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Khéng gian xanh mat, trong ianah i OH Tha Ddu M

12" ASIA COMPUTATIONAL MATERIALS DESIGN WORKSHOP 2022
(ACMD 2022, Vietnam)

With the aim of imparting modern quantum simulation techniques, the Asia Computational
Materials Design Workshop (ACMD) co-organized by Osaka University-Japan and
universities of Vietnam has been held in Vietnam since 2009 many times. In 2022, ACMD
will be held at Thu Dau Mot University-Vietnam. This workshop will provide lectures on
cutting-edge research in computational materials design as well as hands-on lectures in
quantum simulation. The workshop will also include lectures with an overview of the role
of CMD in Vietnam, computational techniques for electronic structures, and applications
in designing new functional materials. Furthermore, some of the original quantum
simulation packages developed by professors of Osaka University will be introduced by
the developers in hands-on lectures on the high-performance computing system of Thu Dau
Mot University (TDMU HPCC).

Véi muc dich truyén dat cac ky thuat mé phong lugng tir hién dai, Hoi thao vé thiét ké cac
vt liéu tinh toan (CMD) Chau A (ACMD) di duoc td chic tai Viét Nam tir nim 2009 v6i
su hop tac cua Pai hoc Osaka va cac truong dai hoc tai Viét Nam trong nhiéu lan. Nam
2022, ACMD s& duoc t6 chirc tai Pai hoc Thi Dau Mot. Hoi thao nay s& cung cap cac bai
giang vé cac nghién cau tién tién trong thiét ké vat lidu tinh toan ciing nhu ddo tao thyuc
hanh vé md phong luong tir. Hoi thao ciing s& bao gdm céc bai giang véi tong quan vé vai
trd cia CMD tai Viét Nam, cac k§y thuat tinh toan cau trac dién tir cling véi cac eng dung
ctia chiing dé thiét ké cac vat liéu chire nang méi. Hon nita, mot s6 goi mé phong luong tu
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guyén 1y ban dau dugc phat trién boi cac gido su cua trudng Dai hoc Osaka s€ dugc cac
gido su gigi thiéu trong cac khoa dao tao thuc hanh trén hé thong tinh toan hiéu nang cao
cua truong Pai hoc Tha Dau Mot (TDMU HPCC).
BROEFYIAL-YaVEMERHITELZBRELT RBRRF-BARENNLOKR
FHRET BT I T EMEIERET-IY3vT (ACMD) A 2009 FENSREENN L
CHRESNTVEY, 2022 £, ACMD AN ADM-YIEIKZETHREINET, IO
D-723vT Tl SHEMRRFTORAHRAREEFVIAL-YIVOEMBREZITVE
I, IDT-7Y3vTCIE RFLIZEIFS CMD D& EIOBE ., BEFEEDFHERM. b
FUFLWMEREEM BRIORREIADICAICETIEREEINET, 6L KIRAKFDH
RICIOTRRESNEAVITIOEFVI1L-Y3V kT =IOV, by-FTERK
% (TDMU HPCC) O&MREIVEI-TAVIYATAICEET 3 REMNBEERTHAEEL
SO TBNMENET,
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WORKSHOP PROGRAM

ACMD 2022

Guest Room 1 (VIP 1), HPCC Room (HPC.R), Thu Dau Mot University

14 April

15 April

16 April

07:30-08:00: VIP 1
Registration

Chair: Dr. Duy Khanh NGUYEN, Thu
Dau Mot University

08:00-08:25, VIP 1
Opening remarks

Assoc. Prof. Nguyen Van
Hiep, Thu Dau Mot
University

Prof. Yoshitada Morikawa,
Osaka University

08:25-08:30: VIP 1
Group Picture

Chair: Assoc. Prof. Vo Van On,
Thu Dau Mot University
08:30-9:30: VIP 1
Brief Tutorial on Basic
Linux and HPCC
connection

Dr. Nguyen Duy Khanh, Thu
Dau Mot University

Break (10 mins)

9:40-10:40: VIP 1
Basic Theory for AkaiKKR

Assoc. Prof. Sato Kazunori,
Osaka University

10:40-11:40, HPC.R
Hands-on Tutorial 1
(AkaiKKR)

08:30-09:30, VIP 1

Basic Theory for HILAPW
Prof. Tamio Oguchi, Osaka University

Break (10 mins)

