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PREFACE

Graphene-like materials, with their remarkable properties and
immense potential across multiple scientific disciplines, have
attracted the attention of researchers in the fields of condensed mat-
ter physics, chemistry, and materials science. These materials have
shown promise for a wide range of applications, ranging from energy
storage to nanoelectronic, optoelectronic, and photonic devices.

Chemical modifications of graphene-like materials can further
tune its physicochemical properties, as well as enhance its stability
and functionality. Various types of chemical modifications have been
explored, such as hydrogenation, fluorination, oxidation, and doping.
These modifications can change the band gap, the Poisson’s ratio, the
Young’s modulus, electric conductivity and the thermal conductivity
of materials. They can also introduce new functionalities, such as
magnetism, catalysis, and biocompatibility. Chemical modifications
of materials can be used for various purposes, such as enhancing
the performance, functionality, or compatibility of the materials for
specific applications. However, chemical modifications can also have
some drawbacks, such as affecting the stability, toxicity, or environ-
mental impact of the materials. Therefore, chemical modifications of
materials should be carefully designed and controlled to achieve the
desired outcomes.

This book, “Chemical Modifications of Graphene-Like
Materials”, delves into the interesting world of graphene-like
materials, offering a comprehensive exploration of their intriguing
properties and the possible applications they hold. Through the lens
of first-principles calculations and the grand quasiparticle framework,
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the diverse phenomena that take place when these materials undergo
chemical transformations were thoroughly explored. Our aim is to
unravel the critical mechanisms, orbital hybridizations, and spin
configurations that arise from chemical adsorptions, intercalations,
substitutions, decorations, and heterojunctions. The book also pro-
vides a comprehensive overview of the recent advances in the chem-
ical modifications of graphene-like materials and its derivatives. It
covers the synthesis, characterization, and applications of chemically
modified graphene-like materials in various fields, such as energy,
catalysis, sensors, biomedicine, nanoelectronics, and nanocomposites.
The book also discusses the challenges and opportunities for the
future development of graphene-like materials and devices.

This book is organized into 21 chapters, each meticulously
written to provide a comprehensive understanding of the geometric,
electronic, magnetic, and optical properties of 3D, 2D, 1D, and
0D graphene-like materials with various chemical modifications. It
also explores recently discovered pentagonal materials, which exhibit
asymmetric five-ring structures and offer novel physical effects.
Throughout these chapters, we do not provide a thorough discussion
of the basic concepts of physics and materials science. Instead, our
aim is to provide clear and comprehensive guidance on how to assess
and analyze first-principles results. By doing so, we ensure that
readers can easily grasp the theoretical framework we present. The
book is intended for researchers, students, and engineers who are
interested in the chemistry and physics of graphene-like materials and
its applications. It is also a valuable reference for anyone who wants
to learn more about this fascinating nanomaterial and its potential
impact on science and society.

This book is the result of collaborative efforts between research
groups in Taiwan (Headed by Prof. Ming-Fa Lin) and Vietnam
(Headed by Assoc. Prof. Nguyen Thanh Tien), representing a
diverse range of contributors, including distinguished professors,
post-doctoral researchers, and talented graduate students. It is
our sincere hope that “Chemical Modifications of Graphene-Like
Materials” will serve as a valuable resource and inspire future
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explorations, innovations, and discoveries in the captivating world
of graphene-like materials.

We extend our gratitude to colleagues who reviewed and pro-
vided feedback on this book. This work was supported by the
Hierarchical Green-Energy Materials (Hi-GEM) Research Center,
from the Featured Areas Research Center Program within the
framework of the Higher Education Sprout Project by the Ministry
of Education (MOE) and the Ministry of Science and Technology
(MOST 111-2112-M-006-020) in Taiwan. This work is also supported
by the National Foundation for Science and Technology Development
(NAFOSTED) in Vietnam through project code 103.01-2020.16 and
the Ministry of Education and Training of Vietnam through project
code B2020-TCT-14. The last but not least, we express our thanks
to Lakshmi Narayanan, Rhaimie Wahap, and other staff of World
Scientific Publishing for the pleasant collaboration and guidance.

Ming-Fa Lin
National Cheng Kung University, Taiwan

Nguyen Thanh Tien
Can Tho University, Vietnam
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CHAPTER 1

INTRODUCTION

Nguyen Thanh Tien*, Vo Khuong Dien', Nguyen Thi Han',
Nguyen Thi Dieu Hien' and Ming-Fa Lin?

*Department of Physics, College of Natural Sciences, Can Tho University,
Can Tho, Vietnam

T Department of Physics, National Cheng Kung University, Tainan, Taiwan
¥ Hierarchical Green-Energy Materials (Hi-GEM) Research Center,
National Cheng Kung University, Tainan, Taiwan

The periodic table,! which clearly presents the unusual atomic
configurations of all pure elements, can provide a concise overview of
all the materials on Earth. These elements exhibit close relationships
among the rich phenomena of physics,? chemistry,>® and material
 owing mainly to their diverse multi-orbital hybridiza-
and spin configurations.? From Group I to Group VIII,
their active orbitals in condensed-matter materials only come from
(S, Pas Dy, D2) ones, such as (2s, 2ps, 2py, 2p2),'% (3s, 3ps, 3Dy,
3p2),!t (4s, 4pg, 4Dy, 4p2),*? (58, 5pe, 5Py, 5p-),'* and (6s, 6p,, 6py,
6p.)'* for the Group-IV C, Si, Ge, Sn, and Pb atoms, respectively.
Group I and Group VII, respectively, display the largest charge
transfers and the strongest electron affinities. However, the Group-
VIII inert gases only show the very chemical bondings, that is,
it is very difficult to generate many mainstream compounds from
such atoms. The transition-metal atoms have the outermost orbitals
of 3d, 4d, 5d, and 6d, in which each d-orbital wave function is
characterized by d,2, dg2_,2, dyz, dza, dmy.l‘:’ Moreover, the rare-earth

