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In this study, we employ a generalized tight-binding (TB) framework to explore the electronic characteristics
of BiTeX (X = Cl, Br, and I) compounds. Our methodology relies on Slater-Koster integrals (SK) and the linear
combination of atomic orbitals (LCAO) approach as the basis for our investigation. By refining generalized
TB models through first-principles calculations, we establish an efficient and accurate quantum mechanical
technique for predicting the electronic properties of halogenated bismuth telluride. Our research delves into
various models that provide unique insights into the electronic behavior of BiTeX. Within an orthogonal TB
model, the contributions from s and p orbitals define the band gap, making it suitable for analyzing low-energy
phenomena near the I' point. Furthermore, this model extends to incorporate the interplay between d and p
orbitals, resulting in a more comprehensive depiction of the band structure. Conversely, a nonorthogonal TB
model emphasizes the contributions of s and p orbitals, revealing intricate details of the electronic structure,
albeit with potential computational complexities. Remarkably, this model demonstrates excellent agreement with
first-principles calculations. Collectively, these models unveil the nuanced electronic nature of BiTeX, furnishing

adaptable computational tools for materials science and quantum device applications.
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I. INTRODUCTION

Numerous studies have extensively investigated the elec-
tronic and optical properties of both bulk and layered
semiconductor structures. However, a recent emergence of a
novel category of bulk semiconducting materials, exemplified
by the bismuth tellurohalides BiTeX (where X = Cl, Br, or
I), has sparked considerable interest in the field. These ma-
terials feature a wide band gap and host bulk and surface
states characterized by significant spin-orbit (SO) splitting.
Their noncentrosymmetric crystal structure, stemming from
the absence of inversion symmetry, facilitates a distinctive
lifting of the Kramers degeneracy attributed to the SO inter-
action. Consequently, both the valence and conduction band
states exhibit discernible energy and momentum splittings
[1]. Furthermore, angle-resolved photoemission spectroscopy
(ARPES) has demonstrated that the loss of inversion symme-
try in BiTeX results in the appearance of spin-orbit coupling
(SOC) [2,3], which removes spin degeneracy and gives rise to
various innovative phenomena such as Rashba spin splitting
and Hall effects [4-6]. The crystal structure of BiTeX features
a triple layer with X-Bi-Te stacking. In this structure, a central
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Bi layer is sandwiched between a Te layer and a halide layer
[7]. These triple layers are bounded by weak van der Waals
interactions. The crystal structure of BiTeX is categorized
under space group P63mc for X = Cl, and P3m1 for X = Br
and I [8]. Density functional theory (DFT) studies on BiTeX
have offered valuable insights into its electronic structure and
other significant properties. The robust SO interaction has
notably influenced the electronic properties of BiTeBr and
BiTel, investigated through DFT methods [9]. Additionally,
DFT analysis explored the electronic behavior of BiTeX under
electric fields and mechanical stress, resulting in noteworthy
changes in the structural band gap [10]. Extensive research
has focused on elucidating the mechanical, optical, and ther-
moelectric characteristics of BiTeX [11], contributing to a
deeper understanding of its intrinsic features and potential
applications. While first-principles calculations are a common
tool for material prognosis, their effectiveness is limited by
computational requirements and cell sizes. Thus, there is a
growing need to explore alternative methodologies that enable
more complex computations. TB schemes, among other quan-
tum methods, have been effectively utilized over the past two
decades to examine electronic structures in various systems
[12-14]. An example of utilizing the TB method involves
the research conducted by Jones et al. in 2009. Their study
determined the TB parameters by aligning energy-band values
derived from highly precise first-principles DFT calculations
[15]. Also in 2016 Ortenzi et al. compared a TB model based
on the SK formalism with DFT and found a good agreement
for the overall band structure [16].

©2024 American Physical Society
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The aim of our study is to leverage a generalized TB model
using the TBStudio software [17], employing a simplified
LCAO approach to calculate the electronic structure of BiTeX
(with X=Cl, Br, and I). TBStudio serves as a quantum tech-
nical software package specifically designed for constructing
TB models for nanoscale materials. In our investigation, we
have delved into the electronic structure of BiTeX and com-
pare our findings with those derived from DFT calculations.
Section II outlines the model and computational techniques,
followed by Sec. III, which presents results and discussions,
culminating in Sec. IV with conclusions.

