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A flat band in fermionic system is a dispersionless single-particle state with a diverging effective mass and
nearly zero group velocity. These flat bands are expected to support exotic properties in the ground state, which
might be important for a wide range of promising physical phenomena. For many applications, it is highly
desirable to have such states in Dirac materials, but so far they have been reported only in some nonmagnetic
Dirac systems. In this paper, we propose a realization of topologically protected spin-polarized flat bands
generated by domain walls in planar magnetic topological insulators. Using first-principles material design, we
suggest a family of intrinsic antiferromagnetic topological insulators with an in-plane sublattice magnetization
and high Néel temperature. Such systems can host domain walls in a natural manner. For these materials,
we demonstrate the existence of spin-polarized flat bands in the vicinity of the Fermi level and discuss their
properties and potential applications.
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I. INTRODUCTION

Modern technology proposals require considering quan-
tum effects, which significantly expand functionality of new
spintronic devices. Of great importance is realization of
such physical phenomena as various Hall effects [1–3], a
gate-tunable topological valley transport [4–8], and super-
conductivity [9–13]. In many cases, it can be attained by
using specific electron states—flat bands [14]—which can
arise either because of strong electronic correlations [15–18]
or due to specific structural deformations [19–21]. In the
absence of strongly correlated electrons, flat bands induced
by strain were previously found in a number of nonmagnetic
materials such as IV–VI semiconductor multilayers including
topological crystalline insulators [22] and, recently, in twisted
bilayer graphene [12,13,19,23–26]. In magnetic topological
insulators (TIs), flat bands have not been reported so far.

Here we propose a way to generate flat bands in magnetic
TI surfaces, where massless Dirac states and exchange fields
can serve as a platform for creation of spin-polarized disper-
sionless states. The latter can appear due to magnetic domain
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walls (DWs) at the surface. However, most magnetic TIs are
not well appropriated for such realization of flat bands, either
because of a relatively low critical temperature (Curie or Néel
temperature) or because of strong disorder effects in magnet-
ically doped TIs. In this context, a universal platform can be
provided by van der Waals (vdW)-layered antiferromagnetic
topological insulators (AFM TIs) [27–35], where topolog-
ical phase is governed by the S = �T1/2 symmetry (with
� and T1/2 being time-reversal and primitive-lattice trans-
lation operators, respectively), which allows Z2 topological
classification [36].

As any other magnet, magnetic vdW compounds may man-
ifest a domain structure [37] which ensures the existence of
antiphase DWs. When a DW appears in AFM TI bulk, it
can be terminated at the sample surface, significantly modi-
fying surface band structure. For example, it was theoretically
shown that DWs on the (0001) MnBi2Te4 surface host con-
ducting states, which in the case of multiple domains may
close the surface band gap [38]. Moreover, recently, Sass et al.
reported on visualization and manipulation of DWs in out-of-
plane AFM TI MnBi2−xSbxTe4 [39]. Magnetic DWs on AFM
TI and FM TI surfaces could also be induced intentionally by
a magnetic force microscope tip [40] or by spatially modu-
lated external magnetic field due to Meissner repulsion from
a bulk superconductor [41], as has been realized in Cr-doped
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TI (Bi,Sb)2Te3. It was also demonstrated that DW magnetic
texture on the surface of MnBi2Te4 with uniaxial anisotropy
may be controlled by external magnetic field [42]. Addition-
ally, Varnava et al. proposed a way to control quantum point
junction on AFM TI surfaces [43]. Also note that a structural
step can cause formation of antiphase DWs at rough surfaces
of vdW AFM materials in which the sublattice magnetization
direction alternates along the stacking direction.

