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materials. We expect that our study will provide an
understanding of bonding configuration in MBT-type materials
that may motivate researchers to revisit other vdW materials
that possess multiple bonding arrangements.
In this study, we perform a systematic investigation of

several possible phases of ten di!erent MBT-type monolayers.
We find that there is a common favorable bonding
configuration among all MnBiBiiXi

2Xii
2 structures considered

in this work. This configuration is based on the bond length
between the Mn atom and its nearest X-site atoms that make
chemical bonds with Mn. The most favorable configuration
tends to have shorter bond lengths between the Mn atom and
its nearest X-site atoms. This is only possible if the element
occupying the X-sites nearest to Mn is smaller than those
further away. In addition, changing the bonding configuration
of these materials can impact the formation energy and the
electronic properties. For instance, a transition from metal to
trivial insulator, and Chern insulator can occur. We investigate
the thermodynamic, electronic, magnetic, and topological
properties of monolayer MnBiBiiXi

2Xii
2 for the most favorable

configurations. Finally, we propose a high-energy phase of the
MnBi2S2Te2 structure (i.e., γ-MnBi2S2Te2) that is chemically
stable (i.e., via thermodynamic and dynamic stability checks)
and exhibits a QAHE.

■ RESULTS AND DISCUSSION
Figure 1 shows the crystal structure of monolayer
MnBiBiiXi

2Xii
2 with ferromagnetic (FM) and antiferromagnetic

(AFM) spin configurations. The B sites of MnBiBiiXi
2Xii

2 (i.e.,
Bi and Bii) are decorated with Bi (i.e., Bi2), or Sb (i.e., Bi2), or
both of them (i.e., SbBi). Similarly, the X sites (i.e., Xi and Xii)
can be either S, Se, or Te (i.e., S4, Se4, Te4), or a combination
of two of them (i.e., S2Se2, S2Te2, Se2Te2). In this study, we
consider 10 di!erent materials that are isostructural to the
monolayer of MBT. The competing phases of some of these
structures are already predicted in previous studies.28−31 For a
given MnBiBiiXi

2Xii
2 structure, we investigate all possible

arrangements of the elements occupying the A, B, and X
sites. These bonding configurations, based on the arrangement
of atoms in the septuple layer, are described by the sequence of
elements in the SL. We calculate the total energy and
electronic band gap of each configuration and compare these
values with those from the respective competing phases. See
Supporting Information for details.
We propose notation symbols for the di!erent phases of

monolayer MnBiBiiXi
2Xii

2 structures based on their atomic
sequences in the crystal structure. For those with the same B
site elements (i.e., B2 = Bi2, Bi2), there will be four possible
sequences (i.e., α, β, γ, and δ). For example, in MnBi2S2Se2

those four names are as follows: α-MnBi2S2Se2 (with atomic
sequence: S−Bi−Se−Mn−Se−Bi−S), β-MnBi2S2Se2 (with
atomic sequence: Se−Bi−S−Mn−S−Bi−Se), γ-MnBi2S2Se2
(with atomic sequence: Se−Bi−S−Mn−Se−Bi−S), and δ-
MnBi2S2Se2 (with atomic sequence: Se−Bi−Se−Mn−S−Bi−
S). Similar pattern holds for monolayers of MnBi2S2Te2,
MnBi2Se2Te2, MnSb2S2Se2, MnSb2S2Te2, and MnSb2Se2Te2.
For those with both Sb and Bi at the B sites (i.e., B2 = BiSb),
there will be six possible sequences (i.e., α, β, γ, δ, ϵ, and ζ).
For example, in MnSbBiS2Se2 those six names are as follows:
α-MnSbBiS2Se2 (with atomic sequence: S−Sb−Se−Mn−Se−
Bi−S), β-MnSbBiS2Se2 (with atomic sequence: Se−Sb−S−
Mn−S−Bi−Se), γ-MnSbBiS2Se2 (with atomic sequence: Se−
Sb−S−Mn−Se−Bi−S), δ-MnSbBiS2Se2 (with atomic se-
quence: S−Sb−Se−Mn−S−Bi−Se), ϵ-MnSbBiS2Se2 (with
atomic sequence: Se−Sb−Se−Mn−S−Bi−S), and ζ-
MnSbBiS2Se2 (with atomic sequence: S−Sb−S−Mn−Se−
Bi−Se). This pattern also holds for monolayers of
MnSbBiS2Te2, and MnSbBiSe2Te2. A detailed table of all
MnBiBiiXi