II. MODEL AND THE COMPUTATIONAL SCHEME

The TB model is a significant method used to calculate the
band structure of solids. It is particularly useful in analyzing
transport properties. The TB method is based on the assump-
tion that the wave function of an electron in a crystal can be
approximated as a LCAO localized on individual atoms. The
electronic structure is described by a set of basis functions,
usually atomic orbitals, which are then combined to form a
complete set of wave functions. These basis functions can
be either orthogonal functions or nonorthogonal functions.
Orthogonal basis functions are those that are mutually per-
pendicular to each other. In the context of the TB method,
this means that the overlap between different atomic orbitals
is negligible. On the other hand, nonorthogonal basis func-
tions are not mutually perpendicular, meaning that there is a
significant overlap between different atomic orbitals.

The TB Hamiltonian’s matrix elements are generated by
coupling the orbitals located on atomic sites that are in close
proximity to each other. These matrix elements offer an ex-
planation for the hopping of electrons from one lattice site
to another. The hopping amplitudes can be determined by
constructing a TB model and replicating the band energies cal-
culated through the first principles. The LCAO [18] is a highly
effective, efficient, and easily implementable technique for
calculating the band structure of materials. In this method, the
molecular orbitals or band structure are constructed by com-
bining the wave functions of individual atomic orbitals located
on the constituent atoms. The main advantage of LCAO is that
it can be applied to nonperiodic systems, which is a critical
feature in many applications. Additionally, the LCAO method
is often preferred for systems with a large number of atoms, as
it provides cost and time savings. Therefore, the combination
of LCAO and Green’s function theory is a powerful tool for
calculating electronic properties, especially for nonperiodic
systems and systems with a large number of atoms.

The aim of the current study is to construct a generalized
TB model based on the TBStudio software using a simpli-
fied LCAO approach for the calculation of the electronic
structure of BiTeX (with X=Cl, Br, and I). Starting from the
simplified LCAO method in combination with first-principles
calculations (such as OpenMX or VASP packages), one can
construct a TB model in the two-center approximation. By
employing the SK technique, the system’s TB Hamiltonian
can be computed, and use a nonlinear fitting algorithm to find
the best entries for both Hamiltonian and overlap matrices to
reproduce the first-principles data. One can obtain expressions
for the Hamiltonian and overlap matrix elements between
different orbitals (s, p, and d orbitals with or without SOC)

for the different atoms and present the SK coefficients in an
orthogonal or nonorthogonal basis set. We have employed
the SK approach and fitted the energy dispersion based on
values derived from DFT. This technique enables us to derive
expressions for the Hamiltonian and overlap matrix elements
between distinct orbitals.

In principle, there exist an infinite number of atoms, each
having an infinite number of orbitals, which can be used to
explain the electronic structure of various crystal structures.
By utilizing the LCAO technique, it becomes possible to limit
the system under consideration to a finite number of atoms and
a finite number of orbitals per atom. Moreover, this method
enables the description of a system as a collection of nonin-
teracting single particles. Slater and Koster [19] introduced
integrals and demonstrated how to utilize SK to recreate data
from first principles. In a number of systems, the SK method
has been successful in creating TB Hamiltonians. In this
work, the independent parameters for both the Hamiltonian
and the overlap matrices are determined using the Levenberg-
Marquardt approach to achieve an acceptable match with the
first-principles data. The following equation presents the SK
integrals of Hamiltonian and overlap matrix elements:

HE () = (@' G+ P|HE + )|} @),
S () = (o] G+ P)lgp! (). (M

Here ¢;"(x) is the real spherical harmonic which can be
explained in terms of the complex spherical harmonic ¥;". The
vector 7 defines the bond between two atoms. Respectively,
as a function of 7, hﬁ,’”'(?) and s;'],’”/(?) represent the elements
of the overlap and Hamiltonian matrix that are defined in
between the orbits of two distinct atoms. The SK method
has proven to be effective in constructing TB Hamiltonians
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FIG. 1. (a) Top and (b) side view of the structure of BiTeX. The
black box indicates the unit cell. The atoms that are used to build the
TB model are depicted by the lattice vectors a, b, and c.
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FIG. 2. The band structures of BiTeX (X = Cl, Br and I) which
illustrate the contribution of Bi (red), Te (green), and X (blue) atoms.

for a variety of systems [20,21]. The SK integrals are key
parameters in our generalized TB models that describe the
hopping of electrons between atomic orbitals. These integrals
capture the overlap and interactions between neighboring
atoms and are crucial in determining the electronic struc-
ture of the material. To construct a TB model, we have first
identified all SK integrals of the optimized structure in three
sections. We then have used the final SK parameters, on-site
energies, overlap parameters, and SOC values to construct
the TB Hamiltonian. We have used the OpenMX software
[22] to extract band structures from first-principles calcula-
tions and carry out computations on electronic properties and
atomic structure relaxations in order to obtain insight into
both the structure and the electronic properties of BiTeX.
The Monkhorst-Pack mesh was used to evaluate numerical
integrations within the Brillouin zone (15 x 15 x 1). We have
employed a PBE functional [23,24] with a cutoff energy of
400 eV for the plane-wave basis and the generalized gradient
approximation (GGA) for the exchange correlation energy in
our calculations. The optimized structure of BiTeX is shown
in Fig. 1, where the black box denotes the unit cell and the
vectors R; denote the atoms that must be included in the TB
model due to their close proximity to one another.
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FIG. 3. The band structure of BiTeCl (left side), BiTeBr (center),
and BiTel (right side). The orbital contribution of atoms is denoted
by s (pink), p, (red), p, (green), and p. (blue) in band structure
formation.
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FIG. 4. The band structures of BiTeX calculated based on the
orthogonal TB model using s and p orbital contributions with the SK
parameters presented in Table I which are compared with the results
of the DFT calculations.

III. ATOMIC SPIN-ORBIT COUPLING

Structures comprising heavy atoms exhibit a significant SO
effect [25]. SOC is a fundamental mechanism that underlies
the emergence of spin polarization in electronic states within
solid materials. The SOC represents the interaction between
the spin of a particle and its orbital motion. Experimentally, it
has been observed that this particular occurrence manifests as
a division of spectral lines [26-28]. The TB model can incor-
porate the atomic SO interaction in various ways, including

Hgo = (VV x P).S, )

2(mec)?
where P = (71/i)V represents the electron momentum opera-
tor, while S = (%/2)o denotes the electron spin operator. The
components of the o operators are specifically defined as the
Pauli matrices and 7% is Planck’s constant [29]. m, represents
the mass of a free electron and c is the speed of light. The
potential gradient VV depends on the atomic number Z. SO
interactions can be exactly represented by a local atomic con-
tribution of the form

Hso = Z Zﬁi,u)»vLi-Si, (3)

where S; is the spin operator at site i, £;, is the projection
operator for angular momentum v at site i, and A, is the
SOC constant for angular momentum [12]. By calculating the
operator L ® S, additional terms in the Hamiltonian can be
identified, and the angular momentum and spin operators can
be expressed as follows:

L= (L. L, L), )
§=(S.5,.5). )

IV. RESULTS AND DISCUSSION

To illustrate the electronic band structures of BiTeX, the
atomic and orbital contributions are delineated in detail in
Figs. 2 and 3. These figures show the distribution of p., p,,
Py, and s orbitals through blue, green, red, and pink curves,
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TABLE I. The SK parameters, onsite energies, and SOC in the orthogonal TB model for BiTeX using s and p orbitals.