In the present paper, using density functional theory (DFT)
approach, which was successfully proven in first-principles
design of various TIs [32,44–46], we suggest a number of
AFM TI candidates with in-plane sublattice magnetization
(planar AFM TIs in the following text) in the family of
vdW systems MPn2Ch4 (M=Mn, V; Pn=Bi, Sb; Ch=Se, Te).
Remarkably, the proposed V-based compounds have a signifi-
cantly higher Néel temperature (in the range of 77–94 K) than
Mn-based AFM TIs and related systems [45–49]. Employing
tight-binding and model Hamiltonian approaches, we demon-
strate that an antiphase DW induces a bound surface state
with peculiar characteristics: it is topologically protected,
dispersionless (flat), and exhibits out-of-plane spin polariza-
tion. Also, we show that by applying external magnetic field
perpendicular to the surface, it is possible to tune the char-
acteristics of this DW-induced state. In view of the unique
combination of the two distinctive properties, flat bands, and
planar magnetic TIs, we suggest several potential applications
such as optical spin manipulations, anomalous Hall effect, and
superconductive coupling between neighboring DWs.

II. RESULTS AND DISCUSSION

First, we determined the crystal structure and evaluated
stability of all considered compounds (VBi2Se4, VBi2Te2Se2,
VBi2Te4, VSb2Te2Se2, VSb2Te4, and MnBi2Te2Se2). Since
the related compounds tend to crystallize either in monoclinic
(C2/m space group) or rhombohedral [R3̄m space group,
Fig. 1(a)] structure [50], we compared total energies of these
two phases for each compound and found that the latter phase
is energetically preferable (see Supplemental Material Table 2
[51]). The rhombohedral crystal structure can be represented
by a sequence of hexagonal septuple layer (SL) blocks (e.g.,
Te–Bi–Se–V–Se–Bi–Te in the case of VBi2Te2Se2), separated
by vdW gaps. Stability of the compounds was considered as
a complex characteristic concerned with two aspects: static
(chemical, expressed in terms of bonding and energy) and
dynamic. Static stability was evaluated in terms of total en-
ergy change after MCh bilayer (e.g., VSe) insertion into TI
QL (e.g., Bi2Se3). The total energy drop suggests that such
insertion and respective chemical bonding is energetically
preferable. The dynamic aspect was considered in terms of
phonon properties. We have calculated phonon spectra of iso-
lated SL and bulk crystals for all compounds. It is clear that
all the considered compounds are dynamically stable at zero
temperature since there are no imaginary phonon frequencies
(see Supplemental Material Fig. 2 [51]). Note the resulting
VBi2Te4 crystal structure and phonon spectrum are in qual-
itative agreement with recent findings of Li et al. [56]. For
details see Supplemental Material Note 1 and the respected
Refs. [27,32,50–55].

Since interlayer magnetic coupling in similar vdW systems
was found to be rather weak compared to the intralayer one
[37,45,46], first we consider magnetic order in a single SL.
Total energy calculations show ferromagnetic configuration to
be preferable of the three considered magnetic configurations,
ferromagnetic (FM), collinear antiferromagnetic (cAFM), and
noncollinear antiferromagnetic (ncAFM). Taking into account
interlayer magnetic coupling, total energy calculations reveal
the antiparallel alignment of magnetic moments in adjacent
SLs in the bulk materials (see Table I). These results are
supported by the calculated exchange coupling parameters
[Fig. 1(b)], which are mostly positive for the intralayer in-
teraction [J0,i

‖ , Fig. 1(c)], indicating FM order, whereas the

interlayer exchange parameters J0,i
⊥ [Fig. 1(c)] are mostly

negative, which is a distinct feature of interlayer AFM order. It
also can be seen from integral exchange coupling parameters
J|| and J⊥ (Table I).

To calculate the magnetocrystalline anisotropy energy
(MAE), we examine three different spin quantization axis ori-
entations: [0001] (out of plane), [101̄0], and [11̄00] (in plane).
All considered compounds were found to tend to in-plane
magnetization (see Table I). MnBi2Te2Se2 is the only com-
pound which stands out because its in-plane magnetization is
due to the strong dipole-dipole contribution to MAE. We did
not find any significant in-plane MAE.

