti-
aligned Nil; is sensitive to the interlayer spin configuration.
Upon switching from AFM to FM the polarization decreases
in magnitude by approximately a factor of 2. Fig. 3 illustrates
the ferroelectric hysteresis loop in anti-aligned Nil, includ-
ing the effects of this magnetoelectric coupling. In addition
to the first-order interlayer sliding jumps in polarization there
are also jumps in the magnitude of polarization, but not in
sign, driven by a change in interlayer spin order. Thus, the
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FIG. 3.  Illustration of the ferroelectric hysteresis loop for anti-
aligned bilayer Nil2. The free energies of the AFM (red) and FM
(blue) interlayer spin configurations are sketched as a function of
stacking, at six different points around the hysteresis loop. The dot
shows the state that Nil, adopts for each electric field value, which is
possibly metastable. The red (blue) background indicates that Nil,
has an AFM (FM) interlayer spin order. The purple (green) arrows
indicate that Nilp has polarization up (down). The jumps that de-
crease the magnitude of the polarization but do not change its sign
are driven by a change in interlayer spin order (AFM — FM). The
jumps which change the sign in polarization are driven by interlayer
sliding (AB — BA) and are also accompanied by a change in inter-
layer spin order (FM — AFM).

spin order in anti-aligned Nil, can be switched using an ap-
plied electric field and the magnitude of the polarization can
be tuned using a magnetic field. This can be explained by
considering the free energy:

Va(x75) = sottack(x) _g'pa(x) ) (2)

where o« = AFM, FM, which is sketched in Fig. 3 at different
points around the hysteresis loop. Applying an electric field
& which is anti-aligned with the dipole moment (AB/BA), the
FM configuration eventually becomes lower in energy. This
results in a change in the interlayer spin order driven by a de-
crease in polarization. Increasing the electric field further, the
other stacking configuration will eventually become prefer-
able (BA/AB), resulting in polarization reversal through inter-
layer sliding.

The intralayer magnetic exchange parameters were ob-
tained using the relativistic LKAG formalism [54] within a
non-orthogonal localized basis framework, implemented in
the GROGU code [53, 55]. The exchange and intra-atomic
anisotropy tensors to any desired neighbor shell can be cal-
culated, corresponding to the following Heisenberg Hamilto-
nian:

Hinea = = ZJ‘l‘Jei'ej‘F* ZeiJ;{Hej—F = ZD”~(e,-><ej) .
27 27 27
3)

Here e; is a unit vector pointing along the spin angular mo-
mentum of the localized magnetic entity placed at site i. J|’|/ ,



J;f I and D"/ are the isotropic exchange constants, symmetric
traceless exchange tensor and Dzyaloshinskii-Moriya (DM)
vectors between sites i and j, respectively. The interlayer
isotropic exchange parameter J, was obtained from total en-
ergy differences between the FM and AFM bilayer spin align-
ments, mapped onto the effective Hamiltonian:

Hiper =J1€1-€2 ; (4)

where e; and e, are unit vectors describing the spin directions
in the first and second layers of bilayer Nil,. The interlayer
exchange changes by as much as a factor of 2 as a function
of stacking [53] which suggests that the magnetic transition
temperature is also stacking-dependent. The interlayer spin
order does not change upon changing the stacking in contrast
to other vdW magnets such as Crl3 [38, 50, 56] and GdI, [52]:
the AFM spin order is always energetically preferable at zero
electric field.