Bond BiTeCl BiTeBr BiTel

Bond type R KiYos spo ppo ppT KiYes spo ppo ppm Yo spo ppo ppm

Bi-Bi R, —0.020 0.161 0.472 —0.292—-0.155 —0.333 0.015 —0.193—-0.005 —0.025  0.252 —0.186

Te-Te R, 0.009 —0.306 0.244  0.055—0.178 —0.464 2.041 0.028 0.085 —0.349  0.265 0.075

X-X R; 0.000 —0.193 0.044 0.005 0.155 —0.150 0.108 0.011—-0.088 —0.203  0.001 0.038

Bi-Te R, —0.734 1.768 1.661 —0.508 —0.588 —1.088 4.085 —1.263—-0.611 1.097  1.685 —0.506

Bi-X R; —0.387 —0243 —1.860 0.115 0.047 0559 —1281 0.183—0.364 —0.654 —2.038 0.152

Atom s Dx Dy P: al, s Dx Dy p. ol s Dx Dy 2 o
Bi —9.086 0.441 0274 —0.344 —0.610—4.557 —0.903  —2.050 —1.787 —1.552—10.161  0.027 —0.038—0.979—0.695
Te —9.353-1.497 —2.272  —2.329 —0.670-2.522 —2.675 —3.871 0.559-2.911 —9.408 —1.705 —1.995—2.290—0.849
X —14.340-1.876 —1.543  —1.231 —0.035—-3.370 —2.297 —1.319 —4.253-0.052—13.141 —0.916 —0.795—1.369—0.150

respectively. Within the energy range of —6 eV to —15 eV,
the electronic band structures are primarily influenced by the
s orbitals, exhibiting significant separation from the electronic
bands below them, forming a sizable band gap. The region
spanning from —6 eV to 0 eV below the band gap is iden-
tified as the valence band, while the area above the band
gap is referred to as the conduction band. Previous studies
on BiTeX crystals [30] indicate that the conduction bands
primarily consist of p orbitals from Bi and Te atoms, while
the valence band is predominantly composed of p orbitals
from halogen atoms. It is worth noting that Bi orbital states
are distant from the Fermi level, whereas Te-p and X-p or-
bital states play a crucial role in occupying electronic states
near the Fermi level. The increase in electronegativity of
element X from I to CI results in a noticeable downward
shift of its lower band energies, highlighting the significant
contribution of X atoms to the valence band. Moreover, in
all examined scenarios, the minimum conduction band and
maximum valence band are positioned at the I" high symmetry
point.

V. ORTHOGONAL TB MODEL FOR BiTeX USING s
AND p ORBITALS

The orthogonal TB model tailored for BiTeX focuses
specifically on s and p orbitals to capture the intricate elec-
tronic structure of this compound. As depicted in Fig. 3, the
inclusion of p orbitals in reconstructing the band structure
proved to be indispensable. Throughout the fitting process,
we find that accounting for the interaction between s and p
orbitals is essential for achieving accurate representation of
the material’s electronic behavior. Neglecting or underesti-
mating this interaction resulted in significant discrepancies
between the model predictions and the actual electronic prop-
erties observed in the material. This customized TB approach,
integrating both s and p orbitals, offers invaluable insights into
the fundamental electronic characteristics of BiTeX, while
the orthogonality constraint simplifies computational com-
plexity. The result related to this method is presented in
Fig. 4, and the on-site energies and SK parameters for the
Hamiltonian and overlap matrix are provided in Table I
This model effectively identifies the bands around the Fermi
level, with a primary focus on accurate fitting for the energy
gap. Notably, the reduction in matrix size enhances computa-
tional efficiency without undermining accuracy, showcasing

commendable alignment with first-principles calculations.
Thus, it stands as a viable choice for computations primarily
centered on low-energy considerations around the I' point.
In Fig. 4, the Fermi energy level is set as the reference at
zero. Across all three BiTeX structures depicted, similarities
in their distinctive characteristics were noted. However, upon
incorporating SOC into the computational analysis, a notable
increase in the band count becomes apparent. Furthermore,
the valence band maximum and conduction band minimum,
originally situated at the I" -point, exhibit a noticeable separa-
tion, resulting in a reduction in the magnitude of the band gap.
The band structure of BiTeX showcases a pronounced Rashba
effect and robust SO interactions, leading to significant spin
splitting for electrons near the conduction band minimum and
holes near the valence band maximum [31]. The experimen-
tal finding aligns seamlessly with the aforementioned factors
[32-35].