We note the remarkable difference between the V- and
Mn-containing compounds. The vdW systems under con-
sideration possess a layered structure, where FM layers are
well separated, and the interlayer exchange coupling J⊥ is
much weaker than the intralayer one J‖. Typically, in lay-
ered systems, magnetocrystalline anisotropy and interlayer
exchange coupling are essential for establishing a magnetic
order at finite temperature. If a two-dimensional magnet has
continuous symmetry in spin space, there is no spontaneous
magnetization at finite temperatures [57,58]. For the proposed
planar AFM TIs, within the framework of our calculation
accuracy, we have not been able to identify the preferable
orientation of Mn (or V) sublattice magnetization relative to
crystallographic axes in the basal plane. It means that these
planar AFM TIs are highly sensitive to orientational thermal
fluctuations, which are expected to hinder the establishment
of an intrinsic long-range magnetic order. This is in contrast
to AFM TI MnBi2Te4, which is an Ising magnet with out-of-
plane easy axis.

Our calculations show that the interlayer exchange cou-
pling parameters in the V-containing compounds are several
times larger than those in in MnBi2Te2Se2 and MnBi2Te4

[45] [see Fig. 1(b) and Table I]. As follows from the den-
sity of states (DOS) plots, Mn 3d states are located far
away from the Fermi level at � − 6 eV and overlap only
marginally with p bands of Bi, Te and/or Se, implying the
main effect of Mn is to introduce the exchange field into
SL block [see Fig. 1(e)]. In contrast, 3d states of vanadium
hybridize significantly the p states of Bi/Te/Se within a wide
energy range, which provides a very strong superexchange
coupling between neighboring SLs across the vdW gap. As
a result, vanadium compounds exhibit Nèel temperature TN

above 75 K, which is nearly four times higher than in the
case of MnBi2Te2Se2 (see Table I). It should be noted that
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FIG. 1. (a) Crystal structure of bulk VBi2Te2Se2. (b), (c) Schematic diagram of intralayer (b) and interlayer (c) exchange interactions. Blue
balls represent V or Mn atoms. The numbers are the corresponding coordination sphere numbers. (d) Calculated exchange parameters J0, j for
the intralayer [J||, red circles, as depicted in (c)] and interlayer [J⊥, blue diamonds, as depicted in (d)] pair interactions as a function of the
V–V distance r0, j for VBi2Te2Se2. (e) Bulk DOS of considered compounds (total and projected on Mn or V sites). Note, here the Fermi level
is positioned at valence band top. (f) VBi2Te2Se2 bulk band structure. The energies are given with respect to the Fermi level EF . The band
gap is highlighted with light yellow. The orbital composition is represented by colored lines, whose thickness is proportional to a specific site
contribution to the electron state. (g) Bulk VBi2Te2Se2 band structure in the vicinity of � point at different values of the SOC constant � (SOC
is not taken into account with � = 0, and fully taken into account with � = 1). The orbital composition is also present.

predicted MnBi2Te2Se2 TN is slightly lower than in the case
of out-of-plane magnetized AFM TI MnBi2Te4 (24.3 K) [45].
The Néel temperature can be roughly estimated within the

standard spin-wave theory, T SW
N ∼ J‖S2

ln(ϑ J‖
J⊥ )

(ϑ is a model pa-

rameter of the order of π2). Then it is clear that such increase
of the interlayer exchange coupling leads to three- or four-
fold growth of the Néel temperature, which is in qualitative
agreement with the calculation results presented in Table I.
Thus, the enhanced interlayer interaction due to hybridiza-
tion of the p states of Bi/Te/Se and the 3d states of V
is crucial to stabilize long-range AFM order at such high
temperatures.

Resulting magnetic structures were found to be stable
against relatively small lattice parameter variations, which
may be induced during growth process. We studied the depen-
dence of both intra- and interlayer magnetic order and MAE
on lattice constant values, which were varied within ±3 %

from the equilibrium value, and Ueff values, which were varied
±1 eV from the adopted value (see Supplemental Material
Table 4 [51]). Resulting equilibrium magnetic structures were
found to be insensitive to such variations.

