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We investigate a strain-induced topological phase transition in the ferromagnetic Janus monolayer
MnSbBiS,Te, using first-principles calculations. The electronic, magnetic, and topological properties are
studied under biaxial strain within the range of —8 to +8%. The ground state of monolayer MnSbBiS,Te,
is metallic with an out-of-plane magnetic easy axis. A band gap is opened when a compressive strain
between —4% and —7% is applied. We observe a topological phase transition at a biaxial strain of —5%,
where the material becomes a Chern insulator exhibiting a quantum anomalous hall (QAH) effect.
We find that biaxial strain and spin—orbit coupling (SOC) are responsible for the topological phase transi-
tion in MnSbBiS,;Te,. In addition, we find that biaxial strain can alter the direction of the magnetic easy
axis of MnSbBiS,Te,. The Curie temperature is calculated using the Heisenberg model and is found to
be 24 K. This study could pave the way to the design of topological materials with potential applications
in spintronics, quantum computing, and dissipationless electronics.

Introduction

Two-dimensional (2D) magnetic Janus materials are a special
class of materials that lack inversion symmetry. Because of their
unique crystal structure and strong spin-orbit coupling, they
possess many intriguing features, such as Rashba splitting,"™
large vertical piezoelectricity,”” a tunable band gap,*® and a large
Dzyaloshinskii-Moriya interaction (DMI).">"" Therefore, 2D Janus
materials have received a great deal of attention in nanoscience
and nanotechnology in recent years. To date, several magnetic
Janus materials have been discovered experimentally or predicted
theoretically. For example, He et al. predicted that the Cr-based
functionalized Janus MXene monolayers Cr,CXX' (X, X' =H, F, Cl,
Br, OH) can have a Néel temperature of up to 400 K.'> Similarly,
Akgenc et al. predicted a large Curie temperature of 1120 K in the
monolayer CrScC, a Cr-based Janus MXene, suggesting a promis-
ing candidate for future spintronic applications.”® Jiao et al.
proposed new 2D Janus Cr,0,XY (X = Cl, Y = Br/I) monolayers
and investigated a phase transition from ferromagnetic to anti-
ferromagnetic state with the strain, proposing Cr,O,XY as
potential materials for the spintronic applications.'* In addition,
Zhang et al. predicted a highly stable room-temperature ferro-
magnetic Janus VSSe monolayer with a large valley polarization,
having potential applications in valleytronics V(S, Se),.'® The study
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of these materials with unprecedented properties may provide
some useful information for designing functional quantum
devices. For example, MoSSe, and WSSe can be used in chemical
sensing devices,'® hydrogen evolution reaction,'” and photocata-
lytic water splitting.'® Similarly, Janus graphene has potential
applications in surface functionalization, field-effect transistors,
Li-ion batteries, and actuators.*

The search for the non-trivial topological features in 2D
magnets started in 2019 after experiments identified MnBi,Te,
(MBT) to be the first antiferromagnetic topological insulator,”®>!
which was already predicted theoretically by Otrokov et al. in
2017.%* Since then MBT has been the major focus of research on
2D materials. In addition, several exotic physical properties of
MBT have also been investigated. For example, Lee et al
observed that MBT exhibits an intrinsic anomalous Hall effect
arising from the noncollinear spin texture in the presence of the
magnetic field.”® Zhang et al. predicted the axion insulating
phase in the MBT with the quantized magnetocaloric effect.>® It
was later verified by Liu et al. in 2020.>® Deng et al. and Liu et al.
also observed that the Chern insulating phase exists in the few-
layer MBT>®*” Moreover, Li et al. predicted several MBT-family
materials that have a rich set of magnetic and topological
properties such as topological insulators, Chern insulators,
and Weyl semimetals®® In addition, the topological features were
also observed in other members of the MBT-family, such as
MnSb,Te,, MnBi,Se,, and MnSb,Se,.>>*° Further to this, several
MBT-based heterostructures have also been investigated includ-
ing (MnBi,Tey),,(Bi,Tes),,” * and MBT/h-BN** that exhibit non-
trivial topological orders. Materials within the MBT family share

Phys. Chem. Chem. Phys., 2024, 26, 10111-10119 | 10111


https://orcid.org/0000-0002-7216-8756
https://orcid.org/0009-0002-7494-1252
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cp05578g&domain=pdf&date_stamp=2024-03-14
https://doi.org/10.1039/d3cp05578g
https://doi.org/10.1039/d3cp05578g
https://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp05578g
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026013

Open Access Article. Published on 14 March 2024. Downloaded on 12/2/2025 11:47:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

the same crystal structure as MBT but with chemical substitu-
tions at the lattice sites.