By solving VAP (x5, &) = VM (xap, &) for &, the elec-
tric field required to change the interlayer spin order is & =
2.77 V/A for the AB/BA stackings in anti-aligned bilayer
Nil,. Similarly, the coercive magnetic field B; required to
switch from AFM to FM spin-order in anti-aligned Nil, and
tune the electronic polarization is shown in Fig. 4 (a). B, mod-
ulates with stacking, ranging between 25—40 T. In order to in-
vestigate the switching dynamics in more detail, we perform
classical Monte Carlo (MC) calculations with a Heisenberg
Hamiltonian to simulate anti-aligned bilayer Nil, in the AB
stacking using a 64 x 64 supercell [53]. The intralayer mag-
netic interaction is frustrated due to the competition between
the FM nearest neighbor (NN) exchange interactions and the
AFM 3™ NN exchange interaction. The ground state from
MC simulations is a spin spiral state with the in-plane spin
and AFM interlayer ordering, as was found in Ref. [57]. By
measuring the specific heat as a function of temperature, we
find a Néel temperature of Ty = 50 K (Fig. 4 (b)). The aver-
age out-of-plane magnetization M| in response to an out-of-
plane magnetic field B, is shown in Fig. 4 (c), for tempera-
tures ranging from 0 K to 100 K. The magnetic field required
to align the magnetic moment is B; ~ 800 T at T = 0K, and
is reduced to about 200 T at finite temperature. In order to
consider the magnetic field required to change the interlayer
spin order, we calculate e; - e, averaged over the supercell, as
a function of magnetic field and temperature (Fig. 4 (d)): the
interlayer spin order changes when e; - e, changes sign. The
coercive magnetic field required to change the interlayer spin
order is also sensitive to temperature. Comparing Figs. 4 (c)
and (d), the coercive field required to change the interlayer
spin order is approximately half the field required to align all
of the spins with the field (destroy the spin spiral state).

Discussion and conclusions.—We propose that vdW mag-
nets can be made ferroelectric by fabricating multilayers in
artificial stackings which break inversion symmetry, and we
illustrate this concept using bilayer Nil, as an example. This
approach can be generalized to other vdW magnets, although
the resulting polar properties may differ depending on the
crystal symmetries [58]. In addition, stacking-engineering
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FIG. 4. (a) Estimate of the coercive magnetic field B.(x) in anti-
aligned bilayer Nil,. The points show the values of B; obtained from
DFT calculations at each stacking x. The solid line shows the values
obtained from the fits to the stacking energies in Fig. 2. (b) Specific
heat Cy of the system as a function of temperature 7 from MC sim-
ulations. Cy is normalized such that Cy (T — 0) = 1. The peak at 50
K indicates the Néel temperature Ty. (¢) Average out-of-plane mag-
netization M|, in units of the spontaneous magnetization Mg as a
function of perpendicular magnetic field B, and temperature 7. (d)
Average interlayer spin order e - e; as a function of perpendicular
magnetic field B, and temperature 7.

also results in a novel strong magnetoelectric coupling in vdW
magnets without centrosymmetry. The magnetoelectric cou-
pling occurs between interfacial polarization arising from in-
terlayer charge transfer and the interlayer spin order in the bi-
layer: changes in the electronic structure induced by changes
in the interlayer spin ordering modify the electronic polariza-
tion. As a case in point, we find a new type of multiferroic
order in bilayer Nil, upon rotation of the layers to the anti-
aligned stacking. We predict additional jumps in the ferroelec-
tric hysteresis loop, with the polarization changing in magni-
tude by a factor of two as a result of changes in the interlayer
spin order. While we expect the magnetoelectric coupling to
be general to vdW magnets, determined only by symmetry,
the existence of the additional jumps in the hysteresis loop
(Fig. 3) is determined by the relative sizes of the energy barri-
ers separating the polar stackings, and the AFM/FM interlayer
spin orders, which may be material dependent. Additionally,
this balance may be sensitive to the switching mechanisms, as
discussed below.

The coercive fields required to achieve this switching are
predicted to be unrealistically large by our calculations, with
electric fields of order 1 V/A and magnetic fields of order
10-100 T (similar values were predicted in Ref. [57]). We
note that the large coercive fields obtained in DFT/MC cal-
culations correspond to the physical mechanism of polariza-
tion/magnetization reversal. Experimentally however, switch-
ing occurs due to nano-domain nucleation and subsequent
growth due to domain wall propagation. This switching mech-



anism needs to overcome much lower energy barriers and
therefore requires much smaller coercive fields, typically be-
low £ = 0.2 V/nm for vdW ferroelectrics [11, 16, 18] and
B =1T for vdW magnets [7, 59, 60].

We expect that our predictions of coupled multiferroic or-
der (Fig. 3) may be validated using similar experimental tech-
niques used to characterize vdW ferroelectrics and magnets.
Techniques to measure ferroelectric hysteresis in thombohe-
dral hBN [11, 21] and TMDs [22] may be used to detect
additional jumps in polarization induced by spin flips. The
polarization in Nil, can be probed through bulk photovoltaic
effect (BPVE) measurements, which can also provide infor-
mation on the role of domain walls in switching [45]. Ad-
ditionally, polar domains can be imaged using piezoresponse
force microscopy (PFM) measurements [10], which can be
done under a magnetic field [61], or transmission electron mi-
croscopy (TEM) measurements [18]. For ultrathin multifer-
roics, magneto-optical measurements such as circular dichro-
ism (CD) and magneto-optical Kerr effect (MOKE) can be
used to determine the magnetization as well as probe mag-
netic textures [45].