All considered compounds have typical narrow-gap semi-
conductor band structures with a band gap ranging from
11 meV up to 334 meV (see Fig. 1(f) and Table I, also
see Supplemental Material Note 2 and Supplemental Mate-
rial Fig. 2 [51]). We found that MnBi2Te2Se2, VBi2Te2Se2,
VBi2Te4 and VSb2Te4, band gaps are inverted, which is con-
firmed by Z2 invariant calculations, which show Z2 = 1. In
contrast, VBi2Se4 and VSb2Te2Se2 were found to have a
trivial insulating bulk band structure with Z2 = 0. To track
the band gap inversion genesis, we calculated VBi2Te2Se2

bulk band structures at different spin-orbit coupling (SOC)
with the � parameter ranging from 0 (SOC not accounted)
to 1 (SOC fully accounted). The results clearly show that the
orbital composition of the band gap edges at � < 0.7 is not
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TABLE I. Rows 1 and 2: Differences in total energies between FM (E intra
FM ), cAFM (E intra

cAFM), and ncAFM (E intra
ncAFM) 1-SL slab magnetic

configurations. In FM and cAFM cases, spins are oriented out of plane, while in ncAFM case spins are in (0001) plane in the way so each pair
of neighbouring spins form a 120◦ angle. Row 3: Differences in total energies between FM (E inter

FM ) and AFM (E inter
AFM) bulk magnetic orders.

Rows 4 and 5: Integral exchange coupling parameters J|| (intralayer) and J⊥ (interlayer). Row 6: Differences in total energies of in-plane (E||)
and out-of-plane (E⊥) spin orientations. Row 7: Same as row 5, but including the dipole-dipole contribution (Edip). Rows 8–11: Magnetic
moments on Mn or V sites, calculated bulk Néel temperatures TN , bulk band gap, and Z2 invariant value, respectively.

Compound MnBi2Te2Se2 VBi2Se4 VBi2Te2Se2 VBi2Te4 VSb2Te2Se2 VSb2Te4, MnBi2Te4 [45]

1 E intra
cAFM − E intra

FM (meV/f.u.) +5.1 +9.2 +13.9 +16.6 +11.6 +12.3 +5.7
2 E intra

ncAFM − E intra
FM (meV/f.u.) +6.8 +17.6 +25.7 +29.9 +14.9 +15.5 +7.4

3 E inter
AFM − E inter

FM (meV/f.u.) −0.770 −0.164 −0.320 −0.677 −0.387 −0.788 −1.40
4 J||, meV * 3.52 16.12 14.14 20.50 18.29 22.03 –
5 J⊥, meV * −0.08 −0.27 −0.16 −0.45 −0.54 −0.9 –
6 E|| − E⊥ (meV/f.u.) +0.053 −0.092 −0.022 −0.176 −0.004 −0.087 +0.171
7 E|| − E⊥ + E dip

|| (meV/f.u.) −0.078 −0.148 −0.074 −0.224 −0.059 −0.138 +0.128
8 Magnetic moment (μB) 4.622 2.924 2.933 2.956 2.936 2.966 4.607
9 TN (K) 18.6 80.88 77.1 78.6 91.6 93.9 25.4/24.3 **

10 Band gap (meV) 256 55 334 233 11 125 220
11 Z2 1 0 1 1 0 1 1

*Note that the quantities in rows 1–3 and the exchange coupling parameters in rows 4 and 5 are calculated with two very different methods and
codes. See Methods section for details.
**Calculated/experimental values.

inverted yet: The highest valence band is primarily formed
by Te states, and the lowest conduction band by Bi states.
At � ≈ 0.7 the band gap vanishes and at � > 0.7 it reopens
with inverted edges [see Fig. 1(g)]. The inversion is caused
mainly by pz states of ions close to vdW gaps (Te and Bi),

similar to tetradymite-like non-magnetic TIs. The other topo-
logically nontrivial compounds under study exhibit similar
behavior. Note, the resulting VBi2Te4 magnetic and bulk band
structures are in qualitative agreement with previously re-
ported data [56].