VI. ORTHOGONAL TB MODEL FOR BiTeX USING s, p,
AND d ORBITALS

Here, we present the results of an orthogonal TB model for
BiTeX. This model involves parametrization using s, p and
d orbitals to describe the electronic structure of the BiTeX
compound. As depicted in Fig. 3, the primary focus lies on

BiTeCl

Energy (eV)

-1
S oM K r MK r M

FIG. 5. The band structures of BiTeX calculated based on the
orthogonal TB model using s, p, and d orbital contributions with the
SK parameters presented in Tables I, I1I, and IV which are compared
with the results of the DFT calculations.
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TABLE II. The SK parameters, onsite energies, and SOC in the orthogonal TB model for BiTeCl using s, p, and d orbitals.

Bond type R KXYes spo ppo ppT sdo pdo pdm ddo ddm dds

Bi-Bi R, —0.554 —0.388 —0.046 0.0632 —1.187 1.578 —0.097 —-2.149  -3.204 0.819
Te-Te R, —-0.296 —0.517  —0.050 0.039 —3.281 —1.184 —0.056 9.684 2.768 8.595
X-X R; 0.046 0206 —0.026  —0.037 —0.795 2.556 —0.116 21.416 35.258 9.844
Bi-Te Ry 0.998 1.265 2,701 —0.635 2.372 2.102 —7.675 68.062  —8.153  —2.636
Bi-X R, —2.650 —0342 —1.014 0.128 —1.939 1.964 1415 —34.207 7.328 —16.240
Atom s Px Dy D- dy dy. d,. do_p do_p2 al ad

Bi —5.427 —0.186 0.401 0.075  185.887 198.899  164.785 186.646 199.890  —0.531 0.000
Te —6.573 0.591 0762 —0.672  187.165 138.506  164.708 194.045 174293  —1.650 0.000
X —12.182 —-2.352 —1.865 —1.872 191.376 187.900  191.223 198.001 187.099  —0.067 0.000

TABLE III. The SK parameters, onsite energies, and SOC in the orthogonal TB model for BiTeBr using s, p, and d orbitals.

Bond type R KXYes spo ppo ppm sdo pdo pdn ddo ddn ddé

Bi-Bi R, —-0.593 —-0.401 —0.072 0.116 —1.344 2275 —0.264  —14.941 —2.306 4.060
Te-Te R, 0.042 —-0430 —-0.015 0.038 —2.827 —1.650 0.661 2.139 —3.833 9.629
X-X R; 0.088 0.334 —-0.025 —-0.031 —6.578 2.805 0.115 29.289 31.630  —1.455
Bi-Te R4 0.965 1.259 2782 —0.674 1.801 1.877 —7.529 59.891 —10.358 —13.163
Bi-X R, —-2.669 —0.329 —1.178 0.154  —3.955 1.513 1.128  —=51.775 24422 —23.522
Atom s Dx Dy D dyy dy, d,. da_yp da_p al) ad

Bi —5.642 —0.207 0.148  —0.17 199.365 199.258  144.845 198.665 192.745 —0.644 0.000
Te —6.526 0.520 1.000  —0.372 156.236 138.630  184.383 199.453 151.535 —1.720 0.000
X —12310 —-2391 —1.862 —2.064 164990 93.131 180.744 182.055 198.473 —-0.130 0.000

TABLE IV. The SK parameters, onsite energies, and SOC in the orthogonal TB model for BiTel using s, p, and d orbitals.

