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Unique thickness-dependent properties of the van der Waals interlayer
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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 MnBi2Tes as a model material, we find it to demonstrate a remark-
able set of thickness-dependent magnetic and topological transitions. While a single septuple layer
block of MnBizTes is a topologically trivial ferromagnet, the thicker films made of an odd (even)
number of blocks are uncompensated (compensated) interlayer antiferromagnets, which show wide
bandgap quantum anomalous Hall (zero plateau quantum anomalous Hall) states. Thus, MnBisTey
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.

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
tetradymite-like topological insulators (TIs) [1[2], transi-
tion metal dichalcogenides [3], and others [4H6] have been
discovered. The remarkable electronic properties, along
with the possibility of their tuning via thickness con-
trol, doping, intercalation, proximity effects, etc., make
the layered vdW materials attractive from both practi-
cal and fundamental points of view. The relative sim-
plicity of fabrication with a number of techniques has
greatly facilitated a comprehensive study of these sys-
tems. However, the important step towards magnetic
functionalization of the inherently nonmagnetic layered
vdW materials and a controllable fabrication of the re-
sulting hybrid systems has proven challenging. There-
fore, aiming at exploring magnetism of layered vdW ma-
terials in the 2D limit, new possibilities have been con-
sidered. One of them is the ultrathin laminae exfoliation
from intrinsically ferromagnetic (FM) vdW crystals, such
as CroGesTeg and Crlz, whose magnetic behaviour has
been studied down to a few layers thickness [7,[§]. An al-
ternative fabrication strategy is epitaxial growth [9l [10].
With this technique, a 2D FM septuple layer (SL) block
of MnBisSes has been grown on top of the BizSez TI
surface [9]. Similar systems have been theoretically pro-
posed as a promising platform for achieving the quan-
tized anomalous Hall (QAH) and magnetoelectric effects

at elevated temperatures [I1][T2]. Later, epitaxial growth
of the BiySes/MnBisSes multilayer heterostructure has
been reported [10].

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 vdW compound MnBi;Tey is the first
ever antiferromagnetic (AFM) TI [13]. This state of mat-
ter is predicted to give rise to exotic phenomena such
as quantized magnetoelectric effect [14], axion electro-
dynamics [I5], and Majorana hinge modes [16]. More-
over, the combination of magnetism with spin-orbit cou-
pling, along with strong thickness dependence of elec-
tronic structure in the 2D limit suggest that vdW com-
pounds like MnBi;Te(Se)4 and MnSbyTey [17] might be
attractive for both fundamental and applied research. Fi-
nally, a novel type of energetically stable and universal
interface between (A)FM and topological insulators has
been proposed recently [I8]. At such an interface, the film
of magnetic material, that does not show vdW bonding
intrinsically, turns out to be vdW-coupled to a TT as a
result of immersion below the surface of the latter. Inci-
dentally, the axion insulator state could also be achieved
in such heterostructures [19]. These and other AFM sys-
tems appear to be interesting candidates to couple the
emerging fields of AFM spintronics [20] and layered vdW
materials [7, [§].

Here, using state-of-the-art ab initio techniques and



the Monte Carlo method, we study the magnetic, elec-
tronic and topological properties of the layered vdW
AFM TI compound MnBisTes in the 2D limit. We
find a unique set of thickness-dependent magnetic and
topological transitions, which drive the MnBisTes thin
films through FM and (un)compensated AFM phases
(see Fig. , as well as QAH and zero plateau QAH states.

The electronic structure calculations were carried out
within density functional theory using the projector
augmented-wave method [2I] (VASP code [22] 23]). The
exchange-correlation energy was treated using the gen-
eralized gradient approximation [24]. The Hamiltonian
contained scalar relativistic corrections and the spin-orbit
coupling was taken into account [25]. To describe the
vdW interactions we used the DFT-D3 approach [26] 27].
The Mn 3d-states were treated employing the GGA+U
approach [28, 29]. The Heisenberg exchange coupling
constants J;; were computed ab initio using the full-
potential linearized augmented plane waves method [30]
(FLEUR code [31]). The magnetic critical temperatures
were determined using Monte Carlo simulations based
on a classical Heisenberg Hamiltonian parametrised with
the magnetic anisotropy energies (MAEs) and J;; con-
stants obtained from ab initio calculations. The Chern
numbers were determined using Z2Pack [32, [33] and ab-
initio-based tight-binding calculations [34][35]. The edge
electronic band structure was calculated within the semi-
infinite medium Green function approach. More details
on methods can be found in the Supplementary Note I.

MnBisTey is built of SL blocks stacked one on top of
another along the [0001] direction and held together by
vdW forces [13, 36] (Fig. [Th). As far as its magnetic
order is concerned, it appears to be an interlayer an-
tiferromagnet, where the FM Mn layers of neighboring
blocks are coupled antiparallel to each other [I3][17]. Al-
though the recently synthesized single crystals show some
degree of statistical Mn/Bi disorder, our ab initio calcu-
lations indicate that such an intermixing is less favorable
than the ideal structure (Supplementary Note IT). There-
fore, in what follows we consider the ordered structure of
MHB12T64.