2Xii
2 structures is provided in the Supporting

Information along with the representative crystal structures
of each type, namely, monolayers of MnBi2S2Se2 and
MnSbBiS2Se2.
We determine the most favorable atomic sequence for

monolayer MnBiBiiXi
2Xii

2 materials by identifying the lowest
energy configuration. We observe that the elements occupying
the X sites (i.e., Xi, and Xii) are responsible for determining the
ground states of MnBiBiiXi

2Xii
2 structures. For example, among

the four possible atomic sequences in monolayer MnBi2S2Se2,
we find that the structure with atomic sequence Se−Bi−S−
Mn−S−Bi−Se (i.e., β-phase) has the lowest energy config-
uration, suggesting that the magnetic atom (i.e., Mn) in
MnBi2S2Se2 prefers to have chemical bonds with the atoms in
the X sites that are smaller in atomic size (i.e., S) than those
occupying the X sites on the surface (i.e., Se). In other words, a
structure comprising S (Se) and Se (Te) atoms on the X sites
will always have S (Se) atoms chemically bonded to the Mn
atoms and Se (Te) atoms on the surface bonded to the B-site
atoms. A similar pattern is observed for structures comprising S
and Te atoms on the X sites. This holds for all MBT-type
structures considered in this study. In other words, the atoms
in MnBiBiiXi

2Xii
2 structures prefer to be arranged in the

sequence of the β-phase. Thus, MnBiBiiXi
2Xii

2 structures
comprise a MnXi

2 layer at the center of the cell with two
inverted layers: BiXii, and BiiXii, as the top and bottom layers.
This study demonstrates that the MBT family of materials

prefers to have a centrosymmetric structure whenever possible.
If the centrosymmetry condition is not satisfied, they still
prefer to have the X-sites near the Mn-sites be smaller than
those near the surface. Thus, MnBiBiiXi

2Xii
2 materials that do

not satisfy the above conditions are high-energy phases.
Consequently, we find that materials, such as δ-MnBi2S2Te2, δ-
MnBi2Se2Te2, ϵ-MnSbBiS2Te2, and ζ-MnSbBiSe2Te2, which
are reported in previous studies28−31 are the higher-energy
competing phases of the structures predicted in this work. See
Supporting Information for details.
To better understand how the atomic configuration in

monolayer MnBiBiiXi
2Xii

2 materials a!ects the energy of the
phase, we analyze the bond distances between all atomic pairs
that share a common chemical bond in the structures. That is,
we measure the following bond distances: Mn−Xi, Mn−Xii,
Bi−Xi, and Bii−Xii. We find that the Mn−Xi bond is always
shorter when Xi is a chalcogen with a smaller atomic number.

Figure 1. Crystal structure of the MnBi2Te4-type monolayer. The
structure represents one of the possible structural configurations of
monolayer MnBiBiiXi

2Xii
2. It has the following atomic sequence from

top to bottom: Xii-Bii-Xii-Mn-Xi-Bi-Xi. (a) and (b) represent the FM
and AFM states, respectively.
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i.e., Mn−S is the smallest and the Mn−Te is the largest Mn−Xi

bond distance in MnBiBiiXi
2Xii

2 structures. The structures that
have atomic configurations with shorter Mn-Xi bonds are
energetically favorable. This holds for all the structures
considered in our study. A table of Mn−Xi bond lengths is
provided in Supporting Information.
A list of all the predicted structures in their most

energetically favorable atomic arrangements (i.e., β-phase)
along with their corresponding formation energies per unit cell
and electronic band gaps are presented in Table 1. We find