sciences,
tions®®

1
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metal atoms present the active 4f and 5f orbitals,RefSiRefs with the
featured wave functions of (fy3, f.2, f.2, fuyz, fo2-y2), fa@2—y2),
fx(x2_3y2)).16 Most of the d and f orbitals are able to generate the
spin-up and/or spin-down density arrangements and thus create
the ferromagnetic or antiferromagnetic configuration. The above-
mentioned sp®, d°, and {7 orbitals are quite adequate for producing
a super-giant superposition of various chemical bondings and spin
configurations, that is, they are capable of creating many materials
with greatly diversified charge® and spin-density distributions.?*
The orbital hybridizations could be divided into van der Walls
interactions, covalent bondings, metallic bondings, and ionic forms,
where the first, second, and third configurations might coexist in the
specific regions of a condensed-matter system (e.g., stage-n graphite
alkali compounds).!”® More interestingly, the spatial charge density
distribution of each isolated atom reveals a uniformly spherical form.
After the formation of a crystal structure, the position-dependent
chemical bonds in a primitive unit cell will determine the critical
multi-orbital hybridizations and spin configurations. Concise pictures
can be achieved through delicate first-principles calculations and
high-resolution experimental examinations. This is very useful for
developing a grand quantum quasi-particle framework. For example,
first-principle simulations have successfully identified the complete
orbital hybridizations in graphite metal compounds, covering the
intralayer o-sp? bonding in a planar honeycomb crystal Bef the
interlayer van der Waals interactions between two neighboring
graphitic sheets (the interlayer 2p,—2p. orbital hybridizations),'? and
the interlayer host-guest metallic bondings.!”? Furthermore, the
metallic charge density distributions, respectively, belong to (I) 2s—/
3s—/4s—/5s—/6s—2p, for Li-/Na—/K—-/Rb—/Cs—C bonds, (II) (d,,
dg2_y2, dyz, dag, dgy) for transition-metal-carbon orbital hybridiza-
tions, and (II) (f,s, f,,2, fyzz, fryzs fz(xz_yz), fx(zz_yz), fx(zz_gyz))*sz
for rare-earth—carbon bondings. These critical data are very useful
for fully understanding the essential quasi-particle properties and
promoting the applied sciences. Their collection together can build an
international database of quantum particles and will be very helpful
for all scientific endeavors.
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A number of pure-element crystals?! and binary,?? ternary,% "9

quaternary,?® and pentanary compounds®? have been successfully
synthesized using various methods of chemical,?® physical,?6 and
material engineering.?” Many related materials have become very
suitable for thoroughly exploring the diversified quasi-particle
phenomena, which constitute an outstanding research strategy.
For example, carbon-based mainstream systems clearly present
dimensionality-,!° hexagon-,?® stacking-,2?3" layer-number-,3 32
quantum-confinement-,3%34  open-edge-,2>3%  hollow-cylinder-,3”
torus-,>® onion-,%° and ring-enriched?® crystal symmetries, with
strong relationships among them through position-dependent

carbon—carbon interactions. These featured materials cover three-
dimensional (3D) diamond (Fig. 1.1), AA-*' AB-# or ABC-#

Fig. 1.1. Pure carbon-related materials: 3D diamond; AA-; AB-, and ABC-
stacked graphite; 2D trilayer graphene systems with AAA, ABA, ABC, and
AAB stackings; 1D carbon nanotubes/graphene nanoribbons; and 0D carbon
torus/C60/ring/chain.
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stacked graphite systems, carbon nanotube bundles,** cubic car-
bon fullerene crystals,*® two-dimensional (2D) layered graphene
with the distinct AAA* ABAY" ABC,*® or AAB* stackings,
one-dimensional (1D) graphene nanoribbons with achiral and chi-
ral edges,?
tubes,** 5152 zero-dimensional (0D) carbon tori,®® carbon onions,
C60-related fullerenes,® carbon rings,?’ carbon lines,”® and carbon
disks.?” More interestingly, each cylindrical carbon nanotube could

cylindrical single-/multi-walled /coaxial carbon nano-
54

be regarded as a rolled-up graphene along a specific direction, and a
finite-width graphene nanoribbon is cut along the longitudinal direc-
tion of graphene. The close relations of geometric structures are suc-
cessfully realized through experimental syntheses.?® % The unusual
crystal symmetries are directly reflected in the diverse quasi-particle
phenomena (details in Section 2.2) in terms of electronic/magneto-
electronic properties, Coulomb-field excitations/magneto-electronic
excitations/static screening behaviors, optical transitions/magneto-
optical selection rules, quantum Hall transports, and quantum
phonons. The pure element crystals are able to further generate
more compounds through strong chemical modifications (details in
Section 2.1):

(1) chemisorption of guest adatoms or functional molecules on
surfaces,> 4

(2) intercalations between graphitic sheets/carbon nanotubes,

(3) substitutions of C-host atoms by suitable guest ones (e.g. B and
N guest atoms),5% 63

(4) decorations on open edges (planar/curved/folded/scrolled
graphene nanoribbons),*3% and

(5) heterojunctions (few-layer graphene systems on the different
substrates).%4

60,61

Several popular commercial products, including semiconductor
compounds/semiconductors (Fig. 1.2) and green-energy materials
(Fig. 1.3), play critical roles in today’s industries®® and economics.%6
Furthermore, they are outstanding candidates for basic®” and applied
sciences.®® For example, 3D silicon,%? germanium,” binary II1I-VI,"
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(a) (b)
(©) (d)
(e) ()
(2) (h)

Fig. 1.2. The 2D/3D III-VI semiconductor compounds: (a)/(b) gallium oxygen,
(¢)/(d) gallium sulfur, (e)/(f) gallium selenium, and (g)/(h) indium selenium.
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Fig. 1.3. The lithium-, phosphorus-, and sulfur-based materials: single-element
crystals, binary compounds, and ternary ones.

