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Manipulating interlayer magnetic coupling (IMC) of van der Waals (vdW) magnets is the key to tailoring
material properties for various electronic applications and fundamental studies. Using MnBi2Te4-family mate-
rials as examples, we systematically investigate the constituent-element dependence of IMC by first-principles
calculations and attribute the IMC to unusual long-range superexchange interactions mediated by the p orbitals
across the vdW gap. Remarkably, a simple, universal rule is proposed to determine the sign of IMC (ferromag-
netic or antiferromagnetic) by d-orbital occupation, and guidance is provided to achieve extraordinarily strong or
stacking-dependent IMC by element engineering. Furthermore, several magnetic topological states are designed
by heterostructuring, including ferromagnetic Weyl semimetals, high-order topological insulators, and unusual
kinds of quantum anomalous Hall insulators. The findings enable us to engineer the magnetic and topological
properties of MnBi2Te4-family materials as well as other vdW magnetic materials and heterostructures.
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Over the past few years, van der Waals (vdW) layered
magnets have attracted intensive attention [1–7]. Benefitting
from weak interlayer interactions, these materials can be
easily exfoliated into ultrathin flakes and flexibly recom-
bined into various heterostructures with novel material prop-
erties. Many layered magnetic materials have been found,
including Cr2Ge2Te6, CrI3, Fe3GeTe2, FePS3, VSe2, MnSe2

[3,4,8–14], and the MnBi2Te4-family compounds [15–26],
which provide new chances for developing electronics, spin-
tronics, optoelectronics, as well as topological physics and
applications [5–7,15–31]. A key ingredient to designing and
engineering vdW magnetic materials and heterostructures for
various purposes is to manipulate the interlayer magnetic
coupling (IMC), i.e., the magnetic coupling across the vdW
gap. The sign and magnitude of IMC have been found to vary
significantly in different vdW magnets. Despite some prelimi-
nary research [3,8–13], a comprehensive understanding of the
underlying mechanism is still lacking.

The MnBi2Te4-family compounds as vdW layered in-
trinsic magnetic topological materials are particularly in-
teresting due to the rich magnetic topological phases they
host, including an antiferromagnetic (AFM) topological in-
sulator (TI) [15–26,31] and a magnetic Weyl semimetal
(WSM) [15,17,18,26] in the three-dimensional (3D) bulk,
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as well as a quantum anomalous Hall (QAH) insula-
tor [15–21,25,26] and axion insulator [15–20] in their 2D
films. Quantized transport has been observed in MnBi2Te4

thin flakes at relatively high temperatures (>1 K) [20,21,25].
Crystallized in a rhombohedral layered structure, bulk
tetradymite-type MnBi2Te4 is composed of vdW-bonded sep-
tuple layers (SLs). Each SL consists of seven atomic layers,
of a triangular lattice with ABC stacking in a sequence of
Te/Bi/Te/Mn/Te/Bi/Te. The intralayer magnetic coupling is
ferromagnetic (FM) with an out-of-plane easy magnetic axis,
while the IMC is AFM. Thus, the MnBi2Te4 bulk has an
A-type AFM ground state.

MnBi2Te4-family materials provide an excellent platform
to explore the IMC mechanism of vdW magnets. First, the
ternary-compound family includes many candidate materials
constituted by different combinations of nonmagnetic and
magnetic elements [15], which enables a systematic study
on the element dependence of IMC. Second, the relatively
long distance between neighboring magnetic atomic layers
forbids many kinds of electron hopping channels, and only
medial p orbitals across the vdW gap are relevant to the IMC,
simplifying the discussion on the underlying mechanism.
In addition, since the topological properties of MnBi2Te4-
family materials depend critically on the interlayer mag-
netism [15–17,20,25,26], knowledge of the IMC mechanism
can be directly used to engineer magnetic topological quan-
tum states and effects [27–31].

In this Rapid Communication we systematically
study the constituent-element dependence of the IMC of
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FIG. 1. Superexchange coupling in XBi2Te4-Y Bi2Te4 bilayers.
(a) Crystal structures (side view) of a MnBi2Te4-EuBi2Te4 bilayer.
The red arrows indicate the spin orientations. (b) Schematic drawings
of three hopping channels related to the superexchange interlayer
magnetic coupling: eg-p-eg (left), eg-p-t2g (middle), and t2g-p-t2g

(right). X and Y denote magnetic atoms of XBi2Te4-Y Bi2Te4.
(c), (d) Schematic drawings of the energy levels of magnetic atoms
and the dominant hopping channels for (c) MnBi2Te4-MnBi2Te4 and
(d) MnBi2Te4-EuBi2Te4.

