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Using density functional theory and Monte Carlo calculations, we study the thickness dependence of the
magnetic and electronic properties of a van der Waals interlayer antiferromagnet in the two-dimensional
limit. Considering MnBi2Te4 as a model material, we find it to demonstrate a remarkable set of thickness-
dependent magnetic and topological transitions. While a single septuple layer block of MnBi2Te4 is
a topologically trivial ferromagnet, the thicker films made of an odd (even) number of blocks are
uncompensated (compensated) interlayer antiferromagnets, which show wide band gap quantum
anomalous Hall (zero plateau quantum anomalous Hall) states. Thus, MnBi2Te4 is the first stoichiometric
material predicted to realize the zero plateau quantum anomalous Hall state intrinsically. This state has been
theoretically shown to host the exotic axion insulator phase.
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After the isolation of graphene, the field of two-
dimensional (2D) van der Waals (vdW) materials has
experienced an explosive growth and new families of 2D
systems and block-layered bulk materials, such as tetrady-
mite-like topological insulators (TIs) [1,2], transition metal
dichalcogenides [3], and others [4–6] have been discov-
ered. The remarkable electronic properties, along with the
possibility of their tuning via thickness control, doping,
intercalation, proximity effects, etc., make the layered vdW
materials attractive from both practical and fundamental
points of view. The relative simplicity of fabrication with a
number of techniques has greatly facilitated a comprehen-
sive study of these systems. However, the important step
towards magnetic functionalization of the inherently non-
magnetic layered vdW materials and a controllable fabrica-
tion of the resulting hybrid systems has proven challenging.
Therefore, aiming at exploring magnetism of layered vdW
materials in the 2D limit, new possibilities have been
considered. One of them is the ultrathin laminae exfoliation
from intrinsically ferromagnetic (FM) vdW crystals, such as
Cr2Ge2Te6 and CrI3, whose magnetic behaviour has been
studied down to a few layers thickness [7,8]. An alternative
fabrication strategy is epitaxial growth.With this technique, a
2D FM septuple layer (SL) block of MnBi2Se4 has been
grown on top of the Bi2Se3 TI surface [9]. Similar systems

have been theoretically proposed as a promising platform
for achieving the quantized anomalous Hall (QAH) and
magnetoelectric effects at elevated temperatures [10–12].
Later, epitaxial growth of the Bi2Se3=MnBi2Se4 multilayer
heterostructure has been reported [13].
The field of 2D vdW magnets is in its infancy and many

more materials with new properties are to be explored. In
particular, vdW antiferromagnets are expected to be of great
interest. Indeed, recently it has been reported that the layered
vdWcompoundMnBi2Te4 is the first ever antiferromagnetic
(AFM) TI [14]. This state ofmatter is predicted to give rise to
exotic phenomena such as quantized magnetoelectric effect
[15], axion electrodynamics [16], andMajorana hingemodes
[17]. Moreover, the combination of magnetism with spin-
orbit coupling, along with strong thickness dependence of
electronic structure in the 2D limit suggest that vdW
compounds like MnBi2TeðSeÞ4 and MnSb2Te4 [18] might
be attractive for both fundamental and applied research.
Finally, a novel type of energetically stable and universal
interface between (A)FMand topological insulators has been
proposed recently [19]. At such an interface, the film of
magnetic material, that does not show vdW bonding intrinsi-
cally, turns out to be vdW-coupled to a TI as a result of
immersion below the surface of theTI. Incidentally, the axion
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insulator state could also be achieved in such heterostructures
[20]. These and other AFM systems appear to be interesting
candidates to couple the emerging fields of AFM spintronics
[21] and layered vdW materials [7,8].
In this Letter, using state-of-the-art ab initio techniques

and the Monte Carlo method, we study the magnetic,
electronic and topological properties of the layered vdW
AFM TI compound MnBi2Te4 in the 2D limit. We find a
unique set of thickness-dependent magnetic and topological
transitions, which drive theMnBi2Te4 thin films through FM
and (un)compensated AFM phases (see Fig. 1), with AFM
states that give rise to QAH or zero plateau QAH effects.
The electronic structure calculations were carried out