A monolayer of MBT was first experimentally realized in
2020.%° Calculations show that MBT is ferromagnetic with an
HSE band gap of 0.7 eV.*® Since MBT is centrosymmetric, it
lacks many intriguing physical phenomena, such as piezoelec-
tricity, due to its inversion symmetry. Consequently, many
efforts have been made to investigate materials within the
MBT family that have small band gaps (required for topological
behavior) and large piezoelectric responses. For example, Guo
et al. theoretically predicted large intrinsic piezoelectricity in
the Janus MnSbBiTe, monolayer.” Jiang et al. investigated the
topological spin-textures in the 2D Janus MnBi,(Se, Te);*®
Recently, Wu et al. found that the MnSbBiSe,Te, Janus mono-
layer—isostructural to MBT—undergoes a phase transition
from a trivial insulator to a topological insulator at —2%
strain."' Similarly, the Janus VSiGeN, monolayer was shown
to exhibit a trivial semiconductor-metal-QAH insulator transi-
tion with the strain.*® This method of strain engineering has
also been applied to bilayers, heterostructures, and bulk
materials.*” > In addition, an external electric field has also
been used to tune the properties of MBT-type materials. Cui
et al. predicted that the electric control of the topological
magnetic phase can be observed in the Janus magnetic MnBi,.
Se,Te,/In,Se; heterostructure.”” You et al investigated the
electric field-induced topological phase transition in the family
of monolayer MBT.** These materials have potential applica-
tions in quantum computing, dissipationless electronics,
spintronics,*® and photoelectric nanodevices.*®

Recently, a data-driven approach that combines DFT calcu-
lations and machine learning was used to predict the properties
of several monolayer vdW materials that are isostructural to
MBT."’ The study highlighted several candidate Janus and non-
Janus MBT-type materials that could exhibit topological order.
While 2D Janus materials have been at the forefront of the
current research, there are only a handful of MBT-type Janus
materials that have been investigated systematically till now,
such as MnSbBiTe,,” MnSbBiSe,Te,'" and MnBi,(S, Se),Te,.>
In addition, the behavior of MBT-type materials that exhibit
itinerant ferromagnetism in the monolayer hasn’t been
reported to date. These materials have applications in spintro-
nic devices.”® This demands a systematic investigation of novel
2D Janus phases in the MBT family that may be useful to
provide a deep insight into the behaviors of MBT-type materi-
als. It may also provide avenues for future potential applica-
tions in quantum computing, dissipationless electronics, and
spintronics. Inspired by this and guided by previous studies, we
investigate MnSbBiS,Te, a novel Janus ferromagnetic mono-
layer isostructural to MBT using first-principles calculations.
We examine the chemical stability of this phase by calculating
the formation energy, the phonon spectra, and ab initio mole-
cular dynamics (AIMD) simulations. The calculations show that
monolayer MnSbBiS,Te, is ferromagnetic with zero band gap
and an out-of-plane magnetization direction. The Curie tem-
perature is found to be 24 K, which is comparable to that of
other MBT-type materials. We apply a biaxial strain to the
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MnSbBiS,Te, monolayer and investigate changes in the electro-
nic, magnetic, and topological properties within the strain range
of —8% to +8%. A band gap appears with a compressive strain
between —4% and —7%. We observe a topological phase transi-
tion when the biaxial strain reaches —5%. In addition, we find
that we can control the magnetic easy axis of MnSbBiS,Te, by
applying strain. Investigating the impact of strain on monolayer
MnSbBiS,Te, will help to further explore the electronic, mag-
netic, and topological degrees of freedom of MBT-type materials.