(a) (b)

(c)

FIG. 2. (a) VBi2Te2Se2 (0001) surface band structure near the Fermi level. Sea-blue areas correspond to bulk bands, projected on two-
dimensional Brillouin zone (2D BZ), and the black lines to surface bands. Surface spin texture (inset on the left) is represented by color
lines, which thickness is proportional to spin projection value. The right panel depicts |ψ (z)|2 at Dirac point (DP), with ψ being one-electron
wave function. (b) Spectral density of the electron states on the surface containing single antiphase DW. For generality, the scales of the
axes are presented in dimensionless units constructed by combination of energy and momentum with model parameters. The spectral density
corresponding to the left (right) semi-infinite region is represented by blue (green) color, projected on 1D BZ, and the flat band by red color.
DOS at the �̄ point of 2D BZ is shown on the right side of the panel. Black solid line represents DOS for the Dirac cones, the red peak is
DOS for the flat band. The magnetic configuration is schematically illustrated on the top, where red arrows in blue and green regions indicate
magnetization directions in the vicinity of DW. (c) The charge density distribution of zero-energy bound states as a function of distance from
the DW. The energy-momenta values are marked by color squares in (b).
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(a)
(b) (c)

(d) (e)

FIG. 3. (a) MnBi2Te2Se2 (0001) surface band structure near the Fermi level in the case of mixed magnetization. (b)–(e) The same as
Fig. 2(b) but with additional negative (b), positive (c), and opposite (d), (e) out-of-plane magnetization components.

The inversion ensures the appearance of a topological sur-
face state on the (0001) surface of MnBi2Te2Se2, VBi2Te2Se2,
VBi2Te4 and VSb2Te4. As an example, Fig. 2(a) presents the
spectrum of such surface state of VBi2Te2Se2. As may be
seen from the inset, the Dirac point is slightly shifted from
the �̄. Since the topological surface state is mainly localized
within the topmost SL, the direction of the shift is normal to
the magnetization M of that SL, and its value is proportional
to its magnitude |M|. Such behavior of the topological sur-
face state under in-plane magnetization is consistent with that
reported in magnetically doped TIs [59], TI-based magnetic
heterostructures [32], AFM TIs (i.e., MnBi2Te4) [60], and TIs
under external magnetic field [61]. Since the surfaces were
modeled within the repeating slabs model (see Methods), slab
thickness directly affects the resulting band structure. Slabs of
an even (odd) number of SLs produce surfaces (top and bot-
tom) with antiparallel (parallel) magnetizations, which leads
to parallel (antiparallel) Dirac points shift since the Dirac
cones have opposite chiralities. The displayed surface band
structures were modeled with eight SL slabs, so both Dirac
points are shifted in the same direction.

We must note here that the above described results are
obtained on the assumption that the (0001) surface SL is
accommodated by the bulk interlayer AFM ordering while
preserving intralayer FM order. This is mostly due to a large
distance between Mn or V atomic layers and a large vdW
gap, which result in weak exchange coupling between adja-
cent SLs. If the crystal cleaves along a vdW gap, Mn, or V
magnetic moments are not very sensitive to the lack of co-
ordination number in the surface vicinity and magnetic order
does not differ from the one in bulk. Surface band structures
of the other topologically nontrivial compounds can be found
in Supplemental Material Note 2 and Supplemental Material

Figure 3 [51]. Thus, our DFT calculations demonstrate that
all the topologically nontrivial compounds under study are
characterized by a gapless Dirac state with helical spin texture
on the ideal (0001) surface.

The right panel in Fig. 2(a) indicates that the Dirac
fermions are predominantly localized within the top-
most SL. Their behavior, affected by the exchange field,
∼M, originated from the local moments of the same
SL, can be described by the effective two-dimensional
Hamiltonian

H (k) = υ(kyσx − kxσy) − j(Mxσx + Myσy) − j⊥σzMz, (1)

where υ is the Fermi velocity, k = (kx, ky) is the in-plane
momentum, σx, σy, and σz are the Pauli matrices acting in
spin space. In the Hamiltonian Eq. (1), the warping term
is neglected because its effect is negligible due to a rela-
tively small Dirac point shift from the �̄ point. Nevertheless,
we have investigated the effect of warping term on the
results (please see Supplemental Material Note 3 and the
respected Refs. [51,62,63]). For the definiteness, we assign
j, j⊥ > 0 and υ > 0. The first term captures the presence
of Dirac-like quasiparticles with linear spectrum and perfect
spin-momentum locking. The effective exchange integrals j
and j⊥ couple the surface quasiparticle spins with the local
magnetization of the topmost SL, M = (Mx, My, Mz ), which
can generically be in an arbitrary direction. In the case of
the spatially homogeneous magnetization M, the energy spec-
trum of the Hamiltonian Eq. (1) is given by the relation
E2(k) = (υkx + jMy)2 + (υky − jMx )2 + j2

⊥M2
z .

