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Abstract

A theoretical study was carried out on Bi;Te; and MnBi;Tes systems using the SIESTA computational code, to establish an
adequate methodology for the simulations in this program. In order to determine the best parameters to perform the simulations,
two types of pseudopotentials were used, using the local density approximation (LDA) and using the generalized gradient
approximation (GGA), considering both the non-relativistic and the fully relativistic cases. In addition, calculations were also
performed using the DFT+U and spin—orbit coupling (SOC) corrections. The band gaps obtained for the MnBi2Te4 system with
LDA and GGA were 0.17 eV and 0.21 eV, respectively, while the band gaps of the Bi2Te3 system with LDA and GGA were
0.17 eV and 0.30 eV, respectively. This work shows the importance of including the effects of the spin—orbit coupling in the
calculations of the electronic properties of this type of materials and compares the results with those of other investigations.
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Resumen

Se llevé a cabo un estudio tedrico sobre los sistemas Bi;Tes y MnBi>Tey utilizando el codigo computacional SIESTA, con el fin
de establecer una metodologia adecuada para las simulaciones en este programa. Para determinar los mejores parametros para
realizar las simulaciones, se utilizaron dos tipos de pseudopotenciales, utilizando la aproximacion de densidad local (LDA) y la
aproximacion de gradiente generalizado (GGA), considerando tanto los casos no relativistas como los totalmente relativistas.
Ademas, también se realizaron célculos utilizando las correcciones DFT+U y de acoplamiento spin-orbita (SOC). Las bandas
prohibidas obtenidas para el sistema MnBi>Tes con LDA y GGA fueron de 0,17 eV y 0,21 eV, respectivamente, mientras que
las bandas prohibidas del sistema Bi,;Tes con LDA y GGA fueron de 0,17 eV y 0,30 eV, respectivamente. Este trabajo muestra
la importancia de incluir los efectos del acoplamiento spin-6rbita en los calculos de las propiedades electrénicas de este tipo de
materiales y también compara los resultados con los de otras investigaciones.
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1. Introduction is quantized and is a manifestation of the quantum effect on a

macroscopic scale. An example of this topological phase of the

Condensed-matter physics focuses on understanding and
classifying the different states and properties of matter. Some
phases can be understood with the Landau’s approach,
however, nowadays topological ordering can be used to
identify the different phases of matter more clearly (Hasan y
Kane, 2010; Thouless et al., 1982). In agreement with (Li et
al., 2023), topological ordering was made possible by the
discovery of the quantum Hall effect, in which the conductance
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matter is a topological insulator (TI), which is a new class of
material that acts as an insulator in bulk while its surface is
metallic. Sharma et al, (2019) explained that in these materials,
the surface states are protected by a nontrivial topology, that
arises from the interaction of spin-orbit coupling (SOC) and
time-reversal symmetry. The two-dimensional (2D)
topological insulator has gap-less states protected by time-
reversal symmetry, while the three-dimensional (3D)
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topological insulator has an odd number of relativistic Dirac
Fermions (Hasan y Kane, 2010; Chen et al., 2009).

(Lee et al., 2013; Li et al., 2019) discovered the material
MnBi,Tes or MBT. It has a rhombohedral crystalline structure
with lattice parameters a = 4.334 A and ¢ = 40.91 A. The atoms
in each structure are Mn, Bi and Te, which are stacked one on
top of the other in the Te-Bi-Te-Mn-Te-Bi-Te configuration.
A slice of this material contains a septuple layer, which is kept
together by van Der Waals bonds. In addition, each MBT
crystalline structure contains 21 atoms in the aforementioned
configuration, which also belongs to the R3m space group and
can be said to be very similar to Bi;Tesz but with an intercalated
layer of Mn-Te. The valence states of the atoms of the Bi,Tes
atoms are Mn*® and Bi*?, which are energetically unfavorable
states, while the valence states of the atoms of the MBT are
Mn*2, Bi*® and Te? The electron configuration of Mn
indicates, according to Hund's rule, that since the 4s orbital
runs out of electrons, then the next most energetic orbital left
is the d, with all the electron spins pointing in the same
direction and thus yielding a magnetic moment of 5p;.