In the present work we considered the interplay between
electronic polarization and interlayer spin order assuming ho-
mogeneous spin textures within each layer. The coupling
between polarization and complex spin textures may lead to
more interesting and exotic multiferroic coupling. For exam-
ple, suppose the spin spirals in both layers are offset from one
another, which can be described by a relative phase shift. If
the relative phase shift is the O (7), the interlayer spin order is
FM (AFM). By using an electric field to switch the polariza-
tion through interlayer sliding, the relative phase between the
two spin spirals and hence the interlayer spin order may also
change.

Finally, we propose that stacking vdW magnets to form
moiré superlattices may be a route to engineering multifer-
roic topological structures, in which polar and spin topologies
are coupled and may both be controlled with magnetic and
electric fields. Considering the out-of-plane and in-plane po-
larization in anti-aligned bilayer Nil,, a twist by a small an-
gle about the 180° orientation will result in a regular network
of polar merons and antimerons (winding numbers Q + % in
each domain) [29, 53]. Additionally, it is known that mag-
netic skyrmions can spontaneously form in Nil, in the few-
layer limit [57]. By precisely engineering a moiré superlattice
of period commensurate with the magnetic skyrmion wave-
length, one may achieve the coexistence and coupling of polar
and magnetic topological structures in a single device.
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FIRST-PRINCIPLES CALCULATIONS

First-principles density functional theory (DFT) calculations were performed using the SIESTA [1] code, version 5.0, with
norm-conserving [2] PSML pseudopotentials [3], obtained from Pseudo-Dojo [4]. A basis of triple-{ double polarized (TZDP)
orbitals were used for all calculations, the cutoff radii of which were determined with an energy shift of 20 meV. Diffuse
orbitals [5] were added (5s and 5p for Ni, 65 and 6p for I) in order to better treat the interlayer interactions and the decay of
the charge density into the vacuum region. We employed cutoff radii of 15 bohr for all diffuse orbitals, which were found to
yield electronic band structures in good agreement with results obtained from the ABINIT plane-wave code [6] using the same
PSML pseudopotentials. A Monkhorst-Pack k-point grid [7] of 18 x 18 was used in all calculations and, the real space grid was
determined with an energy cutoff of 1000 Ry. We use the PBE exchange-correlation functional [8] in all calculations. A DFT-D3
dispersion correction [9] was included in order to treat the long range interactions between the layers, with a dipole correction
in the vacuum region to prevent dipole-dipole interactions between periodic images [10].

A Hubbard-U correction was included on the Ni 3d orbitals with a value of U = 1.8 eV, following Ref. [11], where the value
of U and its effect on the magnetic ordering in nickel halide layers was carefully tested: it was found that the magnetic exchange
parameters are qualitatively unaffected by the value of U in the range 1-3 eV. SOC was included in all calculations except for
geometry relaxation of the interlayer separation in the bilayers. The initial spin configuration was taken to be +2up in the
out-of-plane direction on the Ni atoms of each layer, the opposite (same) sign for AFM (FM) interlayer spin configurations. The
spins did not deviate much from the initial configuration after convergence of the calculations, except for a small transfer of
some spin to the I atoms.

A lattice constant of 4.00 A was obtained for monolayer Nil,, in good agreement with the experimentally reported value
of 3.98 A, which was used in the bilayer calculations. Geometry relaxations were then performed (without SOC) in order to
determine the interlayer separation, using a force tolerance of 0.1 meV/A. The top layer was translated above the bottom layer
along the unit cell diagonal, for both aligned and anti-aligned stacking configurations, and for both AFM and FM interlayer spin
configurations. After relaxation, calculations were then repeated including SOC. The polarization was calculated from Berry
phases.

Because the volume, and hence the polarization, is ill-defined in 2D materials, we plot the dipole moment in the main text.
In order to better compare with conventional ferroelectrics, we plot the stacking-dependent polarization in Fig. S1. Here, the
volume of the bilayer is defined to be the in-plane area of the unit cell times the interlayer separation, which is taken to be the
vertical separation between the Ni atoms in each layer.