MnBi2Te4-family materials and heterostructures by
first-principles calculations (see Methods in the Supplemental
Material [32]). Our results reveal that the IMC is dominated
by unusual long-range superexchange interactions mediated
by the p orbitals of nonmagnetic atoms across the vdW gap.
The sign of IMC is dictated by the d-orbital occupation,
and the magnitude of IMC is significantly determined
by the delocalization degree of medial p orbitals and the
strength of p-d orbital hybridization. Furthermore, various
magnetic topological states can be realized by constructing
heterostructures of MnBi2Te4-family materials in the absence
of an external magnetic field, which is superior to previous
ones [15,17]. These findings provide us useful guidelines
to understand, design, and engineer the magnetic and
topological properties not only for this material family but
also for insulating vdW magnets in general.

According to the superexchange theory [39,40], the ex-
change coupling between two magnetic atoms emerges when
an indirect electron hopping between d orbitals of magnetic
elements is mediated by the connecting p orbitals. In the
MnBi2Te4-family compounds, each magnetic atom is bonded
with six chalcogen atoms in a slightly distorted octahedral
geometry, where the d orbitals are roughly split to the triply
degenerate t2g states and the doubly degenerate eg states.
The medial d orbitals across the vdW gap link the d or-
bitals of neighboring SLs, which are relevant to the IMC.
Generally, there exist three kinds of hopping channels in the
system, including eg-p-eg, eg-p-t2g, and t2g-p-t2g, as illustrated
in Fig. 1(b). Here, σ bonds are formed between eg and p
orbitals, whose strength is much stronger than that of π bonds
formed between t2g and p orbitals. Therefore, the eg-p-eg

hopping channels, if they exist, would play a dominant role
in determining the IMC.

We first analyze the IMC of MnBi2Te4. The five 3d
electrons of Mn2+ ions fully occupy the spin-up channels,
leaving the spin-down channels empty. Since each SL is
an FM insulator, as found previously [15,16,41], the key
issue is to compare the energies of two configurations with
magnetic moments of neighboring SLs aligned parallel and
antiparallel with each other (hereafter called FM and AFM

TABLE I. The magnetic ground states and the interlayer ex-
change energies (Eex) defined as the energy difference per for-
mula unit between the A-type AFM and FM configurations of
XBi2Te4-Y Bi2Te4 bilayers, where X (Y ) = Ni, Mn, V, Eu.

X

Eex/(meV) Ni(3d8) Mn(3d5) V(3d3) Eu(4 f 7 + 5d0)

Y Ni(3d8) AFM AFM FM FM
−16.5 −5.4 +2.5 +1.1

Mn(3d5) AFM AFM FM FM
−5.4 −1.3 +1.1 +0.5

V(3d3) FM FM AFM AFM
+2.5 +1.2 −0.5 −0.2

Eu(4 f 7 + 5d0) FM FM AFM AFM
+1.1 +0.5 −0.2 −0.1

configurations for simplicity). As illustrated in Fig. 1(c), the
virtual hopping between d orbitals of two neighboring SLs is
allowed in the AFM configuration, but prohibited by the Pauli
exclusion principle in the FM configuration. Therefore, the
AFM configuration is energetically more favorable, leading to
an AFM IMC and an A-type AFM ground state in MnBi2Te4,
consistent with previous theoretical and experimental re-
sults [15–20,22–24]. Similar analyses on other MnBi2Te4-
family compounds, including X (V)2(VI)4 [X = Mn, V, Ni, or
Eu; (V) = Bi or Sb; (VI) = Te, Se, or S], indicate that their
IMC is always AFM, independent of constituent elements,
as confirmed by our first-principles calculations. This seems
to be a disadvantage for research and applications, since
sometimes FM IMC is desired, for instance, for realizing
FM topological states (e.g., WSMs, high-Chern-number QAH
insulators) or effects (e.g., anomalous Hall effects, anoma-
lous transverse thermoelectric effects) without applying a
magnetic field.