The topological insulators have potential applications in
dissipation-less transport, photodetectors, magnetic devices,
field-effect transistors (Tian et al., 2017), spintronics and
guantum computation (Wang et al., 2017). The inclusion of
effects such as spin—orbit coupling in the calculations on these
materials has been observed previously, in fact a gap in I' of
0.37 eV has been obtained for the BT system without SOC
(Larson et al., 2000) and LDA calculations on this system
indicate a direct band gap of 0.05 eV (Michiardi et al., 2014).
Further evidence of the importance of considering spin—orbit
coupling, not only in the values but also in the behavior
exhibited energy bands, is provided by other theoretical works
that have compared the values obtained for the band gap with
experimental results, which obtained values of 0.31 eV (Lawal
y Shaari, 2017) and 0.28 eV (Soler et al., 2002) without SOC,
and 0.13 (Lawal y Shaari, 2017) with SOC. The calculation
conditions for the MBT vary in comparison to those of its
precursor BT, inasmuch the only way to obtain good results
with the SIESTA code is by implementing SOC, because this
material contains manganese atoms, for which the DFT+U
correction is normally used, as well as atoms with a strong
spin—orbit coupling such as bismuth and tellurium.

In the present work, a theoretical study was carried out
using the density functional theory (DFT) as implemented in
the computational code Spanish Initiative for Electronic
Simulations with Thousands of Atoms (SIESTA), in order to
determine how the implementation of corrections such as DFT
+U or the effects of spin—orbit coupling affects the calculations
of energy bands in the topological insulators Bi;Tes (BT) and
MnBi,Tes (MBT). To achieve this, the simplest systems that
could be constructed from these materials were analyzed. The
simplest repetitive units of a monolayer, which have the atoms
stacked one on top of the other in the following ways: Te-Bi-
Te-Bi -Te and Te-Bi-Te-Mn-Te-Bi-Te, are a quintuple layer
and a septuple layer, respectively. The electronic properties of
the Bi,Tes system were obtained following the K-I'-M route in
order to establish how the band gap is affected including the
aforementioned effects. For the case of MnBi,Tes, the same
analysis was performed with the high symmetry points
corresponding to a two-dimensional lattice and then the
calculations were repeated for a larger 3x3 system with the

parameters that were considered most effective to obtain better
results in the systems.

2. Methodology and computational details

The calculations were performed using the SIESTA DZP
basis set computational code (Soler et al., 2002), which is
based on the density functional theory (DFT). A meshcutoff of
500 Ry and a k point mesh 9x9x1 were employed. Relativistic
pseudopotentials in the local density approximation (LDA) and
in the generalized gradient approximation (GGA) were
utilized, and the DFT+U method (Dudarev et al., 2002) was
used to treat the localized 3d orbitals of the manganese atom.
The value of U = 4 eV was selected based consistently with the
value used by other simulation programs (Li et al., 2019).
Monolayer systems, quintuple and septuple layers, a single
row of atoms, and a larger 3x3 system for MBT were studied,
with a tolerance for the structural relaxation of 0.001 eV/A, a
convergence of 1x10° and a vacuum thickness in the case of
monolayers 15 A. Finally, the calculations includes SOC
effect.

3. Results and discussion
3.1. BioTes and MnBi,Tes systems

Figure 1 shows the band structures obtained from the
simulation with LDA (blue) and GGA (red) pseudopotentials.
For this case, all the calculations were done without including
DFT+U or the spin—orbit correction. It can be seen in a) and b)
that, by ignoring those effects, an inaccuracy at the Fermi level
arises near the I' point, with both the LDA and the GGA
pseudopotentials, which shows that the valence bands contain
some energies greater than those of the Fermi level, something
that is contradictory according to the results obtained in
previous works (Li et al., 2019). The graphs c) and d) show the
bands corresponding to the BT system, in which the Fermi
level adequately separates the valence and conduction bands
and denotes a semiconducting manner like a T1 used to have.
No considerable differences are observed between the use of
LDA or GGA pseudopotentials in terms of the behavior of the
energy bands. However, there is a difference in the extreme
energy values of the BT system close to the T points,
depending on the use of an LDA pseudopotential ¢) or a GGA
pseudopotential d), with differences between the valence and
conduction bands at point I" of approximately 0.66 eV and 0.76
eV, respectively.