Methods

We perform density functional theory (DFT) calculations using the
VASP package.”® A projector-augmented-wave (PAW)* potential
along with the exchange-correlation functional described by the
generalized gradient approximation (GGA) of Perdew-Burke-Ern-
zerhof (PBE) is used for the calculations.”® To consider the
localized states of Mn-3d electrons, we employ a DFT+U method
with an effective Hubbard parameter of 4 eV.”" This value is taken
from the literature.*®**%*7°2 A plane wave basis set with an energy
cutoff of 500 eV is used for the expansion of the wave function.
Spin polarization and the spin-orbit interaction are considered in
the calculations. A convergence criterion of 10~® eV is set between
any two successive electronic steps. The structures are allowed to
relax fully until the force between any two ionic steps is less than
10™* eV A™". A gamma-centered k-point mesh of 15 x 15 x 1 is
used for the integration of the Brillouin zone. To avoid an
interaction between vdW layers caused by the periodic boundary
condition, a sufficiently large vacuum space of 45 A is used along
the z-axis. The calculations of topological invariants are performed
using the Z2Pack code.”® The Curie temperature is calculated
using Monte Carlo (MC) simulations based on the 2D Heisenberg
model implemented in the Mcsolver package.>® The crystal orbital
Hamilton population (COHP) analysis is performed using the
LOBSTER package.>

Results and discussion

The crystal structure of the MnSbBiS,Te, Janus monolayer is
shown in Fig. 1. It consists of 7 atoms in a unit cell that are
arranged in a septuple layer in the following order: Te-Sb-Te-
Mn-S-Bi-S. The Mn atoms are sandwiched between layers of
SbTe, and BiS,.

This structure is constructed from MBT by replacing Bi with
Sb in the upper half and Te with S in the lower half of the MBT
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Fig. 1 Crystal structure of monolayer MnSbBiS,Te; (a) top view, and (b)
side view. The lattice vectors are shown using solid black arrows.

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp05578g

Open Access Article. Published on 14 March 2024. Downloaded on 12/2/2025 11:47:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

structure. MnSbBiS,Te, possesses the same hexagonal lattice as
MBT with the optimized lattice constant a = b = 4.13 A, which is
& 5.7% lower than that of MBT (a = b = 4.38 A). MnSbBiS,Te,
lacks inversion symmetry because of the asymmetric configura-
tions of the atoms. To find the ground state of monolayer
MnSbBiS,Te,, we consider a 2 x 1 x 1 supercell and perform
calculations of ferromagnetic (FM) and antiferromagnetic (AFM)
spin configurations. We find that the ground state of MnSbBiS,Te,
is ferromagnetic with an energy difference of 15.16 meV between
FM and AFM states. Calculations show that the magnetic moment
of monolayer MnSbBiS,Te, is 5ug per unit cell.

We also calculate the magnetic anisotropy energy (MAE),
which is the difference in energy between the in-plane (100) and
out-of-plane (001) spin orientation of magnetic atoms (Mn) as
given by the formula:

MAE=E| —E, (1)
where E|; and E | are the energies of the in-plane (100) and out-
of-plane (001) magnetization directions, respectively. We find
that MnSbBiS,Te, has an MAE of 287 peV per Mn atom which is
larger than that of MBT (180 peV).>® The positive sign indicates
that MnSbBiS,Te, prefers an out-of-plane magnetization direc-
tion. That is, the spin moments of Mn atoms prefer to align
along the z-axis. See ESIf for details.

We investigate the chemical stability of monolayer
MnSbBiS,Te, by using three different methods. First, we calcu-
late the formation energy, which is —1.063 eV per unit cell. We
use formation energy as a proxy for chemical stability. Next, we
perform the phonon dispersion calculations for a more robust
check of chemical stability. We use a 4 x 4 x 1 supercell
containing 112 atoms using the finite displacement method
implemented in the Phonopy package.>” No imaginary phonon
frequencies (that would indicate soft phonon modes) are seen in
the phonon dispersion spectrum, thus implying its dynamical
stability. The chemical stability is further tested by performing
ab initio molecular dynamics (AIMD) simulations at 500 K for
30 ps with a time step of 2 fs. The total energy fluctuates without
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a sudden drop in the energy profile during the entire simulation
period. These results provide evidence that monolayer
MnSbBiS,Te, is chemically stable. See ESIf for details.