We start with the magnetic characterization of a sin-
gle free-standing MnBisTey; SL. The exchange coupling
constants Jy;, calculated as a function of the Mn-Mn
distance ryin(0)—Mn(j), show the same trend as in bulk
MnBi;Tes (Fig. [Ip). Namely, that the FM interaction
between first nearest neighbors, Jo1 ~ 0.08 meV/u3,
strongly dominates over all other. Thus, there is a sta-
ble tendency towards the FM ground state in MnBisTey
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 . This result
is consistent with those of Refs. [I3] 7], where it has
been experimentally shown that each MnBi;Tey SL or-
ders ferromagnetically. An FM ground state has also
been predicted for a single MnBisTe; SL placed on dif-

a o ® b
Gp o ®
m" 0.084 * ot
@ o ® buk
) ] |
0 0 ™ 0.06
i viWgap @ S?ptuple
Qb 0 §' ayer
Al i S 0.04-
¢ % [OW
I O Bi 0.02+
Qo Co
<O 1, e (O ‘
(Wt 0.00 —— -
_ Bl 4 6 8 10 12
o ["Iﬁb'ﬂll 0 _‘g)) fn(o)-mng) (B)
{ |/ 6 g ¢
s
T -
OI".|C“; g T 3*Lf f f

o
e $444

Figure 1. (a) Atomic structure of the R3m-group bulk
MnBisTes 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 Jo; for the intralayer pair interactions as a function
of the distance 7y, (0)—mn(;) for the bulk (circles) and free-
standing SL (squares). (c) 1-, 2-; and 3-SL-thick MnBisTes
films, showing an FM, compensated AFM, and uncompen-
sated AFM orders, respectively.

ferent tetradymite-like TT substrates [I1, [12]. Therefore,
we conclude that the intralayer FM order is not sensitive
to the thickness of the MnBisTey 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. [Ik) ordering as in the
bulk material [I3] [I7]. Thickness increase up to 3 SLs
keeps the interlayer exchange coupling antiferromagnetic,
but, since the number of blocks is odd, an uncompensated
AFM (uAFM; Fig. ) state arises. Similarly to the 2-
SL- and 3-SL-thick films cases, we also predict cAFM and
uAFM states for the thicker films made 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-
)2D magnets. Indeed, if a purely 2D magnet has an
easy-plane magnetic anisotropy, it features no magnetic
order at any temperature except 0 K according to the
Mermin-Wagner theorem [38] [39]. The reason for this is
the Goldstone mode of the gapless long-wavelength ex-
citations, whose destructive role increases with decreas-
ing dimensionality of the system. In the limit of strong
easy-plane anisotropy such systems, instead of a second



Table I. Thickness dependence of the MnBisTey films mag-
netism. AEA/F = FEarm — Erwm is the total energy differ-
ence of the AFM and FM states, where AFM refers to the
intralayer 120° state [I7] in the case of the single SL, while
for the thicker films and bulk it means the interlayer AFM
state (Fig. [It). cAFM (uAFM) stands for the compensated
(uncompensated) AFM state. T. denotes the Curie or Néel
temperature in the FM or AFM cases, respectively. The num-
bers in brackets indicate the error bar. Details of the Monte
Carlo simulations can be found in Supplementary Note I.

Thickness AEa/p Order MAE T. (K)
(SL) (meV/(Mn pair)) (meV/Mn)
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
o (bulk) -2.80 cAFM 0.225 25.42(1)

order phase transition, were shown to undergo a so-called
Berezinskii-Kosterlitz-Thouless transition [40} 41], which
is manifested in a change of the spin-spin correlation
function behavior from a power law below the crossover
temperature TggT to an exponential law above it. It
is precisely the interlayer exchange coupling that stabi-
lizes the long-range order at finite temperatures in such
cases [42]. Alternatively, even a small gap in the ex-
citation 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 en-
hance the critical temperature [43].

We then calculate the MAE for the MnBisTey films
from 1 to 5 SLs as well as for bulk (Table [[). In all
these cases, MAE is positive, indicating an out-of-plane
easy axis in agreement with recent experiments [13] [37].
The anisotropy of the SL-thick FM film turns out to be
weaker than that of the thicker films with AFM inter-
layer coupling, for which the MAE was found to be close
to the bulk value (see Table . The magnitudes of the lo-
cal magnetic moments are practically independent from
the film thickness, being roughly equal to 4.6 pp in all
cases. The Curie temperature of the SL-thick FM film,
that represents a purely 2D magnetic system, appears to
be approximately equal to 12K. Due to appearance of
the interlayer exchange coupling and an increase in the
MAE, the Néel temperature of a double SL film enhances
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 proper-
ties of MnBiyTe, are strongly thickness dependent. The
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Figure 2. Electronic band structures of the MnBi2Tes films

calculated along the K—I'-M path in the 2D Brillouin zone
for different thicknesses: (a) 1 SL, (b) 2 SLs, (¢) 3 SLs, and
(d) 4 SLs.