that the formation energy of MBT-type structures depends on
the selection of elements occupying the atomic sites, with B
sites being the most important. For example, the formation
energy per unit cell of monolayer β-MnBi2S2Se2 (i.e., −2.759
eV) is much lower than that of monolayer β-MnSb2S2Se2 (i.e.,
−1.038 eV). In addition, for a fixed B site, the structures
comprising X sites as the combination of S, Se, (i.e., S2Se2) and
Se, Te (i.e., Se2Te2) have lower formation energies per unit cell
than those structures with S, Te (i.e., S2Te2). We use the
formation energy as a proxy for the chemical stability of the
predicted structures. Nevertheless, the formation energy is a
necessary, but insu#cient condition for chemical stability. The
materials with lower formation energies are thermodynamically
more stable. Consequently, we deduce that monolayer β-
MnBi2S2Se2 has the highest thermodynamic stability among all

the structures considered in this study. Meanwhile, monolayer
β-MnSb2S2Te2 has the lowest thermodynamic stability.
To determine the dynamic stability of the predicted

structures, we carry out phonon calculations using the finite
displacement method as implemented in the Phonopy
package.32 Larger supercells of size 4 × 4 × 1 are considered
in the calculations. We find that there are no imaginary phonon
frequencies in the phonon spectra. The absence of soft
vibration modes in the phonon spectra of lowest energy
MnBiBiiXi

2Xii
2 structures provides evidence that they are

dynamically stable. The calculated phonon spectra of all the
predicted structures are provided in the Supporting Informa-
tion.
We investigate the electronic properties of monolayer

MnBiBiiXi
2Xii

2 structures for the most favorable bonding
configurations. Table 1 presents the DFT-calculated band
gap values. All the structures are found to be trivial insulators
with nonzero band gaps. To get a deeper insight into the
electronic properties, we plot their electronic band structures
and projected density of states (PDOS) based on the elemental
contributions. The corresponding plots of β-MnBi2S2Se2 and
β-MnSbBiSe2Te2 monolayers are shown in Figure 2. The plots
of their total DOS are provided in the Supporting Information
along with the electronic band structures of monolayer
MnBiBiiXi

2Xii
2 structures.

We find that the band structure and projected DOS of both
monolayers show a clear separation of the valence band (VB)
and conduction band (CB) indicating insulating behavior. The
projected DOS of β-MnBi2S2Se2 monolayer (Figure 2a) shows
that S and Se have a major contribution to the VB near the
Fermi level, while Bi and Se have a major contribution to the
CB near the Fermi level. The contribution of Mn near the
Fermi level is negligible. Similarly, the projected DOS of β-
MnSbBiSe2Te2 monolayer (Figure 2b) shows that Se and Te
are the major contributors to both the VB and CB near EF.
There is a small contribution coming from Sb and Bi to the CB
near EF. Meanwhile, Mn has a negligible contribution near EF
as in Figure 2a. Similar patterns are observed in other MBT-
type materials considered in this study. This suggests that the
extremely localized 3d-orbitals of Mn atoms are not
responsible for determining the electronic band gaps of
MnBiBiiXi

2Xii
2 monolayers.

Next, we investigate the magnetic properties of monolayer
MnBiBiiXi

2Xii
2 structures using the isotropic Heisenberg

Hamiltonian,

= ·H J S S A S( )
i j

i j

i

i

z

,

2

(1)

Table 1. MnBiBiiXi
2Xii

2 Structures with their Chemical
Formulae, Most Favorable Atomic Sequences,
Corresponding Formation Energies per Unit Cell, and Band
Gap Values

material atomic arrangement

formation
energy (eV/
unit cell)

band
gap
(eV)