To understand the bonding and antibonding states in mono-
layer MnSbBiS,Te,, we perform the COHP analysis of monolayer
MnSbBiS,Te, using the LOBSTER package.” The corresponding
COHP plots are shown in Fig. 2. The positive (negative) values of
-pCOHP represent the bonding (anti-bonding) orbitals. Fig. 1
shows that the valence band mainly consists of bonding orbitals
for both spin-up and spin-down components. Also, the anti-
bonding orbitals are found mostly near or above the Fermi level
that constitutes the conduction band. The strength of interac-
tions can be measured by doing the integral of the COHP
(ICOHP). The negative values of ICOHP in all the COHP plots
indicate the strong bonding nature among the constituting
elements in the monolayer MnSbBiS,Te,.

To get further deeper into the electronic properties, we
perform the Bader charge analysis of the monolayer
MnSbBiS,Te,.>® We find that the elements occupying the X sites
(i.e. S and Te) get the electronic charge transferred from the Mn,
Sb, and Bi atoms. The Mn atom loses a charge of 1.109e, where ‘¢’
is the charge of an electron, and its value is 1.67 x 10~ *° C. This
charge is transferred to the Te (0.461e) and S (0.648¢) atoms that
are bonded to the Mn atoms (ie. Tel and S1 respectively).
Similarly, the Sb atom loses a charge of 0.594e, which is shared
between two Te atoms (Tel in the bulk and Te2 on the surface) as
0.259¢ and 0.335e respectively. Similarly, the Bi loses a charge of
1.244e and is shared by two S atoms (S1 in the bulk and S2 on the
surface) as 0.468e and 0.776e, respectively. Thus, the Te atom on
the surface gets a total charge of 0.335¢, while that in the bulk gets
0.720e. Similarly, the S atom on the surface gets a total charge of
0.776e, while that in the bulk gets 1.116e. This mechanism implies
that the elements occupying the X-sites in the MnSbBiS,Te, are
more electronegative than those of the A, and B sites.

We plot the total density of states and projected density of
states of the monolayer MnSbBiS,Te, using the DFT+U and
hybrid-DFT (i.e. HSE06) methods>”®® by considering the spin-orbit
interactions as shown in Fig. 3. We find that the DOS plots from

Mn-Tel Mn-51 Sh-Tel Sb-Te2 Bi-S1 Bi-S2
8
a
s 0 E;
2
>
& 4
[
f=
w
-8
ICOHP ICOHP ICOHP ICOHP ICOHP
12 | -.0.896 =-0.995 =-1.046 =-1.013 =-2.387
-16
10 00 10 -0 00 10 -0 00 10 -1.0 00 10 -1.0 00 10 -1.0 00 1.0
-pCOHP -pCOHP -pCOHP -pCOHP -pCOHP -pCOHP

Fig. 2 COHP plots of bonding among the elements that comprise the monolayer MnSbBiS,Te,. The blue and red colors represent the spin-up and spin-
down components, respectively. The corresponding integral COHP (ICOHP) values are also shown. The Fermi level is set to 0 eV.
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Fig. 3 The total density of states and the projected density of states of the monolayer MnSbBiS,Te; using (a) DFT+U, and (b) HSE method. The Fermi

level is set to 0 eV.

both methods are similar and confirm the metallic character of the
monolayer MnSbBiS,Te,. This validates the results of the DFT+U
method. In Fig. 3(a), we find that Mn has a major contribution to
both the valence band (VB) and conduction band (CB) but is far
from the Fermi level (Eg). When talking about the contribution near
E;, we find that Bi and S contribute mainly to the CB, while Te
contributes to the VB. The contribution of the Sb atom near E; is
very small although its contribution is significant to both the VB
and CB far from E;. A similar behavior is observed in Fig. 3(b). This
also resembles the element-decomposed band structure in Fig. 6(a).

In the monolayer MnSbBiS,Te,, only the elements occupying
A sites, namely Mn, are magnetic while all other elements are
non-magnetic. However, the non-magnetic atoms still have very
small but non-zero local magnetic moments arising from the
indirect exchange and super-exchange interactions with the
magnetic Mn atoms. Although they have a negligible contribu-
tion to the overall magnetic moment, the selection of these
elements still affects the magnetic ordering of the material.*”**
Also, the unpaired spin-up electrons present in extremely loca-
lized 3d orbitals in the Mn atom are responsible for this
magnetic behavior and the resulting magnetic dipole moment.
In the monolayer MnSbBiS,Te,, Mn atom loses two 4s electrons,
so it has a valency of +2. In addition, there is one 3d electron
filling up each spin-up Mn-d sub-orbital, and there are 5 such
sub-orbitals in Mn. Hence, the total number of spin-up electrons
will be 5, and the local magnetic moment of Mn is 5.