II1-V,”2 II-VL,"' 11V, and IV-IV™ compounds clearly exhibit
semiconducting behavior. In general, the significant chemical bonds
that belong to pure or impure sp>-sp? multi-orbital hybridizations
of covalent bondings are very sensitive to crystal symmetries. 3D
binary compounds clearly reveal diamond- and/or graphite-like
structures or other 3D cubic systems. The 3D layered crystals
possess graphene-like vertical interlayer interactions but have buckled
honeycomb lattices (the four-sublattice buckling; Fig. 1.1). The
stacking configuration and the buckling degree are responsible for
the unique dimensionality crossover behavior. A number of few-layer
semiconductor compounds with distinct stackings have been success-
fully predicted using first-principles calculations.”® The geometric
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mechanisms, the hexagonal or cubic symmetry, dimensionality, buck-
ling, layer number, stacking, and the ratio among distinct atoms
can determine the rich orbital hybridizations and thus create diverse
quasi-particle phenomena. These are being currently investigated and
are expected to be very useful in greatly expanding the quasi-particle
framework.>432 On the green-energy side, the ternary lithium
sulfide/oxide compounds” " frequently serve as cathode, electrolyte,
or anode materials in LiT-ion-based batteries, owing mainly to
their low cost, stability, and high-performance and wide-voltage
factors. These 3D systems display semiconducting behavior almost
without any free carriers at low temperatures. Their close partners
mainly come from atom-built crystal structures. There are a number
of lithium-, phosphorus-, and sulfur-enriched 3D condensed-matter
systems (Fig. 1.3) formed by changing the atomic position, relative
concentrations, and types of atoms, such as the BCC lithium crystal
(Fig. 1.3), black and blue phosphorus crystals, most- and meta-stable
sulfur crystals, binary lithium sulfide, binary lithium phosphorus
materials, binary phosphorus sulfur of P4S, (z < 10), ternary lithium
phosphorus sulfur compounds of LisP2Sg/LisP2S¢/LizP3S11/LisPSy,
and quaternary lithium phosphorus sulfide chloride. Such diverse
crystals are also found in Li-, Fe-/Co-/Ni-O-related materials. These
may generate interesting Moire superlattices with many atoms/active
orbitals in a unit cell and further lead to the featured quantum
quasi-particles in electronic,? optical, and phonon properties.>4 The
unusual features are very helpful for highly potential applications in
electronic/optical devices (details in Section 1.8).

Chemical modifications (details in Section 2.1; Fig. 1.4) are
very powerful for producing a plenty of binary,”® ternary,”” qua-
ternary,’® or pentanary?® compounds with specific functionalities.

For example, monolayer graphene, silicene, germanene, tinene, and
12,79-81

3

plumbene, with the planar or buckled honeycomb crystals,

82 oxidizations,

are very suitable for alkalization,®? hydrogenations,
and halogenations.®® The total changes in the chemical bondings
and spin configurations are respomnsible for the dramatic transfor-
mations of the quantum quasi-particles. According to first-principles

predictions, there are high-density free conduction electrons and
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Fig. 1.4. Chemical modifications due to absorption, substitution, intercalation,
decoration, and heterojunction.

valence holes, respectively, in alkali-** and halogen-adsorbed®
graphene systems. The hydrogenated graphene compounds exhibit
buckled crystal structures and insulating behavior because of the
very prominent s-sp® covalent bondings between hydrogen and
carbon atoms.®? The 3D layered graphitic systems, which display
well-behaved AA% AB®" and ABC® stackings, are outstanding
candidates for chemical intercalations/de-intercalations. They are
used as very cheap anode materials in lithium-ion-based batter-
ies,” where their high-performance operations arise from stable
honeycomb crystals and the available inter-plane spacings. During
the charging processes, electrons and lithium ions reach graphite
simultaneously, and the latter will present the almost neutral
configurations after the prominent charge screenings of the former.
The time-dependent intermediate crystal structures, which will be
achieved from the simulation of molecular dynamics, are expected
to clearly illustrate Moire superlattices®® and greatly diversified
quasi-particle behaviors. B,CyN, compounds, which are built from
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the relative substitutions of boron, carbon, and nitrogen atoms,"

can form single-element, binary, and ternary compounds. Their
crystal phases include 3D/2D/1D tubes and nanoribbons or 0D
crystal structures. Most of them belong to zero-, narrow-, middle-,