within density functional theory using the projector
augmented-wave method [22] (VASP code [23,24]). The
exchange-correlation energy was treated using the gen-
eralized gradient approximation [25]. The Hamiltonian
contained scalar relativistic corrections and the spin-orbit
coupling was taken into account [26]. To describe the
vdW interactions, we used the DFT-D3 approach [27,28].
The Mn 3d-states were treated employing the GGAþ U
approach [29,30]. The Heisenberg exchange coupling
constants Jij were computed ab initio using the full-
potential linearized augmented plane waves method [31]
(FLEUR code [32]). The magnetic critical temperatures
were determined using Monte Carlo simulations based on
a classical Heisenberg Hamiltonian parametrized with the

magnetic anisotropy energies (MAEs) and Jij constants
obtained from ab initio calculations. The Chern numbers
were determined using Z2PACK [33,34] and ab-initio-
based tight-binding calculations [35,36]. The edge elec-
tronic band structurewas calculatedwithin the semi-infinite
mediumGreen function approach.More details onmethods
can be found in the Supplemental Material I [37].
MnBi2Te4 is built of SL blocks stacked one on top of

another along the [0001] direction and held together by
vdW forces [14,48] [Fig. 1(a)]. As far as its magnetic
order is concerned, it appears to be an interlayer anti-
ferromagnet, where the FM Mn layers of neighboring
blocks are coupled antiparallel to each other [14,18].
The reason for this AFM coupling between Mn layers is
Anderson superexchange [49], which appears in nonme-
tallic solids due to the tendency of electrons to delocalize
by spreading along non-orthogonal overlapping orbitals
(see Supplemental Material II [37]).
Although the recently synthesized single crystals of

MnBi2Te4 show some degree of statistical Mn/Bi disorder,
our ab initio calculations indicate that such an intermixing
is less favorable than the ideal structure (Supplemental
Material III [37]). Therefore, in what follows we consider
the ordered structure of MnBi2Te4.
We start with the magnetic characterization of a single

free-standing MnBi2Te4 SL. The exchange coupling con-
stants J0j, calculated as a function of the Mn-Mn distance
rMnð0Þ−MnðjÞ, show the same trend as in bulk MnBi2Te4
[Fig. 1(b)]. Namely, that the FM interaction between first
nearest neighbors, J01 ≃ 0.08 meV=μ2B, strongly dominates
over all others. Thus, there is a stable tendency towards
the FM ground state in MnBi2Te4 SL, as confirmed by
the total-energy calculations, which show a preference of
the FM state over the 120° AFM state by 14.77 meV per
Mn pair (Table I). This result is consistent with those of
Refs. [14,50], where it has been experimentally shown that
each MnBi2Te4 SL orders ferromagnetically both in bulk
and thin films. An FM ground state has also been predicted
for a single MnBi2Te4 SL placed on different tetradymite-
like TI substrates [10,11]. Therefore, we conclude that the
intralayer FM order is not sensitive to the thickness of
the MnBi2Te4 film, as well as to the formation of the vdW
interface with other block-layered compounds.
For the 2-SL-thick film, the total-energy calculations

show that the interlayer coupling is AFM, leading to the
compensated AFM [cAFM; Fig. 1(c)] ordering as in the
bulk material [14,18]. Increasing the thickness up to 3 SLs
keeps the interlayer exchange coupling antiferromagnetic,
but, since the number of blocks is odd, an uncompensated
AFM (uAFM; Fig. 1(c)) state arises. Similarly to the 2-SL-
and 3-SL-thick films cases, we also predict cAFM and
uAFM states for the thicker films composed of even and
odd number of SLs, respectively (Table I).
It is well known that the magnetic anisotropy and the

interlayer exchange coupling play a crucial role in (quasi-)

(a) (b)

(c)

FIG. 1. (a) Atomic structure of the R3̄m-group bulk MnBi2Te4
with red, green, and white balls showing Mn, Bi, and Te atoms,
respectively. The paramagnetic rhombohedral unit cell is shown by
black lines. (b) Calculated exchange constants J0j for the intralayer
pair interactions as a function of the distance rMnð0Þ−MnðjÞ for the
bulk (circles) and free-standing SL (squares). (c) 1-, 2-, and 3-SL-
thick MnBi2Te4 films, showing an FM, compensated AFM, and
uncompensated AFM orders, respectively.
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2Dmagnets. Indeed, if a purely 2Dmagnet has an easy-plane
magnetic anisotropy, it features no magnetic order at any
temperature except zero Kelvin according to the Mermin-
Wagner theorem [51,52]. The reason for this is theGoldstone
mode of the gapless long-wavelength magnetic excitations,
whose destructive role increases with decreasing dimension-
ality of the system. In the limit of strong easy-plane
anisotropy, such systems undergo, instead of a second order
phase transition, a so-called Berezinskii-Kosterlitz-Thouless
transition [53,54], which is manifested in a change of the
spin-spin correlation function behavior from a power law
below the crossover temperature TBKT to an exponential law
above it. It is precisely the interlayer exchange coupling that
stabilizes the long-range order at finite temperatures in such
cases [55]. Alternatively, even a small gap in the excitation
spectrum introduced by the easy-axis magnetic anisotropy
can significantly reduce the impact of the low-energy
excitations. In this case, the three-dimensional (3D) exchange
contribution is expected to further enhance the critical
temperature [56].
We then calculate the MAE for the MnBi2Te4 films from