β-MnBi2S2Se2 Se−Bi−S−Mn−S−Bi−Se −2.759 0.655
β-MnBi2S2Te2 Te−Bi−S−Mn−S−Bi−Te −2.281 0.578
β-MnBi2Se2Te2 Te−Bi−Se−Mn−Se−Bi−Te −2.389 0.386
β-MnSb2S2Se2 Se−Sb−S−Mn−S−Sb−Se −1.038 0.592
β-MnSb2S2Te2 Te−Sb−S−Mn−S−Sb−Te −0.568 0.709
β-MnSb2Se2Te2 Te−Sb−Se−Mn−Se−Sb−Te −0.631 0.446
β-MnSbBiS2Se2 Se−Sb−S−Mn−S−Bi−Se −1.888 0.532
β-MnSbBiS2Te2 Te−Sb−S−Mn−S−Bi−Te −1.418 0.587
β-
MnSbBiSe2Te2

Te−Sb−Se−Mn−Se−Bi−Te −1.503 0.363

MnSbBiS4 S−Sb−S−Mn−S−Bi−S −1.664 0.665
MnSbBiSe431 Se−Sb−Se−Mn−Se−Bi−Se −1.865 0.328
MnSbBiTe427 Te−Sb−Te−Mn−Te−Bi−Te −1.718 0.237

Figure 2. Band structure and element-decomposed density of states of (a) β-MnBi2S2Se2 monolayer, and (b) β-MnSbBiSe2Te2 monolayer. The
spin−orbit interaction is included in the calculations.
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where J is the Heisenberg exchange coupling parameter, A
measures the strength of the single-ion anisotropy, Si and Sj
represent the neighboring spin unit vectors at site i and j,
respectively. In this study, we calculate the first, second, and
third nearest-neighbor exchange interactions that are repre-
sented by J1, J2, and J3 respectively. For this, we use a supercell
of size 3 × 2 × 1 with four possible magnetic configurations, as

shown in Figure 3. The magnetic exchange coupling
parameters are obtained by solving the following equations28:

= + +

= +

= + +

= +

E E J J J S

E E J J J S

E E J J J S

E E J J J S

18( )

6( 3 )

2( 3 )

2( 3 )

FM 0 1 2 3
2

AFM1 0 1 2 3
2

AFM2 0 1 2 3
2

AFM3 0 1 2 3
2

(2)

Where E0 is the ground state energy that does not depend
upon the spin configurations. The calculated values of J1, J2,
and J3 are presented in Table 2. The positive (negative) J
values represent the FM (AFM) spin configuration. We also
calculate the magnetic anisotropy energy (MAE), which is the
sum of the magnetocrystalline anisotropy (MCA) energy and
the magnetic shape anisotropy (MSA) energy. The MCA
energy emerges from the spin−orbit interaction and is
calculated by taking the energy di!erence between the in-
plane (IP) and out-of-plane (OOP) spin configurations, MCA
= EIP − EOOP. The MSA energy originates from the long-range
magnetic dipole−dipole interactions.33,34 It is calculated using
the formula, MSA = EIPDipole − EOOP

Dipole. Positive (negative) values
of MAE indicate that the magnetic moments prefer to align in
the OOP (IP) direction. See Supporting Information for
details.
We find that the first nearest neighbor exchange interaction

in monolayer MnBiBiiXi
2Xii

2 always prefers ferromagnetic

ordering, while the second and third nearest neighbors tend
to prefer the AFM spin configuration. Supporting evidence, as
shown in Table 2, finds J1 with positive values while J2, and J3
have negative values. J1 is strongest for structures with Se and
Te and lowest for those with S and Te. Among the structures
considered in this study, we find that MnSbBiSe4 has the
highest J1 and MnSbBiS4 has the lowest J1. The corresponding
values are 1.294 and 0.546 meV, respectively. Magnitude of J2
is largest for MnBi2Se2Te2 (i.e., −0.132 meV) and lowest for
MnSb2S2Te2 (i.e., −0.064 meV). Surprisingly, the value of J3
for β-MnSb2S2Se2 is higher than that of J2. i.e., the third
nearest-neighbor interaction is dominant over the second
nearest-neighbor interaction. We expect that if the higher-
order exchange coupling parameters prefer AFM configura-
tions and are significant as compared to J1, there might be a
possibility of spin frustration in MBT-type materials. Similar
results have been reported in previous studies.35,36 In addition,
the exchange-coupling parameters of vdW materials can be
tuned by applying external perturbations such as chemical
doping, electric field, or strain.28,29,35,37−39 Changing the
coupling parameters may lead to spin frustration in
MnBiBiiXi