Bond type R KXYes spo ppo ppT sdo pdo pdm ddo ddn dds

Bi-Bi R, —0.498 —0.508  —0.137 0.183  —3.507 3.551 —0.011 1.326 —2.058 —4.222
Te-Te R, 0.383  —0.368 0203  —0.025 —4.252  —1.965 0.578 8.342 2468  —9.525
X-X R; 0.693 0.177 0.129  —0.046 7.028 2.606 —0.707 21.783 10.835 28.877
Bi-Te R, 0.432 1.508 2352 —0.567 0.116  —3.279 —6.510 56.618 —-7.319 —12.034
Bi-X R, —-1.979 —-0.583 —1.247 0222 —-2322 0.030 1.252 58913 22.654  —9.841
Atom s Dx Dy Dz dyy dy, d,; do_yp do 2 al ad

Bi —-5.878 —0.197 0230 —0.557 169.464 160.931 152.491 185.674 173.379 —0.706 0.000
Te —7.140 0.612 0.747 0.842 174291 111.170  138.429 183.291 199.904  —1.345 0.000
X —12.678 —2.143 —1.947 —2.117 189.181 183.396 107.944 135.123 164.357 —0.266 0.000

TABLE V. The SK parameters, onsite energies, SOC, and overlap parameters in the nonorthogonal TB model for BiTeCl using s and p

orbitals.

Bond Hamiltonian Overlap matrix

Bond type R KXYes spo ppo ppr KXYes spo ppo ppT
Bi-Bi R, —0.795 0.439 0.830 —0.206 0.060 —0.036 —0.066 0.052
Te-Te R, —0.960 —-0.334 0.156 —0.007 0.075 —0.018 —0.101 0.013
X-X R; —0.413 —0.165 —0.109 —0.232 0.029 0.001 0.074 0.112
Bi-Te R, —0.754 1.634 1.521 —0.946 0.100 —0.123 —0.063 —0.071
Bi-X R;s —0.708 —-0.473 0.667 0.103 0.067 0.098 0.355 0.069
Te-X R¢ —4.811 —-0.171 0.667 —0.340 0.337 —0.057 —0.298 0.073
Atom K Px Dy P ol

Bi —10.760 0.638 0.898 0.496 0.407

Te —10.602 —1.210 —1.072 —1.754 —0.652

X —13.951 —2.371 —1.998 —1.975 0.052
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TABLE VI. The SK parameters, onsite energies, SOC, and overlap parameters in the nonorthogonal TB model for BiTeBr using s and p

orbitals.

Bond Hamiltonian Overlap matrix

Bond type R KXYes spo ppo ppT KXYes spo ppo ppT
Bi-Bi R, —0.680 —0.439 0.350 —0.362 0.030 0.006 —0.139 0.074
Te-Te R, 0.349 -0.759 0.370 —0.016 0.003 0.060 -0.017 —0.035
X-X R; —-0.717 0.112 0.621 0.139 0.112 —0.026 —0.021 —0.037
Bi-Te R, —0.046 1.077 1.770 —1.065 —0.002 —0.104 —-0.313 0.009
Bi-X Rs —0.642 2.699 0.776 0.344 0.118 —0.122 0.225 —0.058
Te-X R¢ 1.959 1.093 0.372 —0.382 —0.241 0.032 —0.111 0.035
Atom s Dx Dy D ol

Bi —10.656 0.077 2.042 —2.839 0.171

Te —8.678 —1.113 —1.974 —1.338 —0.607

X —11.672 —2.851 —3.445 —3.948 —0.162

the p,, py, and p, orbitals, representing the p orbitals, as the
key orbitals to be utilized in the model. Meanwhile, the d
orbitals are treated as free parameters that indirectly influence
the model through their coupling with the p orbitals. This
coupling introduces an additional layer of complexity and
flexibility to the model, allowing for the consideration of the d
orbitals’ contributions to electronic interactions. While the d
orbitals might not be explicitly included in the fitting process,
their effects on the p orbitals through their coupling interac-
tions are taken into account, providing a more comprehensive
representation of the material’s electronic behavior within the
TB method. Additionally, the significance of the SOC for
d orbitals in BiTeX structures is minimal. The orthogonal
s-p-d model aims to capture the interactions between p and
d orbitals within the material by considering the interaction
integrals between these orbitals. As demonstrated in Fig. 5 and
Tables II, III, and IV, by incorporating s, p, and d orbitals,
the model accounts for the varying spatial distributions and
energies of electrons in the system, enabling a more detailed
description of the band structures, suitable for investigating
more accurate electronic properties, densities of states, and
other relevant characteristics specific to the BiTeX compound.
The S =1 constraint ensures that the basis set formed by
these orbitals remains mathematically orthogonal, and the

calculations are straightforward, aiding in balancing computa-
tional efficiency and accuracy while providing a comprehen-
sive representation of the material’s electronic behavior.

