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We show that anisotropic energy of a 2D antiferromagnet is greatly enhanced via stacking on
a magnetic substrate layer, arising from the sublattice-dependent interlayer magnetic interaction
that defines an effective anisotropic energy. Interestingly, this effective energy couples strongly
with the interlayer stacking order and the magnetic order of the substrate layer, providing unique
mechanical and magnetic means to control the antiferromagnetic order. These two types of control
methods affect distinctly the sublattice magnetization dynamics, with a change of the ratio of
sublattice precession amplitudes in the former and its chirality in the later. In moiré superlattices
formed by a relative twist or strain between the layers, the coupling with stacking order introduces a
landscape of effective anisotropic energy across the moiré, which can be utilized to create nonuniform
antiferromagnetic textures featuring periodically localized low-energy magnons.
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Introduction.— The demand of down scale of infor-
mation carriers has spurred tremendous interest in two-
dimensional (2D) layered magnets, because of their po-
tential applications in constructing atomically thin spin-
tronic devices [1–5]. Compared with 2D ferromagnets
[6–15], antiferromagnetic (AFM) materials are more ro-
bust for information storage, owing to their immunity
against external magnetic disturbance [16–23]. In addi-
tion, AFM magnets possess two degenerate elementary
chargeless bosonic modes (magnons), operating at tera-
hertz regime and allowing for ultrafast transfer of spin
information [24–28]. A prerequisite for 2D AFM appli-
cation is the existence of a strong and tunable magnetic
anisotropy [29, 30]. First, a strong magnetic anisotropy
is needed to stabilize 2D magnetism against thermal fluc-
tuations [31], and achieve terahertz AFM resonance fre-
quency [32]. Second, a tunable magnetic anisotropy can
be utilized to manipulate AFM order, whose control is
usually quite difficult due to the absence of net magne-
tization. This motivates the ongoing searching for 2D
AFM magnets with tunable strong magnetic anisotropy.

Besides the material-determined intrinsic anisotropy,
magnetic order in a ferromagnet can also be stabilized
and oriented by an external magnetic field, achieving the
spin polarized state (c.f. Figure 1a). In contrast, be-
cause of its staggered nature, the AFM magnetic order
can only be controlled by a staggered sublattice mag-
netic field that points along opposite direction (c.f. Fig-
ure 1b). This requires atomic-scale magnetic control,
which, however, is impracticable for conventional mag-
netic techniques. The recent advent of 2D van der Waals
layered magnets sheds new light on this intractable prob-
lem [3, 4]. A unique advantage of van der Waals mate-
rials is the appearance of an additional degree of free-
dom regarding interlayer atomic registry, i.e. the vertical
arrangement of atomic sites of adjacent layers [33–48].
When the AFM sublattice sits differently on a magnetic
substrate layer, they would experience a distinct inter-

FIG. 1. Schematics of the response of magnetic orders with
weak uniaxial anisotropy to different sublattice magnetic field.
(a) A uniform sublattice magnetic field stabilizes the FM or-
der, while destabilizes the AFM order into spin flop phase.
(b) A staggered sublattice magnetic field pointing in opposite
direction stabilizes the AFM order with two degenerate AFM
resonance modes. (c) A general staggered sublattice magnetic
field stabilizes the AFM order with two nondegenerate AFM
resonance modes.

layer magnetic interaction. In the Landau-Lifshitz theory
[49], this sublattice dependent magnetic interaction de-
fines an effective staggered sublattice magnetic field that
operating at atomic scale (c.f. Figure 1c). This staggered
effective field arising from the unique stacking degree of
freedom in van der Waals materials has not been con-
sidered in conventional magnetic control schemes, such
as exchange bias where AFM materials are mainly used
as passive pinning substrates [50]. This motivates us to
explore the possibility to control AFM order in van der
Waals layered 2D magnets in pursuit of tunable strong
magnetic anisotropy.