In contrast to pure compounds, the IMC of vdW het-
erostructures of MnBi2Te4-family materials has been rarely
explored as far as we know, which could offer different
degrees of freedom to tuning magnetic and topological proper-
ties. Take the MnBi2Te4-EuBi2Te4 combination as an example
[Fig. 1(a)]. In EuBi2Te4, the 4 f orbitals of Eu are far away
from the Fermi level (EF), leaving the 5d orbitals close to
EF. These 5d orbitals are empty and polarized by magnetic
moments of the 4 f electrons, giving spin-up states lower than
spin-down states [42]. Although eg-p-eg hopping is allowed
in both FM and AFM configurations, the virtual hopping be-
tween spin-up eg orbitals of Mn and Eu atoms is energetically
more favorable in the FM configuration, benefitting from the
on-site Coulomb exchange of Eu [Fig. 1(d)]. Other hopping
channels are allowed as well, whose contributions to IMC
are relatively smaller and of the same sign (see details in the
Supplemental Material [32]). Therefore, the magnetic ground
state is FM, in agreement with our first-principles result with
the energy difference between the interlayer AFM and FM
configurations per formula unit (Eex) +0.5 meV.

We considered all the possible combinations of
XBi2Te4-Y Bi2Te4 bilayers (X,Y = Mn, V, Ni, Eu) and
summarized their calculated magnetic energies (Eex)
in Table I. Remarkably, the sign of IMC is closely
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related to the d-orbital occupations of magnetic elements
X and Y . The magnetic elements are classified into two
groups according to the d-orbital occupation: A (less
than half filled) and B (half filled or more). The IMC of
XBi2Te4-Y Bi2Te4 is AFM between A-A or B-B, whereas
it is FM between A-B, giving a simple rule to determine
the sign of IMC. The result is consistent with the analysis
based on the superexchange theory (see Supplemental
Tables S5 and S6 and Fig. S2). As the qualitative analysis
depends insensitively on material details, such as the type
of nonmagnetic elements or atomic structures, the above
rule is expected to be generally applicable to insulating
vdW magnets, as verified by our further test calculations
on XBi2Te4-CrI3 and XBi2Te4-Cr2Ge2Te6 heterostructures
(Table S7). Note that systems with weak IMC involve
competing hopping channels favoring opposite signs of IMC,
which are significantly stacking dependent (see details in the
Supplemental Material [32]).

Noticeably, the superexchange coupling in magnetic ox-
ides is supposed to be rather short ranged [39,40]. Typi-
cally, only the cation-anion-cation coupling is considered.
Distinctly, the calculated IMC strength between MnBi2Te4-
family materials is not negligible though the magnetic atoms
from neighboring SLs are spaced by six nonmagnetic atoms
together with a vdW gap. Unexpectedly, |Eex| between two
NiBi2Te4 SLs is as high as 16.5 meV. According to the
superexchange theory [39,40], the strength of IMC depends
critically on the orbital overlap and transfer integrals between
cations and anions. In general, the more covalent (ionic)
the bonds, the stronger (weaker) is the superexchange in-
teraction. The covalency of bonds is closely related to the
electronegativity difference �χ between anions and cations.
For magnetic oxides, the electronegativity χ (by the Pauling
scale) [43,44] of oxygen is 3.44 and that of a metal element
is usually below 2.00. �χ is so large that the medial p elec-
trons are rather localized around oxygen. Thus, the transfer
integrals would become negligibly small if a pair of cations
are separated by more than one anion. In contrast, �χ of
MnBi2Te4-family materials is much smaller, which leads to
much more delocalized p electrons, facilitating unusual long-
range superexchange interactions. As evidence, the relation-
ship between |Eex| and �χ of constituent elements (V) and
(VI) is plotted for Ni(V)2(VI)4 compounds [(V) = Bi, Sb,
and (VI) = Te, Se, S] in Fig. 2(b), which clearly shows an
inverse correlation. Further analysis indicates that the mag-
nitude of IMC is determined by the delocalization degree of
medial p orbitals and the strength of p-d orbital hybridization
[Figs. 2(c) and 2(d)], which can be effectively tuned by vary-
ing the nonmagnetic elements of MnBi2Te4-family materials
(see details in the Supplemental Material [32]).