9:40 — 11:40: HPC.R
Hands-on Tutorial 2 (HILAPW)

Prof. Tamio Oguchi, Osaka University

Chair: Assoc. Prof. Vo Van On, Thu
Dau Mot University

08:30-09:30, VIP 1
Basic Theory for STATE-Senri

Prof. Yoshitada Morikawa, Osaka
University

Break (10 mins)

9:40 - 11:40: VIP 1

Hands-on Tutorial 3 (STATE-Senri)

Assoc. Prof. Ikutaro Hamada and
Prof. Yoshitada Morikawa, Osaka
University
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Assoc. Prof. Sato Kazunori,
Osaka University

Lunch (1h20 mins)

Lunch (1h20 mins)

Lunch (1h20 mins)

13:00-15:00, HPC.R
Hands-on Tutorial 1
(AkaiKKR)

Assoc. Prof. Sato Kazunori,
Osaka University

Break (10 mins)

13:00-15:00, HPC.R
Hands-on Tutorial 2 (HILAPW)

Prof. Tamio Oguchi, Osaka University

Break (10 mins)

13:00-15:00, HPC.R
Hands-on Tutorial 3

(STATE-Senri)

Assoc. Prof. Ikutaro Hamada and Prof.
'Yoshitada Morikawa, Osaka
University

Break (10 mins)

Chair: Assoc. Prof. Vo Van On,
Thu Dau Mot University

15:10-15:50, VIP 1
Special Lecture 1

Magnetoresistance within

Boltzmann theory

Prof. Tamio Oguchi, Osaka
University

15:50- 16:30, VIP 1
Special Lecture 2
\van der Waals density functional

applied to surfaces and interfaces
Assoc. Prof. Ikutaro Hamada,
Osaka University

16:30- 17:10, VIP 1

Special Lecture 3

Structural, electronic, and optical
properties of defective sawtooth

penta-graphene nanoribbons: An
DFT insight

Assoc. Prof. Nguyen Thanh
Tien, Can Tho University

Chair: Assoc. Prof. Nguyen Thanh Tien,
Can Tho University

15:10- 15:50, VIP 1

Special Lecture 4

Surface as a playground for exploring
physical phenomena and a foundation for
realizing designer materials: Some
hydrogen-surface reaction related case
studies

Assoc. Prof. Wilson Agerico Difio,
Osaka University

15:50- 16:30, VIP 1

Special Lecture 5

Theoretical study of hydrogenation
process of CO; on metal catalysts

Prof. Yoshitada Morikawa, Osaka
University

16:30-17:10, VIP 1

Special Lecture 6

Understanding molecular mechanism of
alluporinol SCAR reaction in
Vietnamese patient using computer
simulation

Prof. Nguyen The Toan, Hanoi
University of Science (VNU-HUS)

Chair: Prof. Dinh Van An, Osaka
University

15:10-15:50, VIP 1

Special Lecture 7

First-principles study of electronic
and optical properties of
AU/LaAIO3/SrTiO3 heterointerface
Assoc. Prof. Do Ngoc Son, HCM

University of Technology

15:50-16:30: VIP 1

Special Lecture 8

In silico studies of monolayer systems
Dr. Nguyen Duy Khanh, Thu Dau
Mot University

16:30-16:40: VIP 1

Certification Conferring and Closing
Remarks

Prof. Yoshitada Morikawa, Osaka
University

Assoc. Prof. Vo VVan On, Thu Dau
Mot University
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Introduction to GNU/Linux in High-Performance Computing

Architecture

Duy Khanh Nguyen”
High-Performance Computing Lab (HPC Lab),
Thu Dau Mot University, Binh Duong Province, Vietham

“Corresponding at khanhnd@tdmu.edu.vn

Abstract

Currently, the top 500 supercomputers in the world is fully based on GNU/Linux OS. Besides,
most of the servers powering the Internet and high-performace computing clusters (HPCC) are
also based on Linux. This means that the understanding of Linux structures is very essential to
operate supercomputers or HPCC. In this talk, I will present various topics related to Linux in
HPCC that can fully provide how to operate tasks in HPCC. The topics include the background
and history, the command line, directory structure, files, text display and search, users and
permissions, processes, the vim and vi text editors, shell scripting, system configuration files, SSH
connections, SSH graphics and file transfer. Besides, the brief introduction to high-performance
computing cluster of Thu Dau Mot University (TDMU HPCC) and how to operate TDMU HPCC
for hands-on tutorials at the ACMD 2022 will be also presented.