90,91 and only a few exhibit metallic

and wide-gap semiconductors
behavior.”? Such semiconducting materials are considered the third
generation from the viewpoint of the semiconductor industry.®?> The
basic and applied sciences should be thoroughly explored through
experimental observations,?® ¢ first-principles simulations,?® % and
phenomenological models.””% Chemical decorations are frequently
utilized at open edges with a number of very active dangling bonds.
The 1D planar/curved /folded /scrolled graphene nanoribbons* 3335
have successfully become outstanding materials for examining their
diverse quantum quasi-particles. Their hydrogen-atom passivation
is frequently done before the experimental measurements of the
essential properties since the bond-length fluctuation is greatly
reduced for the stationary quasi-particles. The various guest adatoms
are predicted to show three kinds of dressed edge structures (details
in Section 2.1.4), in which the multi-orbital hybridizations and
spin-dependent interactions of host—guest and host—host bonds are
thoroughly identified as the critical mechanisms. Such interest-
ing results could be generalized for the buckled open edges of
silicene, germanene, tinene, and plumbene nanoribbons. Finally,
heterojunctions, which are the composite boundaries associated with
two or three subsystems,” can display rich and unique quantum
quasi-particles. The semiconductor growths, which are efficiently
produced by molecular beam epitaxy (MBE),!% are successfully
synthesized on various substrates (details in Section 2.1.5). The
battery operations are realized through the charging and discharging

101 102 103 materials. The

processes of cathode, electrolyte, or anode
significant heterojunctions clearly illustrate the time-dependent exits
and entrances of lithium atoms, so that these high-performance
materials could exhibit a number of intermediate crystal phases.%3
Any composite condensed-matter system clearly shows the left-hand
subsystem, middle heterojunction, and right-hand subsystem, with

highly non-uniform chemical/physical environments.%%1% Through
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thorough first-principles examinations and analyses, these emergent
materials display slow modulation phenomena along the longitudi-
nal and transverse directions in terms of charge and spin-density
distributions, e.g., the greatly diversified orbital hybridizations and
spin configurations of monolayer /bilayer silicene on Ag (111). In
this book, the chemical modifications are mainly focused on the
strong partnerships between the carbon-based systems and the
transition-metal and rare-earth guest adatoms (3d/4d/5d/6d and
4f/5f orbitals). Such a strategy is very helpful for developing a grand
quasi-particle framework.

Physical perturbations (Fig. 1.4; details in Section 2.2), which
are fully assisted by the environmental symmetries of any condensed-
matter system, can establish strong relations with intrinsic interac-
tions due to charges and spins. More rich quantum quasi-particles will
be very useful in expanding their framework.>? The current success-

ful external fields include stationary electric/magnetic fields,3? 105106

105 86

high-energy electron beams, mechanical

107

electromagnetic waves,
stresses, and thermal excitations.?! A uniform perpendicular
magnetic field is able to create rich and unique magnetic quantization
in terms of the featured Landau levels,?? diverse inter-LL electron—
hole excitations and magneto—plasmon modes,'?® different magneto-
optical selection rules,!® and unusual quantum Hall effects.5? The
vector-potential-based viewpoints fully illustrate concise physics pic-
tures. These magneto-quasiparticles are greatly diversified through
further superposition with gate voltages (the split magneto-electronic
states). It should be noted that the spatially modulated magnetic
and electric fields/composite fields can also create drastic changes
in the essential properties. The external field superposition is con-
sistent with the linear response ability of charges/spins. The high-
energy electron beams provide the time-dependent Coulomb-field
perturbations. The screening charge fluctuations, which are created
by all the energy-dependent orbitals, will determine the induced
and total fields. The bare response ability is well characterized
by the longitudinal dielectric function. The strong momentum and
frequency dependences clearly indicate electron—electron Coulomb
scatterings. This quasi-particle viewpoint is very useful in exploring
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and understanding the diverse (momentum, frequency)-excitation
phase diagrams with the coexistent electron—hole pair regions and
plasmon modes. The diversified electron—electron interactions are
achieved through magnetic/electric fields, n- or p-type dopings,
stacking configurations, layer numbers, and dimensionalities. An inci-
dent electromagnetic wave is able to induce significant couplings with
all charges. The charge dynamics are well described by the Helmholtz
equation, with a linear relationship between the perturbation and
effective fields. The transverse dielectric function is well defined by
the relative ratio of the electric field before and after charge screen-
ings. With all charge screenings, the screened response function (the
energy loss function) presents strong plasmon structures under the
Landau dampings at long-wavelength limits. The single-particle and
collective excitations are directly reflected in the reflectance spectra
and absorption coefficients. Whether the many-body excitons could
survive during the vertical optical transitions is mainly determined
by the semiconducting behavior, but not the metallic/semi-metallic
one. Under the perturbations of an external field, e.g., temperature,
the ion cores move around their equivalence center. The vibrations
of ions satisfy the Hamilton equation of motion and Hooke’s law.
The energy dispersions and phonon wave functions could be achieved
by diagonalizing the dynamical matrix, which mainly involves the
determination of the force constant tensors. The phonon properties
of materials are directly related to the thermal properties of mate-
rials, such as heat capacity and thermal conductivity. Furthermore,
information about the phonon is also very important to understand
the coupling of electron and phonon in the normal and supercoiling
phenomena. Under the perturbation of external mechanical stress,
the geometric and thus the electronic and optical properties of
low-dimensional materials are gradually changed. Homogeneous and
non-homogeneous mechanical stresses are the two main types of
mechanical modification, which usually appear in theoretical models
or during experimental processes. Until now, a number of studies
based on mechanical stress are one of the mainstream candidates
and are expected to exhibit diverse quasi-particle phenomena. Such
kinds of physical perturbations could be considered in the current
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development of a quasi-particle framework. Many studies based on
the first-principles method have been considered for the strain effect
on systems. For example, the effects of mechanically deforming
graphene/graphite remain to be explored in detail and have been
published only in a few previous works.'97>109

The simultaneous progress among first-principles simulations,'°
phenomenological models,!'! and experimental measurements!!? are
is the main focus of this book. The Vienna Ab-initio Simulation
Package (VASP) calculations for all the orbitals of s, pa, py, D2
d®, and 7 are successfully described in Chapters 3-17. The multi-/
single-orbital hybridizations and spin configurations are thoroughly
explored through delicate calculations and analyses. The calculated
results are consistent with one another within a unified quasi-particle

framework:

(1) highly position-dependent chemical bonds in a unit cell,

(2) featured band structures and wave functions with the strong
atom and spin dominances within the specific energy ranges,

(3) spatial charge density distributions in the covalent, metallic,
van der Waals, and ionic forms,

(4) atom-, orbital-, and spin-decomposed magnetic moments,

(5) ferromagnetic or antiferromagnetic spin configurations,

(6) atom-, orbital-, and spin-projected density of states,

(7) optical transitions with/without excitonic effects, and

(8) phonon spectra phonon. The drastic deformations of orbital-
dependent probability distributions and the merged van Hove
singularities, respectively, qualitatively and quantitatively, pro-
vide critical information about the featured orbital hybridiza-

tions and spin configurations (detailed in a series of previously
published books).2™

More interestingly, the fundamental properties are greatly diversified
into chemical adsorptions (details in Chapters 3 and 4), intercalations
(Chapters 5 and 6), substitutions (Chapters 7 and 8), decorations
(Chapters 9 and 10), and heterojunctions (Chapters 11 and 12),
owing mainly to the dramatic transformations of orbital-bonding
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environments. The strong charge and spin relationships, which are
clearly revealed in host—host, host—guest, and guest—guest bonds
in the presence/absence of Moire superlattice, are built from the
quasi-particle viewpoints. For example, those associated with 10-d
and 14-f orbitals can be thoroughly explored under the different
reactions, respectively, for 3d/4d/5d/6d transition metal atoms and
4f/5f rare-earth metal ones. The low-lying valence and conductions of
VASP simulations are very useful in establishing the reliable param-
eters of the tight-binding model or the generalized tight-binding
model, >3 including the orbital-dependent hopping integrals of the
neighboring atoms,>? on-site ionization energies,?* % and same-site
Coulomb interactions from the spin-up and spin-down configurations
(the Hubbard-like form). The occupied states are also available
for conducting the high-resolution measurements of angle-resolved
photoemission spectroscopy (ARPES)'* especially for a number of
valance energy subbands of Moire superlattices.8% 115116

In addition to the advanced viewpoints from the VASP simula-
tions, the phenomenological models have been successfully explored
in many books? 32
of the physical, chemical, and material sciences of high symmetries.

and can clearly illustrate more concise pictures

For example, the generalized tight-binding model, modified random-
phase approximations, and corrected self-energy method, which are
conducted on the graphene-related layered honeycomb crystals (3D
graphite/2D few-layer graphene/1D graphene nanoribbons/coaxial
carbon nanotubes are thoroughly developed for magnetic quantiza-
tion, (momentum, frequency)-Coulomb-excitation phase diagrams,
and the unique wave vector/energy dependences of Coulomb decay
rates. The complicated couplings mainly arise from the external
magnetic\electric fields, intralayer/interlayer orbital hybridizations,
intralayer /interlayer electron—electron Coulomb interactions, n- or
p-type dopings, and thermal excitations. Such critical factors can
be taken into consideration very efficiently since the Bloch wave
functions the layer- and sublattice-induced tight-binding functions.
All the following theories present close relationships even with
the direct combinations of static and dynamic Kubo formulas
(details in Chap. 2.2, 3), e.g., the featured Landau levels, the
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(momentum, frequency)-enriched magneto-electron—hole pairs and
magneto-plasmon modes, the unique quantum Hall transports, and
the diversified magneto-optical selection rules.!%® 17 How to estab-
lish the reliable parameters of the tight-binding/generalized tight-
binding models is currently being investigated. A greatly expanded
quasi-particle framework could be achieved by the hydrogenations,
alkalizations, oxidizations, and halogenations,® as well as other chem-
ical modifications of graphene-related systems (Sections 2.1.1-2.1.5).
Of course, the analytic models also possess several drawbacks, mainly
due to Moire superlattices and complex orbital hybridizations and
spin configurations. The effective tight-binding models of the ternary
lithium oxides in ion-based batteries have almost never appeared in
the published scientific works, while the VASP simulations (details
in books) clearly illustrate a number of valence and conduction
energy subbands close to the middle or large bandgaps. Similar issues
might arise in other mainstream materials (details in Chapter 20).
They need to be solved through the solid wav of step by step,
e.g., directly linking with the high-performance AI techniques. The
high-precision experimental measurements can observe, examine, and
identify the various quasi-particle behaviors. X-ray diffraction,!'8
reflection low-energy electron diffraction (RLEED),'? tunneling
electron microscopy (TEM),'20
(STM)!2! are very powerful for measuring crystal symmetries. The
first and second techniques are suitable for 3D bulk condensed-
matter systems, e.g., the unique chemical bonds of ternary lithium
sulfides/oxides in ion-based batteries,'?2123 while the third and
fourth methods can, respectively, verify the top and side views of
the low-dimensional surface morphologies (e.g., 2D graphene/1D

and scanning tunneling microscopy

graphene nanoribbons and carbon nanotubes/0D carbon disks). The
direct combinations of STM and STS clearly illustrate the close
relationships between the geometric and electronic properties, where
the latter is able to test the main features of the energy-dependent
density of states. Their accurate measurements and analyses are
very successful in the geometry-enriched bandgaps, such as, the
metallic, narrow- and middle-gap carbon nanotubes, respectively,
corresponding to m = n (armchair),* 2m + n = 3I, and others
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(each (m,n) carbon nanotube).'?* The angle-resolved photoemission
spectra are available for the energy-spectrum measurements of
occupied electronic states under normal physics conditions. Their
powerful abilities are directly reflected in very thin/few-layer samples
because of the negligible non-conservation of the perpendicular
momentum (the minor surface effect), such as in the very successful