The understanding of the IMC mechanism of MnBi2Te4-
family materials enables us to design and engineer topolog-
ical states by controlling the IMC. For example, MnBi2Te4

with an AFM TI ground state becomes a magnetic WSM
when FM-z magnetic orientation is induced by a strong
out-of-plane magnetic field [15,17,18]. The obtained mag-
netic WSM possesses only a single pair of Weyl points,
and is very useful for realizing high-Chern-number QAH
phases in their thin films [25,45–49]. The FM IMC between
MnBi2Te4 and EuBi2Te4 heterostructures suggests that one
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eV
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V
)

FIG. 2. Dependence of IMC of Ni(V)2(VI)4 on nonmagnetic
elements (V) = Bi, Sb and (VI) = Te, Se, S. (a) The IMC (Eex)
of Ni(V)2(VI)4 bilayers. Red numbers denote the electronegativities
(χ ) of elements. (b) Dependence of |Eex| on the electronegativity dif-
ference (�χ ) between the anions (VI) and nonmagnetic cations (V)
for Ni(V)2(VI)4 bilayers. (c) Band dispersions of bulk Ni(V)2(VI)4

along the �-Z direction together with orbital projection. Contribu-
tions of Ni 3d , (V) p, and (VI) p orbitals are colored red, green,
and purple, respectively. (d) Zoom-in bands contributed by Ni 3d
orbitals.

may obtain an intrinsic ferromagnetic WSM (with no need
for applying external magnetic fields) in MnBi2Te4-EuBi2Te4

heterostructures.
Figure 3(a) displays the calculated bulk band structure

of the MnBi2Te4-EuBi2Te4 superlattice that has an FM
ground state with a magnetic easy axis along the out-of-plane

FIG. 3. Band structures and topological features of
the MnBi2Te4-EuBi2Te4 superlattice computed by the
modified Becke-Johnson functional. (a) Band structure of
MnBi2Te4-EuBi2Te4 bulk. The inset magnifies bands near the
Fermi level. (b) Surface states on the (110) plane, showing the two
Weyl points (WP1 and WP2) connected by a Fermi arc. (c) The
motions of the sum of Wannier charge centers (WCCs) on a sphere
surrounding each Weyl point in the momentum space. (d) Direct
band gap at � as a function of the strength of spin-orbit coupling
(SOC). (e), (f) Band dispersions along the �-Z direction together
with orbital projection under hydrostatic pressure of (e) zero and
(f) 0.2 GPa. “±”denotes the even/odd parity of Bloch states.
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FIG. 4. Thickness-dependent topological properties of thin films
of the MnBi2Te4-EuBi2Te4 superlattice. Direct band gap at � (red)
and topological Chern number (blue) for the systems under a hydro-
static pressure of (a) zero and (b) 0.2 GPa.

direction (Table S4 and Fig. S1). A type-I Weyl point (WP)
located exactly at EF is formed by band crossing along the
�-Z direction near the � point, without the coexistence of
an electron and hole pocket. By checking the motions of the
sum of Wannier charge centers, the two WPs show opposite
chiralities, as theoretically expected [Fig. 3(c)]. The calcu-
lated surface states on the (100) plane in Fig. 3(b) clearly
show a Fermi arc connecting two WPs. In contrast, other
WSMs either have multiple pairs of WPs (e.g., TaAs-family
materials [50–54]) or belong to type-II WSMs including both
the Fermi surface and Fermi points at EF [15,17,55].

The evolution of band gaps at � as a function of
the artificial SOC strength in Fig. 3(d) clearly shows that
there exist two band gap closures at 92% and 102%, in-
dicating the occurrence of topological phase transitions.
The gap closing points divide the phase diagram into
three colors of regions, including a trivial FM insulator
phase, a WSM phase, and a FM insulator phase with
band inversion. The last one is a special phase, named
“FMTI,” which is topologically equivalent to Cr- or V-doped
(Bi, Sb)2Te3 TIs [56,57].