* dbennett@seas.harvard.edu
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FIG. S1. Plot of the out-of-plane (top) and in-plane (bottom) polarization as a function of stacking in anti-aligned bilayer Nil,, for AFM (red)
and FM (blue) interlayer spin configurations.



DIFFERENTIAL CHARGE DENSITY

Fig. S2 shows the differential electronic charge density of anti-aligned Nil, for the AB and BA stackings, obtained using the
C2x utility [12]. We can see that the direction of the transferred charge switches upon changing the stacking configurations.
Upon changing the interlayer spin order, a small difference in the differential charge density is observed.

W W
iEE BRI

FIG. S2. Differential charge densities for the AB/BA stackings and AFM/FM interlayer spin configurations, obtained by subtracting the
total real-space charge densities of the individual monolayers from the total density of the bilayer in each case. The blue and red isosurfaces
correspond to negative and positive charge, respectively.




ORBITAL-PROJECTED BAND STRUCTURES

Fig. S3 shows the orbital-projected electronic band structures of AB stacked anti-aligned Nil, for the AFM and FM interlayer
spin configurations. The valence bands and top two conduction bands mainly consist of strong hybridization between the Ni 3d
states and the I 5p states, and the higher conduction bands are mainly described by the Ni 4s states. Changing from the AFM to
the FM spin order results in small splittings in the bands due to the breaking of time reversal symmetry. Although the general
orbital character of the bands remains the same upon changing the spin order, these small changes in the electronic structure
result in a change in electronic polarization. While the changes are small, the electronic charge transfer is weak, and small
changes in the electronic structure are sufficient to cause a large relative change in polarization, by a factor of ~ 2.

Ni (AB, AFM) Ni (AB, FM)
4 —— ‘ P VAN / _~§\ 1 / \ 3, w—
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FIG. S3. Orbital-projected band structures for anti-aligned bilayer Nil2 for the AB stacking, and for AFM (left) and FM (right) interlayer spin
configurations. Projections onto Ni (top) and I (bottom) orbitals are shown separately.



TOPOLOGICAL POLARIZATION

The total polarization, including both in-plane and out-of-plane components and the winding of the polarization are shown as
a function of stacking in Fig. S4 for AFM and FM anti-aligned bilayer Nil,.

The winding of the polarization field (topological charge) was calculated following the methodology in Ref. [13]. The total
winding number is given by

Qz%/P(&xPx&yP)dx, (S1)

where P is normalized and x = (x,y). The polarization in the unit cell is discretized on a fine grid with spacing A, and a plaquette
is constructed around each grid point. The plaquettes form a grid which is offset from the original by half a grid spacing, which
avoids the nonpolar AA stacking. The local winding or topological charge can then be defined as

1
q(x) = ype (A(P1, P, P3) +A(P1, P3, By)) (82

where A is the signed area spanned by three points on a sphere:

A(P,Py,Ps) =2arg(1+P -Py+P,- Py + P3Py

S3
+iP - (P2 X P3)) (53)

q(x) is shown in Figs. S4 (c) and (f) for AFM and FM anti-aligned bilayer Nil,, respectively. The total charge is then given by
0=Y q(x). (S4)
X

The winding numbers of AB and BA domains converge to Qag = —0Opa = % with grid spacing A.
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FIG. S4. (a)—(c) Polarization in the (a) out-of-plane and (b) in-plane directions, and (c¢) winding of the total polarization, as a function of
relative stacking in AFM anti-aligned bilayer Nil,. (d)—(f) Polarization in the (d) out-of-plane and (e) in-plane directions, and (f) winding of
the total polarization, as a function of relative stacking in FM anti-aligned bilayer Nil,.



MAGNETIC EXCHANGE PARAMETERS

The GROGU code [14] was used to calculate the intralayer magnetic exchange parameters of the Heisenberg Hamiltonian in
Eq. 3 in the main text. As the dominant DM interaction is given by first nearest neighbors and the radial component is negligible,
it is convenient to express DM vectors in cylindrical coordinates D'/ = (D", D? | D?) where the radial component points along the
bond.