3.2. MnBi,Tes including DFT+U

In this case, a value of U = 4 eV was included to try to
correct the inaccuracy found in the Fermi level shown in the
previous case (Figure 1), this value for U was established in
agreement with previous works, where a value of U =4 eV was
used for Mn (Li et al., 2019) due to the presence of its localized
3d electrons, generates strong electronic correlations, these
states can significantly affect the band dispersion near the
Fermi level. Figure 2 (a and b) shows the two band graphs
obtained including this parameter. As can be seen, including
this correction does not have sufficient effect on the energy
bands, resulting in the same inaccuracy of the Fermi level, but
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making the energy bands more pronounced close to the I point.
Ignoring the imprecision of the Fermi level, the gap that
separates the valence bands from the conduction bands above
the T point is 0.6 eV for LDA and 0.75 eV for GGA, which
only serve as a reference to denote the separation that exists
between the conduction and valence bands with both
pseudopotentials, but do not describe a real gap, because of the
considerable differences between both pseudopotentials. In
Figure 2a a peak can be seen over the I" point, while a trough
can be seen over the same point in Figure 2b. In addition, the
LDA case does not show a clear gap, which would seem to
indicate that it tends toward metallic behaviour; on the contrary
a clear separation between the conduction and valence bands
is observed for the GGA.

3.3. Bi>Tes and MnBi;Tes including SOC

Spin-orbit coupling was incorporated in the calculations
in order to properly account for the strong relativistic effects
associated with heavy elements such as Bi and Te atoms which
plays a fundamental role in the electronic structure of
topological insulators because of the band inversion near the I’
point, which is a characteristic of TI. separation between the
valence and conduction bands for the MBT systems becomes
clearer when the SOC effects are included, showing a bandgap
between both valence and conduction bands. The gap is larger
in the ' point for the LDA case (0.34 eV) than for the GGA
case (0.22 eV), showing a peak and a trough respectively,
which indicate a direct gap for GGA and an indirect gap for
LDA (0.17 eV). In the case of the BT system, the results also
vary considerably by including the spin—orbit coupling effects
and by the usage of the LDA or GGA pseudopotentials. At the
first high symmetry point, the energy gaps between the valence
and conduction bands with LDA and GGA are 0.27 eV and
0.36 eV, respectively, both of which are considerably lower
than those obtained when spin—orbit coupling was not
considered. Figure 3 illustrates that incorporating spin—orbit
coupling (SOC) effects into the calculations corrects
inaccuracies at the Fermi level and clearly defines the gap
separating the valence and conduction bands in these materials.

ECeV)
=

oM.

J o
[o))
(o))
)
<

E(eV)
o
~
(o))
m
<

Figure 1: Band structures of the MBT system with (a, b) without
corrections and band structures of the BT system without

corrections (c, d). The blue and red colors correspond to LDA and
GGA pseudopotentials, respectively. The Fermi energy was set to 0.
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Figure 2: Band structures of the MBT system including U= 4eV: a)
LDA, b) GGA. The Fermi energy was set to 0.

Figure 3: Band structures of the MBT (a,b) and BT (c,d) systems
including SOC. The Fermi energy was set to 0.

In Figure 4 the bands of the BT system are shown
following the K-I'-M path to determine the effects of the
corrections implemented on the band gap. In the I' point the
BT system has a gap of 0.64 eV with LDA and a gap of 0.75
eV with GGA, in agreement with the results shown above.
When the effects of the SOC are included, the behavior of the
energy bands is considerably modified, leaving with LDA a
gap over I' of 0.27 eV and an indirect gap of 0.17 eV, whereas
with GGA the gap over I is 0.36 eV and there is an indirect
gap of 0.30 eV. 4 eV value is employed to describe the 3d
orbitals of the Mn atoms.

According to the results obtained for the MBT system, the
electronic structure is strongly influenced by the presence of
Mn atoms and the inclusion of spin—orbit coupling. MBT is a
magnetic topological insulator in which the localized Mn 3d
states introduce magnetic exchange interactions. When spin—
orbit coupling is considered, these interactions significantly
modify the band dispersion near the Fermi level and contribute
to the formation of the bandgap and when SOC effects are not
considered, the electronic properties are imprecise.