Here, via stacking an AFM monolayer on a ferro-
magnetic (FM) substrate, we show that the interlayer
magnetic interaction introduces a staggered sublattice
magnetic field, which can be divided into an effective
anisotropic field that stabilizes the AFM order and an
effective Zeeman field that breaks the degeneracy of
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magnon modes. Interestingly, the effective anisotropic
field couples strongly with interlayer stacking order and
magnetic order of the substrate layer, and even can
change sign that flips the AFM order. These two types of
couplings affect distinctly AFM magnetization dynamics,
where an interlayer shift changes the ratio of sublattice
precession amplitudes while a magnetic field changes its
chirality. In the moiré superlattice formed by a relative
twist or strain between the magnetic layers, the stack-
ing dependent effective anisotropic field creates nonuni-
form magnetic textures, including AFM skyrmions. The
low-energy magnons feel a trapping potential contributed
from both the AFM texture and the landscape of the ef-
fective field, and are periodically trapped in the moiré.
Our findings, supported by first-principles calculations
on MnPS3/CrCl3 heterobilayer, are general in layered
2D magnets (AFM MnPS3 homobilayer is studied in the
discussion section).

Effective magnetic anisotropy and its tunability.— We
first give a general analysis on how to create a tunable
magnetic anisotropy from the sublattice dependent inter-
layer magnetic interaction. The model Hamiltonian for
a commensurate bilayer consisting of an AFM top layer
and an FM bottom layer is

Hbi =
∑
〈i,j〉,l

(J lml
im

l
j −Kl

0m
2
z,i)−

∑
i,j

J⊥i,j(r)mt
im

b
j(1)

where ml
i = M l

i/M
l
0 is the normalized magnetic mo-

ment at i-site of the l-th layer with M l
0 being its magni-

tude and J l (J⊥i,j) is the intralayer (interlayer) exchange
coupling. The interlayer part depends on the interlayer
distance and inplane shift r between the magnetic atoms
of the two layers [34]. The summation of lattice sites
includes the sublattice degree of freedom and runs over
nearest neighbor sites 〈i, j〉 in the intralayer part. Kl

0 is
anisotropy energy, which is assumed to be small for the
AFM top layer so that its magnetic order can be tuned.

In the Landau-Lifshitz theory, the magnetic moments
of the top AFM layer at A and B sublattice feel a lo-
cal effective field Heff

A/B(r) = −∂Hbi/∂mi,A/B . Neglect-

ing the exchange field that does not affect the magnetic
anisotropy and assuming the FM order in the bottom
layer is uniform, i.e. mb

j = n, this field reads

Heff
A/B(r) = ±τ0Kt

0z + [±τKeff (r) + Zeff (r)]n, (2)

where τ0 = sgn[l · z] and τ = sgn[l · n] with the
AFM Néel vector l = (mA −mB)/2, and we have de-
fined Keff (r) =

∑
j [J
⊥
j (rA)−J⊥j (rB)]/2 and Zeff (r) =∑

j [J
⊥
j (rA) + J⊥j (rB)]/2. From Eq. (2), one immedi-

ately recognizes that the discrepancy of the two sublat-
tice effective field Keff (r) acts as an effective anisotropic
energy that can stabilize the AFM order. While their
average Zeff (r) acts as a uniform effective Zeeman en-
ergy that can break the degeneracy of the AFM res-
onance modes and even lead to spin flop phase when

FIG. 2. (a) Four magnetic configurations used to calculate
the interlayer interaction induced effective fields. (b) A shift-
ing vector r that characterizes interlayer atomic registry of
a commensurate MnPS3/CrCl3 bilayer, which is defined in a
unit cell with unit vectors a1/2. (c) First-principles calculated
effective anisotropic field Keff (blue dots) and Zeeman field
Zeff (red squares) in an AFM monolayer MnPS3 induced by
interlayer interaction from an FM monolayer CrCl3 for vari-
ous stacking registries along the long-diagonal in (b). Three
high-symmetry configurations are shown atop. The curves are
plotted using Eqs. (S1) and (S2) in Supporting Information
1, whose stacking dependence in a full unit cell are shown in
(d) and (e). n = z is used in the CrCl3 layer.

sufficiently large. Importantly, contrary to the original
anisotropic term Kt

0 that is fixed by the material, this
effective anisotropic energy Keff (r), depending on not
only the orientation of the FM order n but also on the
relative distance r between the magnetic moments of the
top and bottom layers, is highly tunable. With the for-
mer being controlled by an applied magnetic field and the
latter by an interlayer relative shift [51], these couplings
provide unique possibilities to manipulate AFM order.