2Xii
2 structures. However, investigating spin frustra-

tion is outside the scope of this work.
The dipole−dipole interaction usually favors the in-plane

magnetization as shown by negative MSA values in Table 2.
Meanwhile, MCA can be either positive or negative. Table 2
shows that MnBiBiiXi

2Xii
2 monolayers always have negative

MCA energy if their X-sites comprise a combination of S and
Se (i.e., S2Se2) and have positive MCA for Se and Te at the X
sites. For those with S and Te, MCA is almost zero. This
suggests that the identity of the X-sites determines the MCA
energy of MnBiBiiXi

2Xii
2 monolayers. The role of X-site

elements is also crucial in determining the magnitude of
magnetic exchange coupling parameters and MAE in other
vdW magnets, such as Cr2Ge2Te6, CrI3, and MnSe2. Studies
show that these materials tend to have larger (in magnitude)
exchange coupling parameters, and MAE for the structures
with larger elements at the X sites.19,20,40−45

For monolayer MBT, MCA is positive and it dominates
MSA39 making out-of-plane magnetic easy axis. However, an
opposite trend is observed in other materials, such as
MnBi2Se423 where MCA is very low compared with MSA,
resulting in an in-plane magnetization. We find a similar
pattern in this study; the calculated MAE energies show that all
the structures we investigate in this work have weak MCA that
are dominated by strong MSA values. As a result, all

Figure 3. Magnetic configurations in monolayer MnBiBiiXi
2Xii

2.
Schematic shows one FM and three AFM magnetic configurations
in a 3 × 2 × 1 supercell of monolayer MnBiBiiXi

2Xii
2. Only the

magnetic Mn atoms are displayed.

Table 2. Magnetic Properties of Monolayer MnBiBiiXi
2Xii

2 Structures in their Lowest Energy Statesa

material magnetic moment (μB) J1 (meV) J2 (meV) J3 (meV) MCA (meV) MSA (meV) MAE (meV)
β-MnBi2S2Se2 4.661 0.732 −0.120 −0.043 −0.021 −0.168 −0.189
β-MnBi2S2Te2 4.660 0.695 −0.100 −0.004 0.013 −0.156 −0.143
β-MnBi2Se2Te2 4.645 1.030 −0.132 −0.006 0.030 −0.146 −0.143
β-MnSb2S2Se2 4.652 0.690 −0.108 −0.176 −0.097 −0.179 −0.276
β-MnSb2S2Te2 4.651 0.642 −0.064 −0.049 −0.001 −0.164 −0.165
β-MnSb2Se2Te2 4.635 1.195 −0.092 −0.028 0.037 −0.154 −0.117
β-MnSbBiS2Se2 4.655 0.726 −0.115 −0.084 −0.016 −0.174 −0.190
β-MnSbBiS2Te2 4.655 0.681 −0.084 −0.011 0.004 −0.160 −0.156
β-MnSbBiSe2Te2 4.640 1.126 −0.114 −0.001 0.034 −0.150 −0.116
MnSbBiS4 4.652 0.546 −0.119 −0.097 ≈0 −0.182 −0.182
MnSbBiSe4 4.639 1.294 −0.123 −0.071 0.024 −0.135 −0.111

aTotal magnetic moment, exchange coupling parameters, MAE, and magnetic easy axis are displayed.
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MnBiBiiXi
2Xii

2 structures considered in our study prefer to have
an in-plane magnetization.
Finally, we study the topological properties of MnBiBiiXi