Based on Li et al., (2019) previous research, the Fermi
level should be exactly halfway between the valence and
conduction bands, without overlapping at all with the



R. Flores-Cruz et al. / Publicacién Semestral Padi Vol. 14 No. Especial 2 (2026) 190-195 193

conduction band. Furthermore, the behavior of the electronic
bands is inaccurate when only the LDA pseudopotential is
used, something that does not improve even when the Hubbard
value of U = 4 eV is included. The best results for the MBT
system were obtained when spin—orbit coupling was included
in the calculations, for both LDA and GGA pseudopotentials
are used. However, the GGA pseudopotential provided a band
behavior that was quite good, even without including DFT+U
or SOC, but the results contain inaccuracies in the obtained
Fermi level values, as it is exceeded by the valence bands,
which should not occur. Even when SOC is included, the LDA
and GGA simulations show slight differences in the results,
noticeable at the high symmetry point I', where LDA has a
trough and GGA has a peak, and for the latter, a direct gap
would be present.

The BT system shows some differences depending if the
calculations are performed with or without considering spin—
orbit coupling; however, it does not have the same issue noted
in the MBT systems, specifically regarding the Fermi level. In
this case, the Fermi level perfectly separates the valence bands
from the conduction bands, indicating semiconductor
behavior, property observed in topological insulators. This
means that without SOC, the results for LDA and GGA are
good and quite similar, with the only noticeable difference
being the proximity between the valence and conduction bands
at the T point. However, based on behavior observed in Li et
al., (2019), the bands without SOC are not very much alike,
being more clustered than expected.

Once SOC is included in the calculations for LDA and
GGA, the bands are more separated and resemble the published
results more closely, achieving better outcomes when using the
GGA pseudopotential, as it better describes the behavior of the
bands. This can be seen in the valence band closest to the I
point.

-2

Figure 4: Band structures of the BT system a) LDA and b) GGA,
without SOC, ¢) LDA and d) GGA, with SOC. The Fermi energy was
setto 0.

3.4. MBT 3x3 system with SOC

A 3x3 supercell containing a total of 63 atoms was created
to analyze the behaviour of energy bands when spin—orbit
coupling (SOC) is implemented in calculations for larger
systems. This approach aimed to determine whether the
properties observed in smaller systems are preserved or if the
inclusion of a greater number of atoms introduces any
inaccuracies in the calculations. The results obtained by
implementing SOC in the MBT 3x3 system using LDA and
GGA pseudopotentials are shown in Figure 5. For the LDA
pseudopotential, an indirect band gap of 0.17 eV was observed.
On the other hand, the GGA pseudopotential displayed a direct
band gap of 0.21 eV, a value very close to that obtained in
previous calculations. These findings indicate that, despite the
increased system size, the band gap values obtained with SOC
remain consistent with earlier results, demonstrating the
reliability of both pseudopotentials for larger systems.

T -

M

Figure 5: Band structures of 3x3 MBT system. a) LDA
pseudopotential and b) GGA pseudopotential.

According to the obtained results, the most appropriate
methodology for the SIESTA calculations for these topological
insulators is the one that considers the effects of spin—orbit
coupling. In this work, values of 0.17 and 0.22 eV for the
bandgap of single-layer MBT were obtained, for LDA+SOC
and GGA+SOC, respectively; those values are smaller than the
ones reported by other research groups, which are in a range of
0.3 to 0.7 eV considering in each case the LDA/GGA
pseudopotential nature, the monolayer configuration, and SOC
interactions in addition to the magnetic intrinsic properties of
Mn and the basis set of SIESTA that was used (Li et al., 2023)
This suggests that actually, the inclusion of SOC affect directly
in the electronic properties. This gap closing behaviour, when
SOC is included, can be observed in other works and even
when implemented in the simulation of other materials (Li et
al., 2019; Li et al., 2023; Zhang et al., 2009). Figure 1, which
corresponds to the case where no correction is implemented,
shows a difference at point I" regarding the implementation of
a LDA or GGA pseudopotential, with the former presenting a
possible direct gap and the latter an indirect gap. This
behaviour on the nature of the bandgap is maintained when
DFT+U is included in the calculations, but it reverses when
SOC is considered. The above reversal on the bandgaps was
confirmed by performing calculations, using both
pseudopotentials with SOC, on a larger system, a 3x3
supercell, in which the bandgap for the GGA case went from
0.22eVto0.21eV.