Next, we calculate the Curie temperature (7;) of the
MnSbBiS,Te, monolayer using Monte Carlo simulations based
on the Heisenberg model. The effect of localized 3d-orbitals of
Mn atoms is taken into account by considering the following
spin Hamiltonian:

H=-J) S 85-4y (5)-BY_ S5 ()
ij i i

where J is the isotropic exchange parameter, A is the single-ion
anisotropy (SIA), B is the exchange anisotropy, and S; are the
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spin vectors for each Mn atom. For a pure MBT monolayer, the
value of exchange anisotropy is very small as compared to SIA.%?
So, the effect of B was not considered in the T, calculations.****
This also holds for the other members of the MBT-type materi-
als such as MnSbBiTe,,”’ MnSbBiSe,Te,,'" MnBi,S,Te,,*>>*
MnBi,Se,Te,,*>** and VGa,Te,.®®> However, this trend is oppo-
site to the Crl;-type materials where B is significantly higher as
compared to SIA. Since MnSbBiS,Te, belongs to a member of
MBT-type materials, we don’t consider the effect of B in our
work, assuming that B has very little influence on Tc.

We consider the first, second, and third nearest neighbor
exchange interactions while calculating the magnetic exchange
parameters. The calculated values of J;, J,, and J; are 1.994,
—0.092, and —0.035 meV respectively. We find that J, and J;
have very small values as compared to J;. Also, the negative
signs in J, and J; imply that the second and third nearest
neighbors always favor the AFM configurations. However,
because of their much weaker strength as compared to J;, they
are dominated by J;, which always favors the FM coupling.
Hence, the preferred configuration of monolayer MnSbBiS,Te,
is FM. The dominating nature of J; favoring FM state is also
found in other members of the MBT-type materials such as
MnBi,Te,, MnSbBiTe,, and MnSbBiSe,Te, monolayers.”'"**
Other methods also exist to model the magnetic structure of
the materials using the Heisenberg Hamiltonian.®®

Since the total magnetic moment of monolayer MnSbBi-
S,Te, is 5up per unit cell, we consider S = 5/2 for the Mn atoms.
The calculated value of A is 287 peV per Mn atom. It should be
noted that the normalized value of |S| is used when calculating
the magnetic exchange parameters. We use the Wolff algorithm
along with a supercell of size 50 x 50 x 1 and a temperature
range of 1 to 55 K in the MC simulations. A plot of the magnetic
moment and the magnetic susceptibility as a function of
simulation temperature is shown in Fig. 4(a). The Curie tem-
perature corresponds to the state where the magnetic suscepti-
bility has its peak value. The predicted T is found to be 24 K,
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which is larger than that of MnBi,Te,, MnSbBiTe,, MnSbBi-
Se,Te,, and MnBi,Se,Te, rnonolayers.7'11 It is smaller than that
of monolayer MnBi,S,Te,.**

It is well-known that the Heisenberg model is valid for
materials with localized magnetic ordering. However, although
monolayer MnSbBiS,Te, is a ferromagnetic metal, the local
magnetic moment of the Mn atom is very large (i.e. 5ug). This
suggests that the Stoner model might be suitable for analyzing
the magnetic properties of monolayer MnSbBiS,Te,. Thus, to
justify the applicability of the Heisenberg model, we calculate
the Stoner excitation energy ({&))®” and find it to be 0.92 eV.
Since this value is much larger than 7 of MnSbBiS,Te, which
is 24 K (= 2.07 meV), the ratio of the thermal energy of the FM
transition (i.e. Tc) to (&) is very small. Thus, the effect of Stoner
excitation won’t be strong near the FM phase transition. So, we
expect that the Heisenberg model should work just as a low-
energy approximation for MnSbBiS,Te,. Notably, we expect this
approximation to break down as the temperature increases
beyond the FM transition and the Stoner excitation becomes
relevant to the system. The Heisenberg model has been applied
to many other famous 2D ferromagnetic metals including
Fe,;GeTe,®”®® and MnSe,.*°

We also calculate the T¢ using the analytical formula
proposed by Torelli et al.”’ and compare it with the result
obtained from the MC simulations. Using the analytical for-
mula, we find the T¢ to be 34.5 K, which is 10.5 K larger than
the T¢ obtained from the MC simulations. It is apparent that
the closed-form formula overestimates the Tc of monolayer
MnSbBiS,Te,. However, the above analytical formula can be a
good source for getting a rough estimate of the T for the
magnetic materials.