1 to 5 SLs as well as for bulk (Table I). In all these cases, the
MAE is positive, indicating an out-of-plane easy axis in
agreement with recent experiments [14,50]. The anisotropy
of the SL-thick FM film turns out to be weaker than that of
the thicker films with AFM interlayer coupling, for which
the MAE was found to be close to the bulk value (see
Table I). The magnitudes of the local magnetic moments
are practically independent from the film thickness, being
roughly equal to 4.6 μB in all cases. The Curie temperature
of the 1-SL-thick FM film, which represents a purely 2D
magnetic system, appears to be approximately equal to
12 K. Because of the appearance of the interlayer exchange

coupling and an increase in the MAE, the Néel temperature
of a double SL film increases to ≈24.4 K, which is just
slightly lower than that of bulk (Table I).
Now we show that in the thin-film limit not only the

magnetic, but also the electronic and topological properties
of MnBi2Te4 are strongly thickness dependent. The band
structure of the MnBi2Te4 single SL block is shown in
Fig. 2(a). In good agreement with the experimental data
[50], it shows an indirect band gap of ∼0.32 eV. Note that a
direct gap of 0.73 eV has been calculated in Ref. [57]. The
Chern number calculation reveals a C ¼ 0 state, the system
being a topologically trivial ferromagnet (Table II).
Upon increasing thickness up to 2 SLs the interlayer

cAFM order sets in. Because of the inversion symmetry, the
bands are doubly degenerate [Fig. 2(b)], which always yields
a zeroBerry curvature and, therefore,C ¼ 0. For this system,
we find a band gap of 107meV. However, if calculated in the
artificial FM phase of the 2-SL-thick film, the Chern number
appears to be equal to −1, indicating a QAH insulator state.
Accordingly, the edge band structure of the system shows a
single 1D chiral mode [Fig. 3(a)]. Reversing the magneti-
zation of the FM 2-SL-thick MnBi2Te4 film yields the
C ¼ þ1 QAH state. These results suggest that the 2-SL-
thick cAFMMnBi2Te4 film is likely to be in a so-called zero
plateau QAH (ZPQAH) state. Up to now, the ZPQAH state
was an artificial state of aQAH insulator that is realized in the
process of themagnetization reversal by an externalmagnetic
field (i.e., during the transition between the two QAH states
with Chern numbers of opposite signs). The ZPQAH state
manifests itself in the appearance of flat regions in the

(a) (b)

(c) (d)

FIG. 2. Electronic band structures of the MnBi2Te4 films
calculated along the K̄–Γ̄–M̄ path in the 2D Brillouin zone for
different thicknesses: (a) 1 SL, (b) 2 SLs, (c) 3 SLs, and (d) 4 SLs.

TABLE I. Thickness dependenceof theMnBi2Te4 filmsmagnet-
ism. ΔEA=F ¼ EAFM − EFM is the total energy difference of the
AFM and FM states, where AFM refers to the intralayer 120° state
[18] in the case of the single SL, while for the thicker films and
bulk it means the interlayer AFM state (Fig. 1(c)). cAFM (uAFM)
stands for the compensated (uncompensated) AFM state. Tc
denotes the Curie or Néel temperature in the FM or AFM cases,
respectively. The numbers in brackets indicate the error bar. Details
of the Monte Carlo simulations can be found in Supplementary
Note I [37].