2Xii
2

monolayers. Some of the structures such as ζ-MnSbBiSe2Te2,
ϵ-MnSbBiS2Te2, δ-MnBi2S2Te2, and δ-MnBi2Se2Te228−30,46

were predicted to possess nontrivial topological states. A
previous study by You et al. shows that δ-MnBi2S2Te2
monolayer exhibits QAHE with the Chern number C = 2.
This structure has an atomic arrangement in the following
order: S−Bi−S−Mn−Te−Bi−Te. In this study, we find two
previously unexplored phases of MnBiBiiXi

2Xii
2 that exhibit

topological features. Our analysis shows that changing the
atomic sequence to Te−Bi−S−Mn−Te−Bi−S results in a new
phase (i.e., γ-MnBi2S2Te2) with the formation energy of
−1.898 eV per unit cell. This value is lower than that of the
previously proposed δ-MnBi2S2Te2 which has a formation
energy of −1.869 eV per unit cell. This implies that the newly
predicted γ-MnBi2S2Te2 phase is energetically more stable than
the previously reported phases. The dynamic stability of the γ-
MnBi2S2Te2 is further tested by calculating the phonon
spectrum and the ab initio molecular dynamics (AIMD)
simulations within the NVT ensemble at 500 K for 30 ps with
a time step of 2 fs. The absence of imaginary frequencies in the
phonon spectrum that would indicate soft phonon modes is
evidence of dynamic stability. In addition, the AIMD result
shows no sudden drop of fluctuating total energy in the energy
profile over the simulation period of 30 ps. This suggests that
the structure is dynamically stable. See Supporting Information
for details. The electronic structure calculations show that the
γ-MnBi2S2Te2 has a direct band gap of 80.3 meV near the Γ
point. The corresponding element-decomposed band structure
is shown in Figure 4a. It shows a clear band inversion at the Γ
point indicating topologically nontrivial features.
To confirm this, we calculate the topological constant using

the Z2Pack package, which shows that γ-MnBi2S2Te2
monolayer is a Chern insulator with a Chern number C = 1
which exhibits QAHE. The Chern insulating phase of γ-
MnBi2S2Te2 monolayer is further confirmed by calculating the

edge states using the WannierTools package as shown in
Figure 4b. It features a gapless chiral edge state connecting the
valence bands and conduction bands. We also calculate the
anomalous Hall conductivity σxy, which is shown in Figure 4c.
The Hall conductivity is quantized with a Hall plateau of e

h

2
at

the Fermi level corresponding to a Chern number C = 1, thus
indicating a QAH state.
In addition, a recent study predicts that the ϵ-MnSbBiS2Te2

monolayer undergoes a phase transition from metallic to
Chern insulating phase with C = 2 when a biaxial strain is
applied.46 The atomic ordering of this phase is found to be
Te−Sb−Te−Mn−S−Bi−S with a formation energy of −1.063
eV per unit cell. When we alter the order of the atomic
sequence, we obtain an additional phase (i.e., ζ-MnSbBiS2Te2)
that also exhibits QAHE without applying strain. It has an
atomic ordering of S−Sb−S−Mn−Te−Bi−Te and a formation
energy of −0.897 eV per unit cell. The topologically nontrivial
behavior is confirmed using the Z2Pack and WannierTools
packages. The results show that the ζ-MnSbBiS2Te2 phase
exhibits QAHE with a Chern number C = 1. The
corresponding element-decomposed band structures with
band inversion at Γ point, chiral edge states, and quantized
anomalous Hall conductivity are shown in Figure 5. However,
results from the phonon spectrum calculations show that the
newly predicted ζ-MnSbBiS2Te2 phase is dynamically unstable
or at least metastable. See Supporting Information for its
phonon spectrum. This instability might suggest the possible
surface reconstruction in the ζ-MnSbBiS2Te2 structure after
exfoliation from the bulk. We may be able to get rid of those
soft modes by using larger supercells in the phonon
calculations that are su#cient to capture the reconstructed
surfaces correctly. A paper by Ramzan et al. discussed the
possible scenarios of surface reconstruction in vdW materials
of the form XY3 (X = C, Si, Ge, Sn, Pb; Y = P, As, Sb, Bi). The
authors chose slightly distorted rectangular cells over regular
hexagonal cells in the calculations to overcome this issue in
such systems.47 It may also be possible to induce dynamic
stability in the ζ-MnSbBiS2Te2 phase by adding a second layer

Figure 4. Topological properties of monolayer γ-MnBi2S2Te2. (a) element-decomposed band structure, (b) edge states, and (c) Hall conductance
of monolayer γ-MnBi2S2Te2.