To explore how the spatially inhomogeneous magneti-
zation M(x, y) affects the surface state of an AFM TI,
we use the model of a single rigid DW. In the Hamil-
tonian Eq. (1), the (x, y) plane is assumed to be divided
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in two semi-infinite uniformly ordered regions with oppo-
site polarizations, thus M(x, y) changes its direction upon
crossing the linear boundary x = 0, but keeps its mag-
nitude. We specify the space profile of the DW in the
form M(x, y) = M0(sin θsgn(x), 0, cos θ ), where |M(x, y)| =
M0 = const. Here the magnetization vector can rotate through
an angle π − θ out of the plane. Due to the periodicity along
the y direction, the momentum ky is a good quantum number.
To describe the fermion state hosted by the DW, we apply the
analytical approach (see Supplemental Material Note 4 for de-
tails [51]) as well as the numerical tight-binding calculations.

In following, we address the planar AFM TI surface where
the local moments lie in the plane and have opposite directions
in the right and left domains, i.e., M(x, y) = M0(sgn(x), 0, 0)
[see Fig. 2(b)]. The surface with such tail-to-tail DW har-
bors two types of quasiparticles manifesting utterly distinct
behaviors: on the one hand, 2D massless Dirac fermions; on
the other hand, 1D heavy fermions with infinitely large effec-
tive mass. The pair of Dirac cones, shifted to momenta ±k0,
where k0 = jM0

υ
, with respect to the Brillouin zone center,

corresponds to the two semi-infinite domains with opposite
magnetization. The flat band exists within the interval be-
tween the Dirac nodes, |ky| < k0. Remarkably, this particular
state does not disperse in ky at zero energy, E (k) = 0, forming
a sharp peak in DOS at E = 0 against the linear dependence
of Dirac fermions DOS [see right panel on Fig. 2(b)]. This
flat-band state is topologically protected, which originates
from the Berry phase of π for each Dirac node and, therefore,
cannot be destroyed by DW imperfections (see the respec-
tive discussion in Supplemental Material Note 5 [51]). The
probability density of the flat band decays exponentially away
from the DW on the scale |χ (x)|2 ∼ exp(−2k0|x|) as demon-
strated in Fig. 2(c). Furthermore, the dispersionless state is
fully spin polarized. Therefore, the expectation value of the
spin angular momentum is zero for the in-plane components,
〈σx〉 = 〈σy〉 = 0, but it is nonzero in the direction normal to
the surface, i.e., normal to the easy plane, 〈σz〉 
= 0. Note the
spin polarization of the flat band induced by head-to-head DW
is antiparallel to the one induced by tail-to-tail DW.

In general, surface magnetization cannot be attached
tightly to the plane. For example, Mn or V sublattice
magnetization of a planar AFM TI can acquire nonzero out-
of-plane component Mz due to external magnetic field or
magnetic proximity effect. In the case of an AFM TI surface
hosting an isolated DW with the spatial profile M(x, y) =
M0(sin θsgn(x), 0, cos θ ), the uniform out-of-plane compo-
nent Mz breaks the spin degeneracy opening the energy gaps
at the Dirac points ±k0 sin θ in the spectrum [see Figs. 3(b)
and 3(c)]. As follows from the figures, tail-to-tail DW cre-
ates the dispersionless state with the energy E = j⊥Mz (E =
− j⊥Mz), which connects the band edges of the two gapped
cones with dispersion E2(k) = (υkx )2 + υ2(ky ± k0 sin θ )2 +
j2
⊥M2

z . Indeed, we observe such gap opening within ab initio
calculations [see Fig. 3(a)]. We modeled such out-of-plane
Zeeman perturbation with simultaneous spin rotation in the
perfect planar AFM phase. Correspondingly, the keen peak in
the DOS appears just at the band edge. It should be noted that
nonzero Mz shifts the energy and reduces the momentum in-
terval of the flat band but does not change the spin polarization
direction and flatness of the DW state.