We investigate the electronic, magnetic, and topological
properties of monolayer MnSbBiS,Te, under biaxial strain.

The strain is defined as ¢ = a ; aO, where a and q, are the
0
1.0 L 0.040
n |
]
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~— |
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© []
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Fig. 4
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lattice constants of strained and unstrained structures respec-
tively. A positive (negative) value of ¢ indicates a tensile (com-
pressive) strain. We also analyze the effect of biaxial strain on
the magnetic easy axis of the monolayer MnSbBiS,Te,. In the
range between —8% and +8% strain, we find that the mono-
layer MnSbBiS,Te, prefers in-plane spin orientation from —3%
to —4%. In all other cases, it prefers the out-of-plane spin
orientation. See ESIT for details.

The strain dependence on the electronic band gap of monolayer
MnSbBiS,Te, is also investigated (see Fig. 4(b)). MnSbBiS,Te, is
metallic at 0% strain, but becomes an insulator when the
compressive strain reaches —5%. At —5% strain, a gap is
opened near the I' point with a value of 41.39 meV, which
changes to 57.5 meV at —6%, and 21.7 meV at —7% strain. If
the strain is increased further, the metallic phase returns.
As mentioned above, MnSbBiS,Te, prefers an in-plane easy
axis with no band gap at —4%. However, we find a small band
gap (22.7 meV) when the magnetization axis is artificially
switched to the out-of-plane (M || Z) direction. The previous
reports show that the artificial switching of the magnetization
axis in 2D magnets is feasible by applying a large external
magnetic field.””> Meanwhile, tensile strain does not open a
band gap in monolayer MnSbBiS,Te,. See ESIT for details.

The band structure of monolayer MnSbBiS,Te, at —5%
strain is shown in Fig. 5. Fig. 5(a) shows the band structure
with the SOC excluded from calculations. In the case of no SOC,
the band gap is 0.18 eV. When SOC is turned on, the band gap
is reduced to 41.39 meV (see Fig. 5(b)). The elemental-
decomposed band structure is calculated and displayed in
Fig. 6. The band inversion is not observed where the SOC is
turned off. However, we see a clear band inversion near the
Fermi level when the SOC is turned on (Fig. 6(b)). Thus the
SOC-induced band strained MnSbBiS,Te,
indicates a possible topological phase transition. Several stu-
dies have shown that SOC plays a vital role in non-trivial

inversion in
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(@) The normalized spin (S) and magnetic susceptibility of monolayer MnSbBiS,Te; as a function of temperature (b) strain-induced topological

phase transition in monolayer MnSbBiS,Te,. The shaded region (light blue color) represents the range of biaxial strain where the monolayer MnSbBiS,Te,

exhibits Chern insulating phase with C = 2, where C is the Chern number.
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Fig. 5 Electronic band structure of the MnSbBiS,Te, Janus monolayer at —

topology because of the fact that SOC-induced band inversion is
important for determining the existence of topological phases
in the materials.'!?8%4:52,73,74

The changes in the band gap can be explained by plotting
the band structure at different values of strain along the high-
symmetry path of the Brillouin zone. The band structure of the
unstrained monolayer features a small overlap of the valence
band (VB) and conduction band (CB) near the Fermi level. The
overlap between VB and CB decreases with increasing compres-
sive strain, then vanishes at —5%; followed by a band gap of
41.39 meV emerging near the I' point. This gap changes to
57.5 meV at —6% and 21.7 meV at —7% strain. If the compres-
sive strain is further applied, the material changes back to the
metallic state. To confirm the metallic phase, we plot the band
structure at —8% strain, which shows that the monolayer
MnSbBiS,Te, is indeed metallic at a biaxial strain of —8%.
The band gap is not observed when the strain is applied in the
positive direction. See ESIt for details.
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5% strain (a) without SOC, and (b) with SOC.