125 and planar graphene

ARPES measurements on layered graphene
nanoribbons.'?® Moreover, the inverse of the measured ARPES
width corresponds to the quasi-particle lifetime, as done for alkali-
doped graphene systems. On the other hand, the measured ARPES
spectra almost disappear in 3D battery materials and 1D carbon
nanotubes up to now since the former and the latter, respectively,
possess Moire superlattices (too many valence subbands with strong
energy dispersions) and non-straight geometries (without the well-
defined momentum). STS,'?" an extension of STM,'?” is capable of
examining the band property near the Fermi level and the energy-
dependent van Hove singularities.'?® The high-precision measure-
ments of quantum tunneling currents should only be suitable for
few-layer materials, e.g., the well-behaved relations between bandgap
and width for 1D graphene nanoribbons. The spin-polarized STS is
developed to observe the ferromagnetic and antiferromagnetic spin-
density distributions. The reflection/transmission electron energy
loss spectroscopy can observe the (momentum, frequency)-dependent
Coulomb-excitation spectra, The screened response functions will
present the prominent plasmon peaks due to the coherent charge
oscillations and the coexistent Landau dampings associated with
the single-particle electron—hole pairs. The 3D graphite systems are
verified to show the low-, middle-, and high-energy plasmon modes,
respectively, from free carriers, m electrons. and m + o electrons.
Optical reflection, absorption, transmission, and photoluminescence
spectroscopies can identify the prominent absorption transitions in
the presence or absence of excitonic effects for middle- and wide-
gap semiconductors or arrow-gap ones and metals. Highly successful
measurements have been made for 3D Bernal graphite, 2D few-
layer graphene systems with electric and magnetic fields, 1D carbon
nanotubes, graphene nanoribbons, and 0D C60-related fullerenes.
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However, the optical measurements on the lithium oxide/sulfide
compounds seem to be too rough, so that their critical excitation
mechanisms have not been found until now. The experimental
analyses require strong cooperation with the delicate VASP sim-
ulations (details in previously published books). How to establish
close partnerships among the experimental measurements, VASP
calculations, and phenomenological models is one of the focuses of
the study.

The current book is organized as follows. Chapter 2 covers the
chemical modifications and physical perturbations:

(1) absorptions, substitutions, intercalations, decorations, and het-
erojunctions; and

(2) the stationary magnetic and electric fields under the
uniform /non-uniform superposition, high-energy electron beams,
electromagnetic waves, mechanical stresses, and thermal
excitations.

Such strong modulations are able to generate a number of semi-
conducting and metallic compounds and very efficiently drive the
diverse quasi-particle phenomena. The VASP simulations can reach
the final conclusions on the multi-/single-orbital hybridizations and
spin configurations under a unified quasi-particle framework. The
double-/single-side chemical adsorptions, which are conducted on
monolayer graphene, are realized through the 3d-transition- and
4f-rare-earth-metal adatoms (Fe/Co and La/Gd), respectively, in
Chapters 3 and 4. Five/seven kinds of 3d/4f orbitals and spin-up and
spin-down configurations are simultaneously responsible for the van
Hove singularities, the spatial charge/spin-density distributions, and
the net magnetic moment. Whether metallic or covalent bondings
dominate the low-energy quasi-particle behavior is thoroughly dis-
cussed. Chapters 5 and 6 clearly illustrate 4d-transition- and 5f-rare-
earth-metal graphite intercalation compounds (GICs; Fe/Co and
Ac/Th). The critical roles of intercalant-carbon bonds are achieved
from all calculated results, and their strong effects on n-type doping
are fully explored by modulating the guest-atom concentrations
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and arrangements. Certain important differences with alkali- and
magnesium-related compounds can be obtained in detail. The close
relations between the first-principles method and the tight-binding
model are established by the carbon—carbon, carbon—intercalant, and
intercalant—intercalant bonds. he 5d-transition- and 4f-rare-earth-
meta-substituted graphene systems are, respectively, investigated
in Chapters 7 and 8 (Fe/Co and Ac/Th). The pure sp? bondings
become rather complicated impure sp®-d®/sp3-f” ones (nine/eleven
active orbitals in host/guest bonds).Refs
and analyze the spatial charge/spin-density distributions is a very
interesting question. These sensitive mechanisms are responsible for
the unusual quasi-particle behaviors. Chapters 9 and 10, respectively,
focus on the chemical decorations of graphene nanoribbon edges
through the 6d-transition- and 4f-rare-earth-meta adatoms (Fe/Co
and Ac/Th). The passivated carbon-adatom bonds are responsible

How to accurately calculate

for dramatic changes in the open-edge structure and thus the
unusual quantum quasi-particles. Chapters 11 and 12, respectively,
explore the unique heterojunctions of mono-/bi-layer graphene on
transition- and rare-earth-metal substrates. Obtaining strong part-
nerships among three specific regions with different orbital hybridiza-
tions and spin configurations is an urgent requirement under a unified
quasi-particle framework. The commensurate degree will determine
the calculation efficiency and the spatial charge/spin-modulation
behaviors. Low-dimensional materials present outstanding contribu-
tions to the basic and applied sciences. Pentagon quantum dots,!??
graphene quantum dots (GQDs),!3% 131
systems are exceptional candidates for those groups due to their
interesting applications in optoelectronic devices, sensors, and energy
storage. The hybridization properties among o, 7, sp?, and sp?
play substantial roles in the comprehensive research of the featured
properties of condensed-matter systems. Quantum dot materials
possess discrete energy along with a wave-vector-dependent energy