GROGU calculations were performed using a dense Monkhorst-Pack grid of 100 x 100 which take a self-consistent Hamilto-
nian obtained from SIESTA calculations (including SOC). The localized magnetic entities were projected onto 3d-orbitals of the
Ni atoms.

Fig. S5 shows the exchange parameters between the Ni atoms in bilayer Nil, as a function of stacking. The intralayer param-
eters J) were calculated using the LKAG method [15], which are slightly modulated as a function of stacking. The interlayer
exchange parameters J; are governed by long-range electrostatic interactions, meaning that they are very sensitive to many
computational parameters. We therefore estimate them from the total energy differences between the AFM and FM interlayer
spin configurations at each stacking. A more detailed treatment of the interlayer exchange interactions in vdW magnets using the
LKAG method is left for a subject of future research. The nearest neighbor (NN) intralayer interactions are underestimated when
compared to the value obtained in Ref. [11], which uses the supercell method. This is due to the strong hybridization between the
Ni and I atoms in each layer, which carry much of the exchange. However, the LKAG method allows us to calculate exchanges
between an arbitrary number of NNs using a single unit cell, and study the stacking dependence of the magnetic properties. The
interlayer exchange changes by as much as a factor of 2 as a function of stacking. The interlayer spin order however, does not
change upon changing the stacking, in contrast to e.g. Crl3 [16], and the AFM spin order is always energetically preferable at
zero electric field. Because inversion symmetry is broken, the DM vectors are non-zero in the bilayer.
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FIG. S5. Intralayer Jj and interlayer J, exchange as a function of stacking for (a),(b) aligned and (c),(d) anti-aligned bilayer Nil,. In (a) and
(c), mean averages over the first (Jﬁ) and third nearest neighbors (Jﬁ) are shown, where the error bars indicate the corresponding mean square

deviation. The points in (b) and (d) show the total energy differences from DFT calculations, the solid line was obtained using the fits to the
stacking energy in Fig. 1 in the main text.



Fig. S6 shows the mean values of 6 and z DM components in cylindrical coordinates for the first shell of NN atoms. These
mean magnitudes reach values as large as 0.1 meV, corresponding to about ~ 10% of JHl, which may alter the behavior of the

different spin textures in the bilayer. We note that the angular component D® changes sign in the FM configurations as a function
of stacking as shown in Figs. S6 (b) and (d). This conveys a change in the in-plane chirality of the DM vector, where D? > 0

and DY < 0 imply right- and left-handed chirality, respectively.
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FIG. S6. Angular (8) and z components of the first-neighbor DM vectors, averaged over the six neighbors for (a),(b) aligned and (c),(d)
anti-aligned bilayer Nil,. Choosing a cylindrical coordinate system where the radial component is oriented along each respective bond is more
convenient because the radial components are all negligible, meaning that only the angular D® components need to be considered. The error
bars show the mean square deviations. Note that D? and D? respond differently to the change in relative stacking.



The intralayer magnetic exchange parameters for individual NNs are shown in Fig. S7, for aligned and anti-aligned stackings,
as well as AFM and FM interlayer spin configurations. The exchange is shown for the six 15 NNs, which are linear combinations

of the lattice vectors: v} = ia| + jay such that |v}| = 1. The indices (i, j) for v} are, in order:

vi =(0,1), vi=(1,0), vi=(-1,0), vi=(0,—1), vi=(1,-1), vi=(-1,1). (S5)

The exchange is also shown for the six 3" NNs, where v; = 2v.. There is a splitting between neighbors 1—4 and 5-6 as a
function of relative stacking.

Fig. S8 shows the D® and |D?| components of the DM vector as a function of relative stacking, which also has a splitting
between neighbors 1-4 and 5-6.
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FIG. S7. 15! NN (top) and 3" NN (bottom) intralayer exchange parameters as a function of relative stacking in aligned (left) and anti-aligned
(right) bilayer Nil,. The solid and dashed lines represent the AFM and FM interlayer spin order, respectively. Neighbors 1-4 are represented
by the red lines, and neighbors 5-6 are represented by the black lines.
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FIG. S8. D? (top) and |D?| (bottom) components of the DM vector as a function of relative stacking in aligned (left) and anti-aligned (right)
bilayer Nil,. The solid and dashed lines represent the AFM and FM interlayer spin order, respectively. Neighbors 1-4 are represented by the
red lines, and neighbors 5-6 are represented by the black lines.
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MONTE CARLO SPIN SIMULATIONS