The underlying physics of the interlayer interaction in-
duced effective anisotropy becomes more evident when
one considers the AFM sublattice precession dynamics,
via generalizing directly Kittel’s original derivation in the
case of a uniform magnetic field to a staggered sublattice
magnetic field [32]. For an FM substrate with n = z, the
AFM resonance frequency and the ratio of the precession
amplitudes between two sublattice are (c.f. Supporting
Information 2)

ω±(r) = γZeff (r)± γ{[K0 + τKeff (r)]

[2J +K0 + τKeff (r)]}1/2,
χ±(r) = −1− [K0 + τKeff (r)]/J ∓ {[K0 + τKeff (r)]

[2J +K0 + τKeff (r)]}1/2/J, (3)

where γ is the gyromagnetic ratio and the superscript t is
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omitted. These two (±) modes have opposite chiralities
that the magnetization precesses circularly in opposite
manners. It is evident that the effective anisotropic en-
ergy Keff (r) plays the same role as K0 and can enhance
the resonance frequency. Interestingly, with a typical
small K0, a stable AFM order requires τKeff (r) > 0,
i.e. Keff (r) > 0 stables Néel order with τ = 1 and
vice versa. The effective Zeeman field Zeff (r) lifts the
degeneracy of the two modes, and the low-energy mode
vanishes at a critical field value, beyond which spin flop
phase develops.

The effective fields arising from the interlayer magnetic
interaction can be quantitatively estimated from the en-
ergy discrepancy of certain magnetic configurations (c.f.
Figure 2a). In particular, the effective anisotropic energy
related to the discrepancy of the sublattice field can be
calculated from the energy difference of configurations
with top AFM layers that have opposite magnetic or-
ders (I and II configurations in Figure 2a), which gives
EII −EI = 4Keff . On the other hand, the effective Zee-
man energy related to the average of the sublattice field
can be measured by the one with top FM layers (III and
IV configurations), which gives EIV − EIII = 4Zeff .

In the following, we illustrate our results with a con-
crete example of a magnetic heterobilayer composed of an
AFM MnPS3 and an FM CrCl3, both of which have been
experimentally reported in its monolayer form and have
almost identical honeycomb lattice constants. MnPS3

has a very weak anisotropic energy K0 ∼ 0.002J [52]
and has been verified to be lack of long-range AFM or-
der in its monolayer form [53]. CrCl3 crystal has weak
in-plane anisotropy and its magnetic order can be tuned
to out-of-plane by a small applied magnetic field, which
is much weaker than the effective Zeeman field at the
high-symmetry stackings [54]. For a commensurate hon-
eycomb bilayer, the interlayer stacking order is charac-
terized by a vector r, which measures the inplane shift
of a top Mn atom to a bottom Cr atom defined in a
monolayer unit cell (c.f. Figure 2b).

Figure 2c shows the first-principles calculated effec-
tive anisotropic field (blue dots) and Zeeman field (red
squares) along the long-diagonal of the unit cell, where
there exist three high-symmetry configurations shown
atop. At AB and BA stackings, where one of the AFM
sublattice sits on top of the FM magnetic atom while
the other is on top of the hollow center, the discrepancy
of the interlayer magnetic interaction at the two sub-
lattices is largest. Indeed, a strongest anisotropic field
Keff is found, reaching as high as 40K0. Meanwhile,
their opposite signs reflect a strong coupling between the
anisotropic field and stacking order. At AA stacking,
where the A and B sublattices of the top and bottom
layer align, the effective field from the two sublattice
matches, resulting in a zero effective anisotropic energy.
Different from the anisotropic field, the effective Zeeman
field is always positive that aligns with the substrate FM

FIG. 3. (a) Stacking dependence of z-component of the Néel
order lz = (mz

A−mz
B)/2 (top) and AFM resonance frequency

ω (bottom). The Néel order is flipped around the AB and
BA regions, and vanishes around the AA region that enters
into spin flop phase. The effective fields are adopted from
Figure 2 with n = z. (b) Schematics of the precession of the
AFM sublattice magnetization and its magnetic orientation
for three high-symmetry configurations, which are related to
each other via an interlayer shift between the layers exerted
by a mechanical force (labeled by “F”). (c) A magnetic field
(labeled by “B”) tuning the substrate FM order changes the
AFM order in the top layer and its dynamics.

order, and approaches its maximum at AA stacking. Be-
cause the interlayer distance is much larger than the in-
plane atomic variation in a unit cell, one can well fit the
datas using analytic expressions with low harmonic func-
tions (c.f. curves in Figure 2c and see also Eqs. S(1) and
S(2) in Supporting Information 1), whose variation in the
whole unit cell are shown in Figures 2d and e [34, 55].