bandstructure of the MnBisTe, single SL block is shown
in Fig. . In agreement with the experimental data [37],
it shows an indirect bandgap of ~ 0.32eV. The Chern
number calculations reveal a C = 0 state, the system
being a topologically trivial ferromagnet (Table .
Upon increasing thickness up to 2 SLs the interlayer
cAFM order sets in, leading to a doubly degenerate band
spectrum (Fig. ) and C' = 0 again. For this system,
we find a bandgap of 107 meV. 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 in-
sulator state. Accordingly, the edge band structure of the
system shows a single 1D chiral mode (Fig. [3h). Revers-
ing the magnetization of the FM 2-SL-thick MnBiyTey

Table II. Thickness dependence of the MnBiyTey films topol-
ogy and bandgap size. QAH and ZPQAH stand for the quan-
tum anomalous Hall phase and its zero plateau state, respec-
tively.

Thickness (SL) Topology Bandgap (meV)
1 Trivial 321
2 ZPQAH 107
3 QAH 66
4 ZPQAH 97
5 QAH s
6 ZPQAH 87
7 QAH 85
x (bulk) 3D AFM TI 225

film yields the C' = +1 QAH state. These results suggest



that the 2-SL-thick cAFM MnBisTey 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 a QAH
insulator that is realized in the process of the magne-
tization reversal by external magnetic field (i.e. during
the transition between the two QAH states with Chern
numbers of opposite signs). ZPQAH state manifests it-
self in the appearance of flat regions in the hysteresis-like
dependence of the Hall conductivity on the external field
0zy(H). Namely, within certain range of H close to the
coercivity, the o,y = 0 plateau is observed, which cor-
responds to a fully gapped band structure. Outside this
H range, o, rapidly reaches a quantized value of ei-
ther +e2?/h or —e?/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 [44] due to the coexistence of the upwards
and downwards magnetized domains or (ii) the antiparal-
lel magnetizations state of an FM1(1)/TI/FM2(]) QAH
heterostructure, where FM1 and FM2 are two different
FM insulators [45]. To check whether the ZPQAH state
is realized in the 2-SL-thick MnBisTe4 film, we have cal-
culated the edge band structure in the cAFM ground
state of the system. We find a fully gapped spectrum
(Fig. ), corresponding to o, = 0. Thus, the 2-SL-
thick MnBisTe, film represents first ever example of an
intrinsic ZPQAH phase.
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Figure 3. Edge electronic band structures of the MnBixTes 2-
SL-thick film calculated for the (a) FM and (b) cAFM states.
The regions with a continuous spectrum correspond to the
2D bulk states projected onto a 1D Brillouin zone. The edge
crystal structure is shown in Supplementary Note I.

At a thickness of 3 SLs, the system enters in a C' =
—1 QAH insulator state with a bandgap of ~66 meV.
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 [H).

At this point, having described various phases real-
ized in the MnBiyTe, films, it is important to stress
a crucial advantage of the here proposed (ZP)QAH in-
sulators: they show ordered structures, inherent to the

stoichiometric material, which guarantees them against
disorder-related drawbacks such as the bandgap fluctua-
tion [46] or superparamagnetism [47), [48]. This very fact,
together with the large bandgaps of such systems (Ta-
ble [LI), could facilitate the observation of the QAHE at
temperatures notably higher than those achieved so far.
This is all the more true since, from the 2 SLs thick-
ness, the MAE is already close to that of the bulk, indi-
cating that the MnBiyTey-based QAH insulators should
have critical temperatures comparable to the bulk Néel
temperature of MnBisTey (Table . To be mentioned as
well is a solid state realization of axion electrodynam-
ics in a ZPQAH state proposed recently [45]. Up to
now the axion insulator state was being sought for in
the FM1/TI/FM2 QAH heterostructures. In such sys-
tems, a relatively thick TT 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 [49, [50]. In contrast
to the latter heterostructures, the MnBisTes thin films
made of even number of SLs realize this state intrinsi-
cally, i.e. without need of magnetic field application.

In summary, using ab initio and Monte Carlo cal-
culations, we have scrutinized the magnetic, electronic
and topological properties of the MnBiyTey; AFM TI
thin films. Belonging to the class of layered vdW com-
pounds, in the 2D limit MnBis;Tes shows a unique set of
thickness-dependent transitions through various phases,
being among them wide-bandgap QAH and ZPQAH
states. Similar behaviour can possibly take place in other
compounds of the MnBisTe, family, such as MnSbyTey,
MnBisSey, and others. We believe that our findings will
stimulate intensive studies of thin films of vdW antifer-
romagnets as prospective materials for AFM spintronics.
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