Since the inversion symmetry exists in the
MnBi2Te4-EuBi2Te4 superlattice, a Z4 symmetry indicator
κ can be defined by the parity criterion [58] κ = ∑

κi

n+−n−
2 ,

where n± denotes ± parity band occupations and the
summation is over all inversion-symmetric crystal momenta.
κ = 0, 1, 2 correspond to the FM trivial insulator, WSM,
and FMTI phases, respectively. The latter corresponds
to a high-order TI (HOTI) phase with intriguing chiral
boundary modes, which has been theoretically proposed
but lacks suitable material candidates [59]. A topological
phase diagram as a function of external pressure is presented
in Supplemental Fig. S5. This material is predicted to
be a WSM and becomes a HOTI under small pressures
(see below) by the modified Becke-Johnson functional,
whereas it is predicted to be a native HOTI by the
Perdew-Burke-Ernzerhof functional plus Hubbard U
(PBE+U) method (Fig. S4). Despite the discrepancy, both
results suggest that the MnBi2Te4-EuBi2Te4 superlattice
is a promising candidate to realize the exotic HOTI
phase.

Two-dimensional thin films of a magnetic WSM can show
the QAH effect with the Chern number (C) increasing with
the film thickness [25,48,49]. Figure 4(a) shows the evolution
of the Chern number and band gap of MnBi2Te4-EuBi2Te4

thin films with varying film thicknesses. The film emerges

as a normal insulator with C = 0 in one bilayer, and the
intrinsic QAH state with C = 1 from two to ten bilayers with
a maximum band gap (∼27.0 meV) obtained in the three-
bilayer film. The intrinsic QAH state can also obtained in
odd number layers (i.e., half bilayer) of MnBi2Te4-EuBi2Te4

heterostructures (Fig. S7). In a FM WSM film, the increment
of the Chern number (�C) with film thickness in the thick
limit is determined by the separation of WPs in the momentum
space [25], which is about 1/7 of the width of the Brillouin
zone along the �-Z direction, suggesting that �C = 1 for
every seven bilayers. This is consistent with the calculation
result that C changes from two at 11 bilayers to three at
18 bilayers [Fig. 4(a)]. Topological edge states of a three-
bilayer film and a 12-bilayer film are displayed in Fig. S6,
which confirms the existence of QAH states with increasing
Chern numbers.

In this material system, a moderate hydrostatic pressure
can lead to a band inversion at the � point, resulting in a
topological phase transition [48]. Under ambient pressure,
there is only one band inversion between Bi pz and Te pz

bands, which leads to a WSM phase characterized by κ = 1
[Fig. 3(e)]. An additional band inversion exists under 0.2 GPa,
opening an insulating band gap [Fig. 3(f)]. The HOTI phase
characterized by κ = 2 thus emerges, which would transform
into the typical TI phase when the time reversal symmetry
is recovered in the paramagnetic state above the Curie tem-
perature [48]. For the FM phase, thin films thicker than two
bilayers are all QAH insulators with C = 1, as confirmed by
edge-state calculations (Fig. S6).

Different from normal 2D QAH insulators, the very thick
films of HOTI are expected to show “pseudo-3D” QAH insu-
lator states, which have gapless chiral edge states distributed
not only at the edges of the top or bottom surfaces but also
at the hinges along the out-of-plane direction, as required
by the nature of HOTI [59]. Therefore, the system is able
to show nonzero quantized anomalous Hall conductance in
both in-plane and out-of-plane transport measurements, which
can serve as smoking-gun proof of HOTI in experiments.
Moreover, when aligning the magnetism from out of plane to
in plane by a magnetic field, an alternative HOTI phase could
be generated, which can also give pseudo-3D QAH insulator
states. Differently, the real-space distribution of chiral edge
modes is changed by the magnetic field, and so is the quan-
tized anomalous Hall conductance, enabling the design of a
“topological magnetic switch” [59].

In conclusion, we systematically studied the mechanism,
sign, and magnitude of IMC of the MnBi2Te4-family com-
pounds and heterostructures, and provided a few guiding
principles to tune interlayer magnetism as summarized in
the Supplemental Material [32]. Moreover, we proposed
vdW heterostructures with FM IMC and exotic magnetic
topological states, including type-I FM WSM, HOTI, as
well as high-Chern-number and pseudo-3D QAH insulators.
The understanding of the IMC mechanism implicates the
principles of manipulating the interlayer magnetic config-
urations of insulating vdW magnets, which is valuable in
exploring different magnetic topological phases and effects
in them.

Note added. Recently, we became aware of a related work
that theoretically studied other kinds of vdW materials and
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found a similar rule to determine the sign of IMC by d-orbital
occupation of vdW magnets [60].
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