Keywords: Unix, GNU/Linux, server, high-performance computing cluster, command lines, and

linux distributions.


mailto:khanhnd@tdmu.edu.vn
https://hpc-wiki.info/hpc/Introduction_to_Linux_in_HPC/Historical_Background
https://hpc-wiki.info/hpc/Introduction_to_Linux_in_HPC/Historical_Background
https://hpc-wiki.info/hpc/Introduction_to_Linux_in_HPC/The_Command_Line
https://hpc-wiki.info/hpc/Introduction_to_Linux_in_HPC/Directory_structure
https://hpc-wiki.info/hpc/Introduction_to_Linux_in_HPC/Files
https://hpc-wiki.info/hpc/Introduction_to_Linux_in_HPC/Text_display_search
https://hpc-wiki.info/hpc/Introduction_to_Linux_in_HPC/Users_and_permissions
https://hpc-wiki.info/hpc/Introduction_to_Linux_in_HPC/Users_and_permissions
https://hpc-wiki.info/hpc/Introduction_to_Linux_in_HPC/Processes
https://hpc-wiki.info/hpc/Introduction_to_Linux_in_HPC/The_vim_text_editor
https://hpc-wiki.info/hpc/Introduction_to_Linux_in_HPC/Shell_scripting
https://hpc-wiki.info/hpc/Introduction_to_Linux_in_HPC/System_configuration_files
https://hpc-wiki.info/hpc/Introduction_to_Linux_in_HPC/SSH_Connections
https://hpc-wiki.info/hpc/Introduction_to_Linux_in_HPC/SSH_Connections
https://hpc-wiki.info/hpc/Introduction_to_Linux_in_HPC/SSH_Graphics_File_Transfer

12t Aisa Computational Materials Design Workshop 2022 (ACMD 2022), Thu Dau Mot University

Basic Theory for AkaiKKR

Sato Kazunori®”
'0saka University

*Email: ksato@mat.eng.osaka-u.ac.jp

Abstract

In this document, how to use Machikaneyama2002 (AkaiKKR), a KKR-CPA-LDA package, is
briefly guided. The KKR method is one of the methods of electronic structure calculation and is

also called “Green’s function method.” KKR indicates the initials of Korringa, Kohn, and
Rostoker, who invented this method. CPA means the coherent potential approximation,
which can deal with random systems. Green’s function might be difficult to understand if you
are trained with ordinary band structure calculations, which solve an eigenvalue problem by
diagonalization. However, you can apply KKR-CPA to much wider range of situation than
ordinary band structure calculations can do. For example, it can deal with finite temperature
magnetism and partial disorder systems since CPA can treat not only periodic systems but also

random systems.
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Magnetoresistance within Boltzmann Theory

Tamio Oguchi®*

10saka University
* Email: oguchi@sanken.osaka-u.ac.jp

Abstract

In metals, additional terms in resistivity tensor usually appear depending on a magnetic field B,
known as the magnetoresistance (MR) effect due to Lorentz force acting on electrons. Within the
Boltzmann theory, the conductivity tensor, which is the inverse matrix of resistivity, can be written
using the group velocity of electrons and relaxation time assumed [1-3]. Up to the first order of B,
MR is mainly about the Hall effect computed with the group velocity at the Fermi energy (the so-
called Fermi velocity) and its derivatives [3-7]. In general orders of B, the equation of motion for
electrons in k space is solved for a given B and the group velocity is averaged out on the Lorentz
orbits perpendicular to B over past relaxation time to obtain the distribution function and resultant
conductivity tensor [2]. Therefore, it is concluded that the MR effect becomes significant beyond
the simple Hall regime unless the variation of the Fermi velocity is negligible in a k-space range
of the velocity times relaxation time. A code to compute MR as a post process of band structure
calculations was developed and examined for several representative cases such as alkali metals,
Cu, and Bi [8].

References:

[1] J. M. Ziman, Principles of the Theory of Solids, 2nd Ed., Chap. 7 (Cambridge University
Press, 1972).