The results obtained for the BT system were good,
regarding the behaviour of the energy bands and the location
of the Fermi level, which clearly separated the valence bands
from the conduction bands and exhibited the insulating
behavior according to the literature. When SOC is considered,
the behaviour of the energy bands is more similar to that shown
in previous works (Zhou y Wang, 2015), but the omission of
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SOC yielded gaps of 0.66 eV for LDA and 0.76 eV for GGA,
which are considerably higher than those previously reported
consequence of how the calculation parameters like cutoff and
mesh and the pseudopotentials were set-up: up to 0.12 eV and
0.28 eV, with and without SOC, respectively (Aliabad y
Kheirabadi, 2013). The gap for the BT in this work is, thus, not
closed enough, with the LDA+SOC case yielding the value
closest to the published references (Aliabad y Kheirabadi,
2013). Table 1 summarizes the results obtained, along with
some results recovered from other publications.

These results are evidence that SOC calculations
underestimate the energy band between the valence and
conduction bands, resulting in a lower value than that which
has been calculated in other investigations, as seen in Table 1.
However, despite these values correspond to an insulating state
which means that the insulating nature of these materials is
preserved. The band gap that is closest to the one presented in
the current research is 0.32 eV (Otrokov et al., 2019), which is
practically double than calculated. In works where only
DFT+U is included, the band gap is higher than that obtained
when SOC is included, this is because the inclusion of SOC in
the calculations further underestimates the energy gap.
Something similar happens for the BT System, but unlike the
MBT System, the calculated band gaps are energetically larger
than those of the references (Larson et al., 2000; Fang et al.,
2019), with the one calculated with LDA being the closest.

Table 1: Band gap values obtained in the current work and in
previous works. Rel (Relativistic), Spin—Orbit Coupling (SOC).

System Pseudopotential Correction Band gap
implemented (eV)
This work
MBT LDA - -
MBT LDA DFT+U -
MBT LDA-Rel socC 0.17
MBT GGA - -
MBT GGA DFT+U -
MBT GGA-Rel soc 0.22
BT LDA - 0.66
BT LDA-Rel socC 0.17
BT GGA - 0.76
BT GGA-Rel soc 0.30
MBT 3x3 LDA-Rel SoC 0.17
MBT 3x3 GGA-Rel SOC 0.21
Previous works
MBT GGA SOC, DFT-U 0.32 (15)
MBT GGA DFT-U 0.70 (11)
MBT GGA DFT-U 0.55 (20)
MBT - - 0.052 (5)
BT LDA LAPW method 0.11 (4,14)
BT GGA LAPW method  0.13 (8,10)
BT GGA LAPW method  0.17 (4.7)

4. Conclusion

According to the obtained results, the implementation of SOC
in the calculations for this type of materials, greatly improves
the quality of those results, because without SOC, the
electronic structure near the Fermi level is not accurately
reproduced, leading to incorrect band dispersion and
unrealistic band gap values, also, the type of pseudopotential
employed is important due to the small variations between
LDA and GGA can modify the band dispersion and even
change the nature of the bandgap. The GGA pseudopotential

effectively describes the behavior of the bands even without
corrections, but it has inaccuracies in calculating the Fermi
level, when using DFT+U in the calculations with a value of U
= 4 eV, which has been used in other programs like VASP or
Atomistix Toolkit. The comparison between the BT and MBT
systems is reasonable because the systems only differ by a
layer of Mn and Te, and because it allows for an understanding
of whether the inaccuracy of the Fermi level is due to the
manganese atom. The inclusion of GGA+U should be
sufficient to correct the 3d orbitals of manganese and thus
achieve good results. However, our findings in this paper
suggest that the effects of the Bi and Te atoms are too
significant to ignore SOC using the SIESTA code, and that the
inclusion of the Mn atom produces underestimations on the
band gap, making the results for the BT system more consistent
with previous works. Thus, it is concluded that with SIESTA,
good approximations for the study of the topological insulators
BT and MBT can be obtained, but since the SOC must be
included in the calculations, it is likely that smaller energy gaps
will be obtained. Finally, the results paper leads to include the
use of more advanced exchange-correlation functionals, such
as hybrid functionals or GW methods, in order to obtain a more
accurate description of the bandgap and electronic structure.
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