VII. NONORTHOGONAL TB MODEL FOR BiTeX USING s
AND p ORBITALS

The alternative model for BiTeX is a nonorthogonal TB
model that utilizes s and p orbitals to capture the intricate
electronic structure of this compound. Unlike traditional or-
thogonal models, this approach allows for a more detailed
description of the material’s electronic properties, accommo-
dating nonorthogonality between the orbitals. However, this
approach might entail increased computational complexity
due to the inclusion of nonorthogonal terms, yet it promises
a richer understanding of the material’s electronic structure,
offering valuable insights for various technological applica-
tions. The results are presented in Fig. 6, and the on-site
energies and SK parameters for the Hamiltonian and overlap
matrix are listed in Tables V, VI, and VII. The nonorthog-
onal TB model demonstrates exceptional agreement with
first-principle calculations, offering heightened computational
efficiency. Notably, it stands out as a robust option capable of
computations across the entire Brillouin zone, not restricting

TABLE VII. The SK parameters, onsite energies, SOC, and overlap parameters in the nonorthogonal TB model for BiTel using s and p

orbitals.

Bond Hamiltonian Overlap matrix

Bond type R KXYes spo ppo ppT KXYes spo ppo ppT
Bi-Bi R, —0.208 —0.105 0.200 -0.172 —0.002 —0.020 —0.086 0.019
Te-Te R, 0.226 —0.201 0.230 —0.142 —0.003 0.016 —0.070 0.017
X-X R; 0.150 0.052 0.282 0.028 0.003 0.010 0.057 0.007
Bi-Te R, —0.105 0.700 1.721 —0.954 0.034 0.007 0.020 0.018
Bi-X Rs 0.681 1.776 1.787 —0.035 0.001 —0.005 -0.014 0.024
Te-X R¢ —0.032 1.063 —0.053 —0.202 —0.036 —0.004 0.097 0.048
Atom s Dx Dy P ol

Bi —-9.991 0.428 0.91 —1.602 0.248

Te —8.984 —0.641 —1.438 —1.235 —0.527

X —11.544 —2.115 —2.116 —-3.525 —0.233
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BiTeCl

BiTeBr

Energy (eV)

K
FIG. 6. The band structures of BiTeX calculated based on the
nonorthogonal TB model using s and p orbital contributions with

the SK parameters presented in Tables V, VI, and VII which are
compared with the results of the DFT calculations.

analyses solely to the I'" point or low-energy regimes. Its
capacity to span the entire Brillouin zone signifies its poten-
tial for comprehensive investigations of electronic properties
throughout the material’s structure, rendering it a strong can-
didate for diverse computational studies beyond localized and
low-energy considerations.

VIII. CONCLUSIONS

In summary, we have examined the electronic structure
of BiTeX (with X = CI, Br, and I) using a generalized TB
method, highlighting the role of different orbitals in shaping
BiTeX’s electronic properties. Each model presents distinct
advantages, ranging from computational efficiency to compre-
hensive coverage across the Brillouin zone, catering to diverse
computational requirements and offering insights into BiTeX’s
electronic behavior. We have introduced three specific TB
models, each designed for particular purposes: orthogonal
s-p, orthogonal s-p-d, and nonorthogonal s-p models. The
orthogonal s-p TB model effectively captures BiTeX’s elec-
tronic properties, emphasizing precise fitting for the gap
energy. It aligns well with first-principles calculations and
provides computational efficiency for low-energy considera-
tions around the I' point. In the orthogonal s-p-d model, the
coupling interactions between d and p orbitals add complexity
to the model, although SOC in BiTeX remains minimal. On
the other hand, the nonorthogonal s-p model, relying on s
and p orbitals, offers a more detailed representation of elec-
tronic properties despite potential computational complexity.
This model exhibits excellent agreement with first-principles
calculations and provides versatility for comprehensive com-
putations across the entire Brillouin zone.
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