Figure 5. Topological properties of ξ-MnSbBiS2Te2 monolayer. (a) element-decomposed band structure, (b) edge states, and (c) Hall conductance
of ξ-MnSbBiS2Te2 monolayer.
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as a substrate or by hydrogenation. Studies demonstrating this
have been reported in the literature.48−59 It should be noted
that both phases discussed above are the high-energy
competing phases of our previously predicted most-stable
MnBiBiiXi

2Xii
2 structures in Table 1.

It is well-known that the standard DFT method using GGA-
PBE functional underestimates the band gap. A few approaches
have been proposed to overcome this problem, such as using
the DFT + U method,60 hybrid functionals,61,62 green function
GW,63−65 and Bethe Salpeter Equation (BSE) methods.66,67
We use the DFT + U method with U = 4 eV in our
calculations. The value of U is taken from the litera-
ture.6,25,27,28,31,46,68,69 This method has been widely used to
calculate the properties of MBT-type materials because it
predicts their properties accurately. Previous studies have
tested the DFT + U method with di!erent values of the U
parameters as well as the higher-order functionals such as the
HSE method on MBT-type materials and found that all of
them led to the same results qualitatively. The study also found
that the standard DFT method (i.e., with U = 0 eV) results in
monolayer MBT-type materials relaxing to the wrong magnetic
configuration.9,27,46 We also calculate the band gaps of
monolayers γ-MnBi2S2Te2 and ζ-MnSbBiS2Te2, that are
predicted to exhibit QAHE, using the DFT + U method
taking di!erent U values as well as the HSE method. The
calculations show that while the values of the band gap change
slightly with the di!erent functionals used, the topological
properties remain unchanged. Our results are thus consistent
with the previous studies.9,27,46 See Supporting Information for
details.
Our study provides a comprehensive understanding of

various possible phases of monolayer MnBiBiiXi
2Xii

2 structures.
It shows how the stability of MnBiBiiXi

2Xii
2 materials, as well as

their electronic, magnetic and topological properties, can be
altered by rearranging the sequence of elements occupying the
A, B, and X sites of the material. In addition, the calculations
show that the most stable phases of monolayer MnBiBiiXi

2Xii
2

structures are energetically preferred by a few hundred meV,
ranging from 148 meV (for monolayer MnSbBiS2Se2) to 788
meV (for monolayer MnSb2S2Te2) as compared to their
respective high-energy competing phases. This shows that the
competing phases are metastable phases of the respective
structures. Previous studies show that it is feasible to grow the
competing phases of various vdW materials that have the same
chemical composition but di!erent stacking sequences by
using proper growth conditions. For example, Bao et al. in
2012 and Martińez-Velarte et al. in 2017 experimentally
synthesized quintuple layers Bi2TeSe2 structure using the
Bridgman technique where atoms are arranged in a disordered
occupation of Te/Se on outer quintuple layers and Se atoms
are located at the central-layer in the following order: Se/Te−
Bi−Se−Bi−Se/Te.70,71 Choi et al. in 2015 used the thermal
evaporation method to synthesize a centrosymmetric Bi2TeSe2
structure with a stacking sequence of the Se−Bi−Te−Bi−Se
quintuple-layer unit.72 Later in 2024, Jou et al. also successfully
synthesized a Janus Bi2TeSe2 structure with a stacking
sequence of the Se−Bi−Se−Bi−Te using the vdW epitaxy
method.73 The Above phases are the competing phases of
Bi2TeSe2 with di!erent atomic sequences. Thus, we expect that
the competing phases of MnBiBiiXi