The coupling between the effective anisotropy field and
interlayer stacking order suggests a mechanical way to
control the AFM order and its dynamics by shifting rel-
atively the two layers. The top panel of Figure 3a shows
the z-component of Néel order as a function of interlayer
translation, when the effective fields lie out of plane. Near
the AB and BA stackings, a uniform AFM magnetization
with |lz| = 1 is developed but with an opposite sign, i.e.
the Néel order flips, as schematically shown in Figure 3b.
Near AA stacking, the strong Zeeman field together with
weak anisotropy field destabilizes the AFM phase and
favors a spin flop one with lz = 0. The lower panel of
Figure 3a shows the stacking dependence of AFM reso-
nance frequency, which is largest at AB and BA stack-
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FIG. 4. (a) Schematics of a moiré superlattice with unit vec-
tors b1,2 formed by twisting a commensurate magnetic bilayer.
(b) Energy per moiré cell as a function of moiré periodicity for
AFM MB and SK textures, which are schematically shown in
(c) and (d). The dashed line is the energy for uniform AFM
state. The effective fields are adopted from Figure 2 with
n = z. (e) Magnon miniband of an MB texture with b = 42a.
(f) Wavefunction distribution of the lowest-energy magnon
(black dot in (e)), which is localized around the AA region of
a moiré.

ings, indicating their best magnetic stability. Because
the effective Zeeman field is always positive, the lower-
energy mode is always ω− with a fixed chirality. At AB
and BA stackings, although degenerate in energy, these
two modes have opposite sublattice precession ratio be-
cause of the flipped Néel order (see Eq. (3)).

The coupling to the FM order of the substrate layer
provides another magnetic way to control the AFM order
and its dynamics (c.f. Figure 3c). Different from the me-
chanical control, which only flips the sign of the effective
anisotropic field, reversing the FM order would flip the
sign of the effective Zeeman field as well. In this case, the
lower-energy mode changes from ω− to ω+, which have
opposite chiralities.

AFM textures in magnetic moiré superlattices.— The
stacking dependent effective anisotropic field provides a
unique possibility to engineer AFM textures [56] in moiré
superlattice formed by a relative twist or strain between
the commensurate heterobilayer (c.f. Figure 4a). The
periodicity b of a moiré is inversely proportional to the
misaligned angle and lattice mismatch, which can be fur-
ther controlled by a twist or strain [57, 58]. Compared
with nonmagnetic one [33–38, 42–45], a magnetic moiré,
composed of lattices assigned with magnetic atoms, can
be regarded as a superlattice of magnetic moments [59–
65]. The smoothly changing atomic registry in a moiré
then introduces a landscape of effective anisotropic and
Zeeman fields for the top AFM layer. We assume that

the superlattice is formed by two rigid lattices so that
there exists a linear mapping between local region in the
moiré and registry-dependent commensurate stacking de-
fined in a monolayer unit cell. We notice that when the
substrate FM layer has a nonuniform magnetic texture,
the effective field would also show a spatial dependence
even for a commensurate atomic bilayer. This FM tex-
ture is possible when a weak out-of-plane magnetic field
is applied to tune the initially in-plane magnetic order in
the CrCl3 layer.

In terms of a spatially varying field, the AFM mono-
layer in the magnetic moiré can be modeled by an AFM
monolayer imposed with laterally modulated anisotropic
and Zeeman fields,