To get a deeper insight into the origin of the band gap and
the topological phase transition in monolayer MnSbBiS,Te,, we
calculate the charge densities at the highest occupied energy
band in the VB and lowest unoccupied energy band in the CB at
different values of biaxial strain and follow their changes with
the strain (see ESIt). The continuous change of the atomic
orbitals with applied strain is observed in Te, Bi, and S atoms
for both compressive and tensile strain. Interestingly, no
change is observed in the 3d orbitals of Mn atoms throughout
the strain range. This behavior is consistent with the elemental-
decomposed band structure in Fig. 6. See ESIt for details.

The element-decomposed electronic band structure of
unstrained monolayer MnSbBiS,Te, is shown in Fig. 6(a). The
5s and 5p orbitals of the Te atoms contribute to the valence
bands near the Fermi level while those of the conduction bands
are from the joint contributions of the 3p orbitals of S and 6p
orbitals of Bi atoms. The band crossings at two different points
near the Fermi level indicate the possible topological states in

ot o
N >

Energy (eV)
(<)

M — T

(b)

— K

Fig. 6 Element-decomposed band structure of the MnSbBiS,Te, Janus monolayer (a) unstrained structure, and (b) at —5% strain. The orbital
contributions of Bi, S, and Te atoms are shown in red (diamond), green (triangle), and blue (circle) respectively.
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monolayer MnSbBiS,Te,. When the applied strain reaches —5%
(Fig. 6(b)), the overlapping regions on both sides of the I' point
disappear and a clear separation of VB and CB is observed. This
results in an indirect band gap of 41.39 meV. We find that the
biaxial strain not only changes the lattice parameters and the
relative positions of ions in the crystal structure but also
contributes to the change of atomic orbitals near the Fermi
level. This potentially leads to the opening or closing of the
energy gap at different values of strain in addition to SOC-
induced band inversion. Hence, strain in the presence of SOC
facilitates a topological phase transition.

We observe a band inversion of s and p orbitals of S and Bi
atoms (CB — VB), and Te atoms (VB — CB) in the band
structure in Fig. 6(b). This indicates a possible topological
phase transition in the material at —5% strain (Fig. 4(b)). To
confirm this transition, we perform calculations to determine
the topological invariant (i.e. Chern number) using the Z2Pack
package. From the calculations, we find a Chern number (C) =
2, thus confirming a Chern insulator state that exhibits the

quantum anomalous hall (QAH) effect. This implies that the
2 2
Hall conductivity is quantized at o, = % Thus there exist two

topologically protected chiral edge states that are capable of
carrying a dissipationless current. We find that the QAH
insulating phase remains unchanged with C = 2 until the
applied strain reaches —8%. At —8% strain, the material goes
back to the trivial metallic phase as shown in Fig. 4(b). We also
investigate the Chern insulating phases where the magnetiza-
tion directions are artificially switched between in-plane and
out-of-plane. Interestingly, no QAH state is found when the
spin magnetization is changed to an in-plane, which is differ-
ent from the MnSbBiSe,Te, monolayer."! Our calculations
suggest that the trivial insulating phase does not exist in the
MnSbBiS,Te, monolayer.

Now we investigate the effect of the Hubbard U parameter on
the electronic and magnetic properties of monolayer
MnSbBiS,Te,. When dealing with materials that contain
strongly correlated electrons, such as transition metals, and
rare-earth elements, it is extremely important to make sure that
the electron correlations among all the localized d- and f-
orbitals are properly addressed in the calculations. Otherwise,
there will be convergence issues. i.e. the structures may not
converge or converge to an incorrect configuration. The DFT+U
method solves this issue by adding the Coulomb interaction via
the Hubbard U parameter; thereby overcoming a main draw-
back of the standard DFT method. While the DFT+U method is
widely used to accurately characterize such materials, it is

View Article Online
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important to note that it still has its own set of limitations.
For example, the choice of the Hubbard U parameter requires
careful consideration. Although the value of U is taken from the
literature, we validate our results by considering different
U values. We perform calculations of electronic and magnetic
properties of the monolayer MnSbBiS,Te, using the DFT,
DFT+U with varying U values (U = 2, 3, 4, 5 eV), and the HSE
methods and compare the results. We find that the standard
DFT method with zero U value results in monolayer
MnSbBiS,Te, relaxing to the wrong magnetic configuration
(i.e. AFM). To further verify this, we repeat the same calcula-
tions for the monolayer MBT, which is a well-known ferromag-
netic material.>>?® We find that the MBT also converges to the
AFM configuration, which is incorrect. This confirms that the
results of the standard DFT alone (i.e. without U) are not
reliable for predicting the properties of the MBT-type materials.
The results of DFT+U (U = 2, 3, 4, 5 eV), and HSE methods are
summarized in Table 1.