[2] N. W. Ashcroft and N. D. Mermin, Solid State Physics, Intl. Ed., Chap. 12 and 13 (Harcourt
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[3] A. B. Pippard, Magnetoresistance in Metals, Cambridge Studies in Low Temperature
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van der Waals Density Functional Applied to Surfaces and Interfaces
Ikutaro Hamada!*

10saka University
* Email: ihamada@prec.eng.osaka-u.ac.jp

Abstract

The dispersion or the van der Waals force is one the most fundamental intermolecular interactions,
but is notoriously difficult to describe in density functional theory calculations within the local
density and generalized gradient approximations. The nonlocal van der Waals density functional
[1] is a class of the exchange-correlation functional that is able to describe the dispersion forces
on the same footing as the covalent bonding in a seamless fashion. In this talk, I give a brief
introduction to the van der Waals density functional and its implementation [2], with some
applications relevant to the surface and interface problems [3].

References:

[1] Berland et al., Rep. Prog. Phys. 78, 066501 (2015).
[2] Hamamoto et al., Phys. Rev. B 93, 245440 (2016).
[3] Hamada, Phys. Rev. B 89, 121103 (2014).

10


mailto:ihamada@prec.eng.osaka-u.ac.jp

12t Aisa Computational Materials Design Workshop 2022 (ACMD 2022), Thu Dau Mot University

Structural, Electronic, and Optical Properties of Defective Sawtooth
Penta-Graphene Nanoribbons: An DFT Insight

Nguyen Thanh Tien*

College of Natural Science, Can Tho University
*Email: nttien@ctu.edu.vn

Abstract

Pentagon-based 2D materials are receiving increasing attention because of their unique atomic
configurations, rich physical and chemical properties, and their promise for broad applications. In
2015, based on extensive theoretical simulations, a group of scientists proposed a 2D carbon
allotrope composed entirely of pentagons, penta-graphene, which has a 2D projection resembling
the famous 2D pattern named Cairo pentagon tiling. Although penta-graphene is metastable
thermodynamically compared to graphene, it is dynamically and mechanically stable, and can
withstand high temperatures up to 1000 K. The thermodynamic stability of penta-graphene over
the synthesized smallest fullerene C20 implies that it could be realized experimentally. Due to the
exotic atomic configuration, penta-graphene exhibits an array of intriguing properties, such as
negative Poisson’s ratio and ultrahigh ideal strength that can even outperform graphene. Penta-
graphene and its derivatives exhibit great potential for applications in nanoelectronics and
nanomechanics.

In this lecture, we present first-principles calculations of the structural, electronic, transport, and
optical properties of defective sawtooth penta-graphene nanoribbons (D-SSPGNRS). The
calculated results of the binding energy and phonon band structure show that the single- and
double-vacancy SSPGNR structures with four various chain widths may stabilize with different
topologies in the vacancies. Electronic structure calculations denote that the semiconducting D-
SSPGNRs appear confined electronic states in the band gap. The electronic transmission spectrum
through the D-SSPGNRs is attenuated. Optical properties are investigated by calculating
complex dielectric function and optical absorption coefficient with different polarization
directions. The imaginary parts of the dielectric function and the absorption coefficient of D-
SSPGNR structures expose the new peaks and redshift. Optical polarization occurs in all structures
and occurs strongly with the SSPGNRs which are vacated at the sp-hybrid carbon atom.

Keywords: First-principles calculations; Pentagon-based nanoribbons; Electronic Properties;
Optical Properties; Optoelectronic device.

Acknowledgment: This presentation is funded by Vietnam National Foundation for Science and
Technology Development (NAFOSTED) under grant number 103.01-2020.16.
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Surface as a Playground for Exploring Physical Phenomena and a
Foundation for Realizing Designer Materials: Some Hydrogen-Surface
Reaction Related Case Studies

Wilson Agerico Difio"**

'Dept. of Applied Physics, Osaka University, Suita, Osaka 565-0871, Japan
2Center for Atomic and Molecular Technologies, Osaka University, Suita, Osaka, Japan