According to the numerical simulations, MnBi2Te2Se2 is
a vdW AFM TI with in-plane anisotropy, whereas MnBi2Te4

has been identified as an out-of-plane AFM TI. Therefore, it is
natural to assume that the solid solution MnBi2(Te1−xSex )4 at
the certain concentration value 0 < x < 1

2 would have AFM
order with the sublattice magnetization directed to the angle
0 < |θ | < π

2 to the basal plane, keeping nontrivial invariant
Z2 
= 0. In our approach, in the presence of an antiphase DW,
the surface magnetization of such a material is modeled with
the spatial profile M(x, y) = M0(sin θsgn(x), 0, cos θsgn(x)).
Interestingly, the DW-induced bound state is associated with
the linear spectral branch, E (k) = ± j⊥

j cos θvky, which spans
the magnetic gap, 2| j⊥M0 cos θ |, and connects edges of the
bands originated from the opposite magnetic domains [see
Figs. 3(d) and 3(e)].

Thus, in the absence of out-of-plane magnetic moment
component Mz, the flat band connects two Dirac points [see
Fig. 2(b)]. Under nonzero Mz or under external magnetic
field, a gap opens at the Dirac points. Here two different
scenarios are possible: (1) If the Mz sign is the same for both
domains, the flat band survives but connects either valence or
conduction bands [see Figs. 3(b) and 3(c)]. (2) If Mz signs are
opposite for the two domains, then the flat band evolves to
a chiral state connecting valence and conduction bands [see
Fig. 3(d) and 3(e)]. In the case of a small Mz component, the
Dirac point gap will be small too, and the chiral state will be
nearly flat. This opens wide possibilities to control the proper-
ties of the DW-bound state by changing its effective mass from
zero to infinity. We note, however, that the flat character of the
DW-bound state is provided by chiral symmetry of the Hamil-
tonian. If one explicitly accounts atomic and magnetic struc-
ture of the DW, reasonable variation in energy can be expected
and the flat band may not be completely flat. Also, we would
like to note that properties of the flat-band state depend on
temperature, namely, its span across 1D BZ, real space local-
ization, and its width (see Supplemental Material Note 6 [51]).

III. CONCLUSION

In this paper, we proposed the tetradymitelike planar AFM
TI family and by means of ab initio calculations we de-
termined their equilibrium crystal, electronic, and magnetic
structures. We found all considered compounds to be layered
antiferromagnets with in-plane magnetization.

The proposed V-based compounds have Néel temperature
in the range of 77–94 K, which is significantly higher than in
the case of Mn-based AFM TIs. We showed that the critical
temperature can strongly depend on the chemical composi-
tion, in particular, Sb–containing compounds show increasing
Néel temperature of almost 20 K with respect to Bi ones.
All the considered compounds possess a typical semicon-
ductor bulk band structure. We found bulk MnBi2Te2Se2,
VBi2Te2Se2, VBi2Te4 and VSb2Te4, to exhibit Z2 = 1 and
an AFM TI phase. Such compounds are characterized by a
gapless surface state on the (0001) surface, which has helical
spin texture similar to nonmagnetic TIs. The topmost SL
magnetization shifts Dirac point from �̄.

We demonstrated that magnetic inhomogeneities like
DWs on the (0001) surface can prompt the appearance of
topological one-dimensional flat bands, which give rise to a
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sharp peak in the DOS near the Fermi level. We showed that
these flat band states can be effectively tuned by applying
external magnetic field perpendicular to the surface plane. In
this context, AFM TIs with in-plane sublattice magnetization
provide a very special and rich platform to study surface
electronic properties.

The appearance of flat bands with fully spin-polarized elec-
tron states leads to some unusual effects in these materials. For
example, optical excitation of electrons from the flat band can
lead to an observable spin-resolved photoelectric effect, e.g.,
spin- and valley-polarized currents.

The flat-band state can manifest itself in the anomalous
Hall effect on a single DW. Indeed, free electrons in the
topmost SL, transmitted through the DW, are subjected to
out-of-plane polarization associated with the state. Due to
SOC, it can lead to the transverse current.