Thickness
(SL)

ΔEA=F

[meV=ðMnpairÞ] Order
MAE

(meV=Mn) Tc (K)

1 14.77 FM 0.125 12(1)
2 −1.22 cAFM 0.236 24.4(1)
3 −1.63 uAFM 0.215
4 −1.92 cAFM 0.210
5 −2.00 uAFM 0.205
6 −2.05 cAFM
7 −2.09 uAFM

∝ (bulk) −2.80 cAFM 0.225 25.42(1)
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hysteresislike dependence of the Hall conductivity on the
external field σxyðHÞ. Namely, within a certain range of H
close to the coercivity, theσxy ¼ 0 plateau is observed,which
corresponds to a fully gapped band structure. Outside thisH
range, σxy rapidly reaches a quantized value of eitherþe2=h
or −e2=h, depending on the magnetization direction. Such a
situation can be achieved either in (i) a zero magnetization
state of the magnetically doped QAH insulator due to the
coexistence of the upwards and downwards magnetized
domains [58] or (ii) the antiparallel magnetizations state
of an FM1ð↑Þ=TI=FM2ð↓Þ QAH heterostructure, where
FM1 andFM2 are two different FM insulators [59]. To check
whether the ZPQAH state is realized in the 2-SL-thick
MnBi2Te4 film, we have calculated the edge band structure
in the cAFM ground state of the system. We find a fully
gapped spectrum [Fig. 3(b)], corresponding to σxy ¼ 0.
Thus, the 2-SL-thick MnBi2Te4 film represents the first ever
example of an intrinsic ZPQAH phase. Also, these results
vividly illustrate the interplay of topology and magnetism:
the system could be a jCj ¼ 1 QAH insulator, if it was not

for the interlayer AFM coupling, which induces a ZPQAH
state (C ¼ 0).
At a thickness of 3 SLs, the band gap gets inverted due to

spin-orbit coupling (Supplemental Material IV [37]), what
drives the system in aC ¼ −1QAH insulator state. Similarly
to the 2-SL-thick (3-SL-thick) film cases, we also predict
the intrinsic ZPQAH (QAH) states for the 4- and 6-SL-thick
(5- and 7-SL-thick) films, respectively (Table II).
At this point, having described various phases realized in

the MnBi2Te4 films, it is important to emphasize a crucial
advantage of the here proposed (ZP)QAH insulators: they
show ordered structures, inherent to the stoichiometric
material, which guarantees them against disorder-related
drawbacks such as the band gap fluctuation [60] or super-
paramagnetism [61,62]. This very fact, together with the
large band gaps of such systems (Table II), could facilitate
the observation of the QAH effect at temperatures notably
higher than those achieved so far. This is all the more true
since, starting from the 2 SLs thickness, the MAE is already
close to that of the bulk. This indicates that the MnBi2Te4
QAH insulators should have critical temperatures compa-
rable to the bulk Néel temperature of MnBi2Te4 (Table I).
To be mentioned as well is a solid state realization of axion
electrodynamics in a ZPQAH state proposed recently [59].
Up to now the axion insulator state was being sought for in
the FM1/TI/FM2 QAH heterostructures. In such systems, a
relatively thick TI spacer enables magnetization reversal of
the individual FM layers that have different coercivities,
leading to the overall AFM alignment and, consequently, to a
ZPQAH state [63,64]. In contrast to the latter heterostruc-
tures, the MnBi2Te4 thin films made of even number of
SLs realize this state intrinsically, i.e., without the need of
magnetic field application.
In summary, using ab initio and Monte Carlo calcula-

tions, we have scrutinized the magnetic, electronic, and
topological properties of the MnBi2Te4 AFM TI thin films.
Belonging to the class of layered vdW compounds, in the
2D limit MnBi2Te4 shows a unique set of thickness-
dependent transitions through various phases, being among
them wide-band-gap QAH and ZPQAH states. A similar
behavior can possibly take place in other compounds of the
MnBi2Te4 family, such as MnSb2Te4, MnBi2Se4 [9,13,18],
and others. We believe that our findings will stimulate
intensive studies of thin films of vdW antiferromagnets as
prospective materials for AFM spintronics.
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FIG. 3. Edge electronic band structures of the MnBi2Te4 2-SL-
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states projected onto a 1D Brillouin zone. The edge crystal
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TABLE II. Thickness dependence of the MnBi2Te4 films
topology and band gap size. QAH and ZPQAH stand for the
quantum anomalous Hall phase and its zero plateau state,
respectively.

Thickness (SL) Topology Band gap (meV)

1 Trivial 321
2 ZPQAH 107
3 QAH 66
4 ZPQAH 97
5 QAH 77
6 ZPQAH 87
7 QAH 85

∝ (bulk) 3D AFM TI 225
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