*Email: wilson@dyn.ap.eng.osaka-u.ac.jp

Abstract

“... He who controls the spice controls the Universe ...,” declared Baron Harkonnen in the 1984
film adaptation of Frank Herbert’s 1965 novel Dune [1]. But, what is “the spice”? It can extend
youth... prolong life... increase vitality... heighten awareness... catalyze interstellar travel... use to
make paper... plastics... cloths... fibers... It can be anything. We could have replaced spice with
energy... catalyst... platinum... and no one will be any the wiser. Earl Ward Plummer [2] wrote
along the same line, “... whoever controls complex materials controls science and technology, i.e.,
progress is materials-driven...” Complex materials exhibit startling properties, reveal new and
unexpected insights. Development of methods and models to synthesize and simulate complex
systems would prove to be extremely useful. But, don’t fall into the trap of developing
sophisticated experimental and theoretical techniques becoming an end in itself: one better
measurement, one better calculation. Remember Ockham’s Razor? Philip Warren Anderson [3]
wrote, “ ... a simplified model throws more light on the real workings of nature than any number
of ‘ab initio’ calculations ..., which, even where correct, often contain so much detail as to conceal
rather than reveal reality... After all, the perfect computation simply reproduces nature, it does
not explain her ...” “Resources are the enemy of imagination,” quipped Thomas Delavane in the
2012 TV series adaptation of James Patterson’s 2012 novel Zoo [4]. With these in mind, at the
workshop, we will cite some hydrogen-surface reaction related case studies, and introduce some
insights gained from spice-related studies (cf., e.g., [5-7]), in our quest to Realize Designer
Materials utilizing Surface as a Foundation, and explore some physical phenomena along the way.
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13



12t Aisa Computational Materials Design Workshop 2022 (ACMD 2022), Thu Dau Mot University

Theoretical Study of Hydrogenation Process of CO2 on Metal Catalysts

Yoshitada Morikawa*
Osaka University

*Email: morikawa@prec.eng.osaka-u.ac.jp

Abstract

Chemical reactions at surfaces and interfaces play important roles in wide ranges of applications
such as hegerogeneous catalysis, electrochemistry, fuel cells, batteries, etching processes of
semiconductor materials, and so on. In this talk, we will present theoretical investigation and
prediction of hydrogenation of CO2 over Cu catalyst[1,2]. Adsorption and reaction of CO2 on
solid surfaces are attracting growing interest because of their importance in industrial, energy and
environmental management. To clarify reaction mechanisms and to identify important factors
governing the reactivity of CO2 on solid surfaces are very important to develop more efficient
catalysts or catalytic processes for utilization of CO2. To this end, we investigated CO2 adsorption
and hydrogenation[1] on Cu surfaces using van der Waals density functionals as implemented in
our home made STATE (Simulation tool for Atom TEchnology) program code [3]. We
theoretically proposed a new reaction scheme to enhance the hydrogenation of CO2 on Cu.

In the second topic, we will discuss the catalytic dry reforming of methane (DRM) [4]. The
emissions of greenhouse gases (CH4 and COZ2) are rising exponentially due to human activities
and increased energy demand, contributing to global warming and climate changes. To make use
of CH4 and CO2 into renewable energy, catalytic DRM is an efficient pathway to convert them
into syngas (CO and H2). Currently, supported Ni could be the most studied catalyst due to its
relatively high activity and low cost. However, the efficiency of Ni is widely known to be easily
suppressed by carbon deposition. In this study, we investigate the surface reactions of CO2 with
C* at the flat and step sites of face-centered cubic (FCC) Co ((111), (110), (100), (211), and (221)),
which represent the major surfaces of Co nanoparticles.

References

[1] F. Muttagien, H. Oshima, Y. Hamamoto, K. Inagaki, I. Hamada, and Y. Morikawa, Chem.
Comm., 53, 9222 (2017).
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[4] Y.J. Wong, H. H. Halim, N. F. Khairudin, T. N. Pham, S. E. M. Putra, Y. Hamamoto, K.
Inagaki, 1. Hamada, A. R. Mohamed, and Y. Morikawa, J. Phys. Chem. C, 125, 21902-21913
(2021).
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HLA Polymorphism in SCAR Reaction to Allopurinol Drug for Gout

Treatment
Oanh Phuong Pham?, Le Thi Phuong Linh', Nguyen Thi Van-Anh?®, Nguyen Dinh-Thang*, Toan T.
MI,Z
(1) Key Laboratory for Multiscale Simulation of Complex Systems,
(2) Department of Theoretical Physics,
Faculty of Physics, (3) Key Laboratory of Enzyme and Protein Technology, (4) Faculty of Biology
University of Science, Vietnam National University — Hanoi
334 Nguyen Trai Street, Thanh Xuan district, Hanoi, Vietham
Email: toannt@hus.edu.vn