and silicene—carbon-related

range, leading to restrictions in their applications. Therefore, chem-
ical modifications offer innovative techniques to efficiently modify
the geometric and electronic characteristics of core materials. To
illustrate, hydrogenated pentagon-graphene quantum dots (PGQDs)
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have been thoroughly examined in diverse structural stabilities,
including 12 H, 21 H, and 36 H compounds, which likely involve the
opening of the bandgap up to 4.42, 3.94, and 3.60 eV,'?° respectively.
The strong dominant chemical bondings of s—sp> and sp>-sp? lead
to buckling structures in the pentagon lattice. Such important
properties are suitable for broadening the practical applications,
particularly in nanoelectronics, engineering devices, and the energy
industries. Besides the 0D quantum dots, Group-IV materials and
related compounds have recently been the focus of extensive research.
The formation of carbon and silicon can produce diverse layered
nanomaterials, which can be denoted as Si,C, (where z and y
represent the contributions of Si and C in the compounds). SiC
and SiCy are two renowned chemical materials that possess planar
structures with rich and unique properties. The pentagonal SiCs
nanoribbons belong to interesting emerging 1D compounds that

132,133 while SiC is predicted to have

exhibit metallic behavior,
2D graphene-like honeycomb structures in this research.'% 135 The
strong competition between sp? from C and sp? preferred by
Si might display rich physical, chemical, and material properties.
Consequently, low-dimensional compounds are worth investigating
due to their exceptional characteristics and significant applications.
The highly potential application fields described in Chapter 19
include electronics, optics, green energy, chips, 3D printing, biol-
ogy, medicine, and agriculture. Chapter 20 thoroughly explores
open issues and near-future focuses: emergent materials, the time-
dependent LDA of Coulomb-field excitations, semiconductor com-
pounds, 3D diamond /silicon/germanium/tin/lead on binary /ternary
oxides, inter-metallic compounds, ion transport, solar cells, hydrogen
energy, and biochemistry. Such mainstream materials are expected
to be rather outstanding candidates for developing a grander quasi-
particle framework. Finally, the concluding remarks, which are
focused on the close partnership between the theoretical predictions
and experimental examinations, provide a very useful platform for
expanding the grand quantum quasi-particle framework.

Since its discovery in 2004, graphene has always been viewed as
an attractive material for various fields such as industry, agriculture,
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and environmental protection. Besides its attractive features, the
fact that graphene is a semiconductor with zero bandgap is a huge
obstacle that scientists need to consider. Many studies have been
done on developing methods to change the bandgap of graphene,
such as decoration and substitution, among which the adsorption
method is considered one of the best methods. The choice of atom
used for adsorption is one of the first things to consider when using
an adsorption method. Previous research results have shown that
transition metal atoms are a potential candidate because of their
orbital hybridization with graphene. In Chapter 3, we have focused
on studying the interesting electronic and magnetic properties of
graphene after the adsorption of manganese and chromium atoms
at different concentrations. We compared the binding energies, geo-
metric structures, band structure, dominance of adatoms, the density
of states, charge density, charge density difference, spin distribution,
and magnetic moments of pristine graphene and adsorption samples.
All results are computed using first principles based on the density
functional theory (DFT).

The La and Ce atom-adsorbed graphene systems are investigated
for a thorough understanding of the strong coupling effects associated
with the very complicated quasi-particle 4f-orbital charges and spin
configurations, such as the significant covalent bonds of C-sp?
and La-5d°/Ce-4f" orbitals and their non-magnetic/ferromagnetic
spin configurations. Their quasi-particle behaviors are expected to
present a sharp contrast with those of halogenations, alkalizations,
oxidations, halogenations, and halogenations. How to commence the
simultaneous progress among the VASP simulations, phenomeno-
logical models, and experimental observations is also one of the
focuses of studies, as clearly illustrated in the previously published
works.678:75,136-138 A pparently, the geometric, electronic, and optical
properties of the La and Ce adsorbed on monolayer graphene are
determined using first-principles simulations based on the VASP soft-
ware. The concentration and arrangement dependents are explored.
The orbital hybridizations in the chemical bonding are achieved
through a delicate analysis of the atom-dominated energy band struc-
ture, the spatial charge densities and charge density distribution,
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and the projected van Hove singularities in the density of states.
The magnetic properties of the host and guest adatoms can be com-
prehensively studied through the spin-split/spin-degeneracy energy
band structure, the partial/net magnetic moments, the spatial spin-
density distribution, and the polarized density of states. Especially,
the orbital character of the band-edge states was used to identify
the optical excitations, e.g., the threshold frequency and the special
prominence peaks in the optical adsorption spectrum; furthermore,
the collective optical excitations could also be understood from the
dielectric functions and electron energy loss functions. We can thus
connect the electronic and optical excitations. All results in this
chapter are required to be tested using high-resolution experimental
techniques. 39,140

GICs, which are inserted by foreign atoms or molecules into
hexagonal graphene sheets of graphite, have attracted more attention
because of their potential applications. 147 The electrons accepted
or donated by the guest metallic intercalants could modify the
fundamental properties of graphite. The defects induce magnetism
in graphite due to the quasi-localized electronic states near the
Fermi level, while pristine graphite belongs to a non-magnetic config-
uration. Furthermore, transition-metal atoms intercalated between
graphene sheets of graphite could induce the s—p, s—d, and p—d
hybridizations.!4® 149 Tt indicates that a large magnetic moment
might be present in GICs. Therefore, GICs are significant from the
point of view of magnetic systems. The stable and tunable magnetism
in GICs may lead to many technical applications, for example,
temperature semiconductors and magnetic sensors, provided that
the metal atom!®% ! intercalants exhibit structural and electronic
modifications of graphite for wide applications. Inspired by these
features, 4d transition-metal atoms (Zr, Nb) have become potential
candidates for GICs due to their s and d outermost electronic
configurations that could remarkably contribute to the hybridization
in the system. Moreover, knowledge about the concept of transition-
metal intercalation would be clarified in the system of 4d transition-
metal intercalated graphite. The induced magnetism is expected
to be found in these systems. Besides, the adjusted electronic and
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optical properties of the compounds are predicted to reveal Zr/Nb—C,
which is suitable for energy storage or photoelectronic applications.