2Xii
2 structures identified in

our work can also be realized in the experiments with proper
growth conditions - that is optimal temperature, pressure,

composition, and other relevant synthesis condi-
tions.9,10,70−72,74

As per an experimental paper by Gong et al., MBT films can
be fabricated in an SL-by-SL manner by alternate growth of 1
quintuple layer of Bi2Te3 and 1 bilayer of MnTe with the
molecular beam epitaxy (MBE) method.10 Based on the above
references, we surmise that it is possible to grow the respective
bulk phases of MBT-type materials by using one of the
methods described above. One can first grow bulk
MnBiBiiXi

2Xii
2, then exfoliate it into a single layer. Alternatively,

these monolayers can be grown in quintuple layers of Bi
2Xi

3
and Bii

2X3
ii, and bilayers of MnXi or MnXii (Bi, Bii = Bi, Sb; Xi,

Xii = S, Se, Te) via the MBE method as described by Gong et
al.10 We find that similar ideas have also been proposed in
previous theoretical studies.27,29
Our work can be extended to investigate the electronic,

magnetic, topological, and phase transition properties of other
MBT monolayers, their bilayers, multilayers, and hetero-
structures, as well as various other layered materials not
belonging to the MBT family. In addition, we identify several
Janus MBT-type materials that are candidates for future
investigations of piezoelectric properties.

■ CONCLUSIONS
In summary, we perform a systematic analysis of several phases
of monolayer MnBiBiiXi

2Xii
2 structures, based on MnBi2Te4,

using first-principles calculations. We find that the arrangement
of constituent elements in the crystal structure determines its
characteristics. Our analysis shows that the bond distance
between the Mn atom and its nearest X-site elements is
responsible for determining the ground state of MnBiBiiXi

2Xii
2

materials considered in the study. In addition, based on the
bonding configuration, the materials will have varying
electronic, magnetic, and topological properties. The magnetic
exchange coupling parameters and MCA energies show that
the X-site elements play a crucial role in determining the
magnetic properties. Finally, we propose a stable phase of
monolayer MnBi2S2Te2 (i.e., γ-MnBi2S2Te2) that exhibits
QAHE. This study provides a framework for creating a
comprehensive understanding of MnBi2Te4-type materials.
This work also demonstrates that the bond engineering of
MnBi2Te4-type materials provides avenues for tuning the
magnetic, electronic, and topological properties of van der
Waals (vdW) materials. In other words, rearranging the
sequence of atoms in the septuple layer provides a novel tuning
knob for designing materials. Magnetic topological materials
have potential applications in spintronics, topological quantum
computing, and dissipationless electronics.

■ METHODS
First-principles calculations are performed by using the VASP
package75 that uses projected augmented wave (PAW) potential to
describe the interaction between electrons and ion cores.76 We use
the exchange and correlation functional constructed within the
generalized gradient approximation in the Perdew−Burke−Ernzerhof
formulation (GGA-PBE).77 A Gamma-centered k-pint mesh of 15 ×
15 × 1 is used for the integration of the Brillouin zone. To consider
the e!ect of 3d-electrons in Mn atoms, we use a DFT+U method60
with a value of the self-interaction term U = 4 eV in all the
calculations, which is taken from the previous studies.6 The electronic
wave functions are expanded in terms of the plane wave basis sets with
an energy cuto! of 500 eV. The spin−orbit interactions and spin
polarization are considered in the calculations. The criterion for the
electronic convergence is set to 10−9 eV between any two successive
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steps. The structures are allowed to relax until the force between any
two successive ionic steps is less than 10−4 eV/Å. A vacuum space of
nearly 30 Å is set along the z-direction to avoid interactions with the
periodic replicas. A denser k-point mesh of 25 × 25 × 1 is used to
calculate the magnetic anisotropy energies. The phonon dispersions
are calculated using the Phonopy package.32 The magnetic exchange
parameters are calculated in larger supercells of size 3 × 2 × 1 using
the Heisenberg Hamiltonian. The topological constants are calculated
using the Z2Pack package78 and the edge states calculations are
performed using the WannierTools package.79
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