MC simulations were performed using the Heisenberg model:

H = Hintra + Hinter — ZB : Si ) (Sé)
i

where Hipy, and Hiper are given by Eqs. 3 and 4 in the main text, and the last term is the Zeeman interaction. The intralayer
exchange parameters for monolayer Nil, from Ref. [11] were used, which were calculated using the supercell method, because
the exchange parameters calculated using the LKAG method underestimate the intralayer exchanges (1% NN in particular) due
to the strong hybridization between the Ni and I atoms in each layer. The 1%, 2" and 3" NN exchange parameters are Jli =-70

meV, Jﬁ = —0.3 meV and Jﬁ = +5.8 meV, respectively. In addition, the anisotropic exchange parameters for the 15 NNs
between Ni atoms are taken into account. For the interlayer interaction, we take only the NN exchange parameter, and estimate
that with the energy difference between the ferromagnetic and antiferromagnetic interlayer alignments, which gives a J; =7
meV. Calculations were repeated using the exchange parameters obtained in this work. The results using both sets of exchange
parameters are compared in SM.

We then perform Metropolis MC simulations to estimate the magnetic field required to align the interlayer magnetic moments.
The calculations are performed using a 64 x 64 supercell, with periodic boundary conditions in the in-plane directions. Calcula-
tions were repeated using a 128 x 128 supercell to check the convergence with respect to system size, see Fig. S9. The results
are virtually identical, suggesting that results are sufficiently converged for a 64 x 64. An additional calculation using a 1 x 1
cell was performed so that intralayer interaction is constrained to be FM. We note that if the intralayer spin is constrained to be
FM, the coercive magnetic field is much smaller, approximately 25 T with an in-plane magnetic field, which is consistent with
the estimation from firs-principles calculations, or approximately 120 T with an out-of-plane magnetic field.

Monte Carlo spin simulations were performed using both the exchange values obtained in Ref. [11], and this work, see
Fig. S10. The 1%, 2" and 3'¢ NN exchange parameters from this work are —1.7 meV, 0 meV and +4.0 meV, respectively. The
interlayer exchange value used in both sets of calculations is 7.0 meV. Both sets of calculations yield qualitatively similar
results, with small differences in the Néel temperature and coercive magnetic fields.
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FIG. S9. (a)-(b) Specific heat Cy of the system as a function of temperature 7 from MC simulations for (a) a 64 x 64 supercell and (b) a
128 x 128 supercell. Cy is normalized such that Cy (T — 0) = 1. (¢)-(d) Magnetic moment as a function of perpendicular magnetic field B
and temperature, for (c) a 64 x 64 supercell and and (d) a 128 x 128 supercell. (e)—(f) Relative alignment between the spins in each layer,
e - ey as a function of perpendicular magnetic field B and temperature, for (e) a 64 x 64 supercell and (f) a 128 x 128 supercell.
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FIG. S10. (a)-(b) Specific heat Cy of the system as a function of temperature 7' from MC simulations for (a) Ref. [11] and (b) this work. Cy
is normalized such that Cy (T — 0) = 1. (¢)-(d) Magnetic moment as a function of perpendicular magnetic field B, and temperature, for (c)
Ref. [11] and (d) this work. (e)—(f) Relative alignment between the spins in each layer, e; - e; as a function of perpendicular magnetic field B |
and temperature, for (e) Ref. [11] and (f) this work.
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COMPARISON WITH OTHER VAN DER WAALS FERROELECTRICS

The stacking-dependent out-of-plane dipole moment of anti-aligned bilayer Nil, is compared with other vdW ferroelectrics in
Fig. S11, namely rhombohedral bilayer hBN and WSe,. The dipole moment in Nil, is comparable or larger than those of hBN
and WSe,, depending on the interlayer spin configuration.

AA AB DW BA AA

20 | | | hBN -
15 WSe; —
10 L Nil, (AFM) — _
Nil, (FM) - - -

6'1&)

(x) (1073

W =
D —
W

[

X

FIG. S11. Plot of the out-of-plane dipole moment as a function of stacking in bilayer hBN (black), WSe; (blue) and Nil, (red), for AFM
(solid) and FM (dashed) interlayer spin configurations.
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