Where AE is the energy difference between AFM and FM
configurations (i.e. AE = Expm — Epm)- Table 1 shows that AE
is positive and it increases with the Hubbard U parameter
showing that MnSbBiS,Te, always prefers FM ground state in
the considered U range. The larger values of AE depict the
enhanced magnetic coupling in MnSbBiS,Te,. Although the
MAE decreases with an increase in U value, the easy axis of
MnSbBiS,Te, always remains the same (i.e. OOP) regardless of
the U values. As the Hubbard U parameter increases, the
strength of J; increases while J, and j; decreases. The nature
of FM and AFM exchange couplings remains the same in the
considered U range. Thus, by incorporating the U parameter in
the calculation, we are able to achieve the correct magnetic
configuration of monolayer MnSbBiS,Te,. In addition, all the
methods, including HSE, show the metallic character of mono-
layer MnSbBiS,Te, at 0% strain (unstretched case), whereas at
—5% strain, the gap changes with U values almost negligibly.
This is because the atomic orbitals of Bi, S, and Te are mainly
responsible for determining the band gap of MnSbBiS,Te, as
shown in the element decomposed band structures in Fig. 6.
The d-orbitals of Mn, where the electron correlation effect is
applied, are far away from the Fermi level. Hence, they have
very little influence in determining the band gap. The band gap
at U=4 eV is close to the result from the HSE calculation, which
validates our results.

While it is challenging to experimentally achieve the large
compressive strains we predict are required for a phase transi-
tion, our results are still useful for understanding the topolo-
gical properties of MBT-type materials. We expect that our

Table 1 Properties of monolayer MnSbBiS,Te, calculated using the DFT+U (U = 2, 3, 4, 5 eV), and HSE methods

Method AE (meV) MAE (neV) Easy axis (IP/OOP) J; (meV) J, (meV) J; (meV) Band gap at 0% (meV) Band gap at —5% (meV)
DFT+2 eV 10.118 317 (6]0) 1.468 —0.188 —0.122 0 61.934
DFT+3 eV 13.442 296 (6]0) 1.821 —0.130 —0.069 0 50.040
DFT+4 eV 15.156 287 (6]0) 1.994 —.092 —0.035 0 40.650
DFT+5 eV 15.905 233 OOP 2.056 —0.066 —0.012 0 34.212
HSE - - - - - - 0 46.141

This journal is © the Owner Societies 2024

Phys. Chem. Chem. Phys., 2024, 26, 10111-10119 | 10117


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp05578g

Open Access Article. Published on 14 March 2024. Downloaded on 12/2/2025 11:47:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

study will create the impetus to search for other magnetic 2D
materials that exhibit topological features without applying
strain or materials that can undergo topological phase transi-
tions at lower strain. Further to this, our work will also
encourage future experimental investigations of these types of
materials. It will be interesting to investigate the bilayers,
multilayers, and heterostructures of MnSbBiS,Te,. Materials
exhibiting tunable topological features have potential applica-
tions in devices with dissipationless transport, topological
quantum electronics, and spintronics.

Conclusions

In summary, we propose a novel phase of monolayer
MnSbBiS,Te, using first-principles calculations. We investigate
the chemical stability of MnSbBiS,Te, using formation energy
calculations, phonon spectra calculations, and AIMD simulations.
Calculations show that unstrained monolayer MnSbBiS,Te, is
ferromagnetic with a zero band gap and an out-of-plane magne-
tization direction. The calculated Curie temperature is 24 K. We
show that applying a biaxial strain to monolayer MnSbBiS,Te,
alters its electronic, magnetic, and topological properties. A band
gap emerges when a compressive strain between —4% and —7%
is applied. We also observe a metal-insulator-metal transition with
applied strain. The material becomes a Chern insulator with C =2
exhibiting the QAH effect when it is compressed to —5%. Our
study provides some important features of the 2D magnetic
topological material belonging to the MBT family which may
serve as a potential candidate for future applications in topologi-
cal quantum computing, magnetic sensors, and spintronics. This
study also creates new avenues for the strain engineering of
topological phase transitions in novel 2D materials with long-
range magnetic order.
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