H =
∑
〈i,j〉

Jmimj − [K0 +Keff (Ri)]m
2
z,i − Zeff (Ri)mz,i,

where Ri is the atomic position in a moiré and we have
assumed that the magnetization in the substrate layer
is along z-direction. The stable magnetic textures in a
moiré can be obtained by relaxing from different initial
magnetic configurations using Landau-Lifshitz-Gilbert
equation [49, 66]. For a long-wavelength moiré, we find
that the uniform AFM magnetization becomes unstable.
Instead, magnetic textures, like AFM magnetic bubble
(MB) and skyrmion (SK), become stable low-energy con-
figurations (schematically shown in Figures 4c and d).
With the increase of moiré periodicity, these AFM tex-
tures become more stable, as evidenced by the decrease in
their energy (c.f. Figure 4b). Because SK has an inplane
vortex structure, it costs more intralayer exchange energy
and thus is energetically higher than MB. Interestingly,
because these AFM textures are generated and stabilized
by a landscape of the effective field, they can be driven
by a slight interlayer shift and regulated by an external
magnetic field, which provides new means to tune AFM
textures (c.f. Supporting Information 3). These moiré
generated AFM textures avoid the stringent requirement
of Dzyaloshinskii-Moriya interaction [67], which can be
utilized to engineer topological phases of various quasi-
particles [68–70].

Usually the spatial modulation of the magnetic order
in magnetic textures leads to low-energy magnons local-
ized at domain walls [71]. Instead, in moiré magnetic
textures, there exists an additional spatially modulated
effective field (c.f. Supporting Information 4). This field
landscape tends to localize low-energy magnons around
the AA region, where the magnetization is most unsta-
ble. Figure 4e shows the calculated magnon miniband,
where a low-energy band is separated from others. Its
wavefunction is localized around AA region of a moiré
(c.f. Figure 4f). When thermal fluctuation is considered,
magnetic orders in these regions are more fragile than the
ones in other regions.

Discussion and conclusions.—The effective anisotropic
field that stabilizes AFM order arising from the interlayer
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magnetic interaction is a general result in van der Waals
magnets. A recent experimental study on van der Waals
AFM MnPS3 has shown that long-range magnetic order
persists from bulk to bilayer, while absent in monolayer
[53]. This is consistent with our result that interlayer
magnetic interaction creates an effective anisotropy that
stabilizes long-range magnetic order, while which is ab-
sent in the monolayer case without an interlayer inter-
action. For bilayer MnPS3, our first-principles calcula-
tions show that the interlayer interaction induced effec-
tive anisotropic energy can reach as high as 12K0 (c.f.
Supporting Information 5).

In summary, we have revealed a tunable strong mag-
netic anisotropy in van der Waals magnets that can sta-
bilize and manipulate 2D AFM order. This magnetic
anisotropy arises from a sublattice dependent interlayer
magnetic interaction that strongly couples with the inter-
layer stacking order and magnetic order of the substrate
layer. These couplings provide unprecedented mechani-
cal and magnetic controls over AFM order as well as its
dynamics. In the moiré of a magnetic heterostructure,
the stacking dependent anisotropic field can be utilized
to engineer nonuniform AFM textures, in which low-
energy magnons are periodically trapped in the moiré.
Our results point to a new route to explore and manip-
ulate 2D AFM magnetism, with potential applications
in constructing atomic-scale AFM spintronic devices and
studying magnon condensation physics.

Supporting Information.—The Supporting Informa-
tion includes details of the first-principles calculations,
AFM magnetization dynamics, mechanical and magnetic
control over the moiré AFM textures, localized magnons
in moiré AFM textures, and effective anisotropic field in
bilayer MnPS3.
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Observation of moiré excitons in WSe2/WS2 heterostruc-
ture superlattices. Nature 2019, 567, 76-80.

[38] Alexeev, E. M.; Ruiz-Tijerina, D. A.; Danovich, M.;
Hamer, M. J.; Terry, D. J.; Nayak, P. K.; Ahn, S.; Pak,
S.; Lee, J.; Sohn, J. I.; Molas, M. R.; Koperski, M.;
Watanabe, K.; Taniguchi, T.; Novoselov, K. S.; Gor-
bachev, R. V.; Shin, H. S.; Fal’ko, V. I.; Tartakovskii,
A. I. Resonantly hybridized excitons in moiré superlat-
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O.; Botana, A. S. Moiré skyrmions and chiral magnetic
phases in twisted CrX3 (X=I, Br, and Cl) bilayers. Nano
Lett. 2021, 21, 6633-6639.

[63] Song, T.; Sun, Q.-C.; Anderson, E.; Wang, C.; Qian, J.;
Taniguchi, T.; Watanabe, K.; McGuire, M. A.; Stöhr,
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