Abstract

ALP, a xanthine oxidase inhibitor, is an FDA-approved urate-lowering medication used to treat
Gout, to prevent tumor lysis syndrome, and to prevent recurrent calcium nephrolithiasis in
hyperuricosuria patients. However, it has been known as a common cause of severe cutaneous
adverse drug reactions (SCAR) including Stevens-Johnson syndrome, toxic epidermal necrolysis,
hypersensitivity syndrome/drug reaction with eosinophilia and systemic symptoms, especially in
patients carrying the Human Leukocyte Antigens allele HLA-B*58:01, which is more prevalent
in Asian population [1]. However, although patients who do not carry the HLA-B*58:01 allele,
they still exhibit allopurinol-induced SCAR. Specifically, a clinical trial at Bach Mai Hospital,
Viet Nam shows that many of these patients have the HLA-A*24:02, HLA-A*33:03, HLA-
A*02:03, HLA-A*11:01, HLA-A*29:01, HLA-A*26:01...alleles [2-3], not only have a high odd
ratio but also have the most common frequencies in Vietnam. In this work, using computational
molecular dynamics simulation method, we investigated the binding of ALP at two active sites of
the HLA protein, consisting of the binding pockets F and B to alleles. The results are compared
with the binding affinity of ALP to the control allele HLA-B*58:01, the standard allele for ALP
allergy. Our results showed that only five complexes of five alleles and ALP at the binding pocket
F were stable after 100ns simulation time. ALP had strong interactions with three important
residues located in the binding pocket F of each allele, which include the seven amino acid residues
76, 77, 81, 95, 96, 116, and 123 - these are also the key residues in the binding pocket F. The
hydrogen interaction plays a role in holding the ligand and stabilizing the spatial structure of the
complex in five HLA systems. All six systems' binding free energy between ligand and protein
fell below the threshold of — 9 to — 15 kcal/mol, suggesting that ALP has a strong binding affinity
for all five alleles. This data suggests that ALP has a strong binding affinity for two alleles HLA-
A*24:02 and HLA-A*33:03. Thus, in addition to HLA-B*58:01, the alleles HLA-A*24:02, HLA-
A*33:03 may be a potential screening marker before prescribing Allopurinol for Gout treatment,
to reduce the risk of not only SCARs but also MCARs.
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Abstract

The heterointerface of Au/LaAlOs/SrTiOs is promising for spintronics and optoelectronics
applications. However, no works are available to elucidate the electronic and optical properties of
this heterointerface. Therefore, we clarified the mentioned properties using density functional
theory calculations. We will share our new findings in the workshop.
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Abstract

Density functional theory (DFT) calculations performanced in high-performance computing
cluster (HPCC) are used to investigate essential properties of carbon-doped silicene nanoribbons
(SINR). Through the DFT calculations, a complete first-principles theoretical framework is
developed to fully characterize the carbon-enriched properties include the formation energies,
optimal lattice parameters, phonon spectrum, orbital- and atom-decomposed electronic band
structures, orbital- and atom-projected density of states (DOSs), spatial charge density
distributions, and charge density difference along with various directions. Under C substitution
effects, atomic configurations of the single C substitutions, double C substitutions under different
adatom distributions of ortho, meta, and para, and full C substitutions are included in calculations,
in which buckling of the pristine system is much reduced under the single and double C
configurations that becomes a flat structure under the full C configuration. The calculated
formation energies and phonon spectrum evidence that all carbon substiution configurations
achieve good structural stability. The typical hybridization mechanism of the quasi o of Si-
(3s,3px,3py) and C-(2s,2px,2py) and the quasi « of Si-3p; and C-2p; is formed in very strong Si-C
bonds that lead to stable structures. As a close relationship, the C-diversified structures result in
diverse electronic properties, in which the bandgap of the pristine system is almost opened under
various C configurations. The largest opened bandgap of 2.37 eV is found at the full C
configuration that is determined by quasi 7 bands of the highest occupied valence band of C-2p;
and lowest unoccupied conduction band of Si-3p,. The C-enriched properties of SiNR can be very
potential for applications in optoelectronic devices. Besides, the C substitution-induced typical
hybridization mechanism of the quasi ¢ and & orbitals that has been realized by the completely
developed theoretical framework in this study can be fully generalized to other monolayer systems.

Keywords: Formation energies, phonon spectrum, electronic band structures, high-performance
calculations, DFT studies, carbon substitutions, complex orbital hydridization, and charge density
distributions.
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