Since the Fermi energy is pinned to the flat-band energy,
we can also predict the appearance of superconductivity re-
lated to the coupling of heavy electrons from neighboring
DWs. Indeed, the electrons from neighboring DWs have op-
posite spin directions, and the interaction between them via
phonons can be rather strong since the electron localization
allows us to release the momentum conservation condition
in electron-phonon interactions. It should also be noted that
intra-DW electron-electron repulsion does not affect the su-
perconductivity related to pairing at different DWs [64].
Finally, we can expect an enhancement of the critical tem-
perature for superconductivity transition thanks to the infinite
electron DOS.
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APPENDIX: METHODS

Bulk crystal structures, magnetic order, MAE, bulk and
surface band structures were investigated using the projec-
tor augmented-wave method [65] implemented in the VASP
package [66–68]. Exchange-correlation effects were taken
into account using Perdew-Burke-Ernzerhof generalized gra-
dient approximation (GGA) [69]. Spin-orbit coupling was
treated using the second variation technique [70]. The DFT-
D3 method [71] was used to accurately describe the vdW
interaction. The plane-wave energy cutoff was chosen ex-
clusively for each compound (280 eV for MnBi2Te2Se2,
240 eV for VBi2Se4, VBi2Te2Se2 and VBi2Te4, 275 eV
for VSb2Te2Se2, and 250 eV for VSb2Te4,) and was kept
constant through all calculations. The energy convergence
criterion was set to 10−6 eV for all types of calculations ex-
cept magnetocrystalline anisotropy study, for which it was
decreased down to 10−7 eV. FM phases were modeled using
a rhombohedral cell containing one Mn or V atom (1 f.u.)
and monoclinic cell containing 4 Mn or V atoms (4 f.u.),
respectively. AFM bulk phases were modeled using a rhombo-
hedral cell containing two Mn atoms (2 f.u.) and a hexagonal
cell containing six Mn atoms (6 f.u.). Collinear AFM and
non-collinear AFM phases were modeled using rectangular
(1 × √

3) and (
√

3 × √
3)R30◦ cells, respectively. All fer-

romagnetic slabs were studied using convenient hexagonal
cells. Magnetocrystalline anisotropy studies were performed
on the same hexagonal cell. Surfaces were modeled within the
repeating slabs model, i.e., surface band structures are derived
from direct DFT calculations of 8-SL (56 atomic layers) thick
slabs.

Mn and V 3d states were treated using a GGA + U ap-
proach [72,73]. The values of Ueff were calculated using a
linear response technique proposed by Cococcioni and de
Gironcoli [74]. Adopted U values were 5.3, 4.8, 5.0, 4.7,
4.6, and 5.0 eV for MnBi2Te2Se2, VBi2Se4, VBi2Te2Se2,
VBi2Te4, VSb2Te2Se2, and VSb2Te4, respectively.

Calculations of Z2 invariants were performed using
Z2PACK [75–78]. Phonon spectra were calculated using the
PHONOPY package [79].

To obtain exchange coupling parameters, we used the mag-
netic force theorem [80] as implemented within the multiple
scattering theory package HUTSEPOT [81], along with the full
charge density approximation [82]. They were confirmed by
Monte Carlo simulations based on the classical Heisenberg
Hamiltonian with the obtained exchange coupling parameters
from above. The heat capacity was used as indication for the
magnetic phase transition. Monte Carlo results were checked
for convergence of all simulation parameters, i.e., simulation
size and Monte Carlo steps. More technical details can be
found in Ref. [81].

The introduced toy model, Eq. (1), may be directly
implemented to analytically describe low-energy fermions
at the surface of planar AFM TI for various inhomoge-
neous magnetization configurations in the uppermost SL.
This consideration is restricted to simple configurations (in
the form of rigid one-dimensional DWs), which allowed
us to find the exact solution for the corresponding eigen-
state problem. Indeed, we have obtained a modification
of the energy spectrum and the envelope wave function
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spatial profile of the surface states caused by a magnetic
DW presence. These results are consistent with those of

a tight-binding study of the model regularized on square
lattice.
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