1D graphene nanoribbons, which consist of pure carbon atoms in
the finite-width and open two-edge structurers, respectively, along
the transverse and longitudinal directions (discussed later using
Fig. 10.1)'52 can exhibit diverse quasi-particle phenomena.'®® More
interestingly, such mainstream materials have successfully garnered
simultaneous progress in first-principles simulations,'®* phenomeno-
logical models, and experimental observations. The unusual geo-
metric symmetries mainly come from the highly position-dependent
bond lengths, leading to small gaps in armchair and zigzag sys-
tems. Their cooperation with the zigzag-induced ferromagnetic/
antiferromagnetic configuration on the same side/across the nanorib-
bon center leads to the splitting/a finite bandgap of the partially
flat valence and conduction energy subbands near the zone bound-
ary.!? All 1D graphene nanoribbons, with any number of chiral
edges,'® belong to the middle- or small-gap semiconductors, where
the magnitudes decrease with an increase in width. When the
boundary dangling bonds are passivated by the guest adatoms, the
essential quasi-particle properties are expected to display dramatic
changes. The rare-earth metal atoms Pd and Pu with 5f orbitals are
outstanding candidates for fully exploring the significant decoration
effects, owing mainly to the seven types of probability functions (the
coordinate-dependent cubic powers; details in Chapter 10). The very
complicated orbital hybridizations and spin configurations closely
related to C-Pd/C-Pu, C-C, and Pd-Pd/Pu-Pu bonds are fully
examined under a unified framework. That is, the featured edge
passivation,'® the unique energy spectra and wave functions, 7
the unusual charge/spin-density distributions,'®® the atom-, orbital-,
and spin-decomposed van Hove singularities, and the dielectric func-
tions/energy loss spectra with stable/quasi-stable excitons. Their
consistence is available for determining the critical mechanisms. This
work is very useful in developing a grand quasi-particle framework.

Substitution is one of the popular methods used to enhance the
essential properties of host systems. Chapter 7 describes 5d transition
metals substituted on 2D graphene. The rich feature properties of this
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system focus on four elements, namely tungsten (W), osmium (Os),
iridium (Ir), and platinum (Pt). The optimal stabilities, chemical
electronic phenomena, magnetic configurations, and optical features
exposed to unique physical and material properties dramatically
modulate the potential applications. First-principles calculations
have been applied to investigate the crucial chemical bonds of C—C
and M-C (M is W, Os, Ir, or Pt) based on the critical single- or
multi-orbital hybridizations. The chemical modifications which use
substitution methods show diverse semiconducting and semi-metallic
behavior. Moreover, the spin-split properties have been found in
W and Os impure systems which have ferromagnetic configura-
tions, while the Ir and Pt substitutions have shown non-magnetic
characteristics. Remarkably, the complex dielectric functions are
important physical quantities, which describe the charge screening
abilities when responding to an electromagnetic field. The dielectric
functions significantly depend on the wave-vector band structures
and the joint densities of states from the initial to final states. The
theoretical prediction of optical characteristics is confirmed using
optical spectroscopy in experimental studies.

There are many interesting problems which are revealed from
the periodic table, typically concerning atomic configurations that
present many interesting physical and chemical properties of each
atom in the periodic table. This has important implications for
the basic and applied sciences. Its main properties are very useful
in considering the electronic properties and many characteristics
of any condensed-matter system. Specifically, the various geometric
structures of many materials closely relate to the active orbitals of the
single atom or pure elements. Based on theoretical and experimental
research, the orbitals of atoms can be classified into three types
according to the features of chemical bonding: (1) (s, pz, Py, P2)
orbitals in Group-1/-11/-111/-IV/-V /-VI/-VII/VIII systems, (2) (d,2,
dg2_y2, dgy, dyz, dg) orbitals in transition-metal atoms, (e.g., Tj, 159
Fe,160 W 161 (162 Nj 163 75 164 (165 (0,166 Ag 167 or Ayul6S
with 3d or 4d orbitals and (fys, f,.2, f,.2, foyz, fa2-p2), foa2—342),
fy(322—y2)) orbitals of rare-earth metal atoms (such as La,09 Ce,170
Pr,'™ Nd,' Pm,'™ Sm,'™ Eu,'™ Gd,'" or Lu with 4f orbital).
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The diversified materials are constructed from these charge distri-
butions through weak, strong, or dramatic single- or multi-orbital
hybridizations, e.g. compounds with transition and rare-earth metals
and lithium compounds; metal-graphene systems (transition/rare-

earth metal substitution in'”" or absorption on a graphene sys-
178). 179
Y

8

tem graphene-related systems (graphitic systems,'”™ graphene

nanoribbons,?® carbon nanotubes,'?* layered graphene,'®® and car-
bon tori/fullerene;'®! binary semiconductor compounds (III-VI,"
I1-V,182 II-VL®3 and IV-IV!#); and lithium oxygen- and sulfur-
based mainstream materials. Generally, these condensed-matter sys-
tems exhibit highly anisotropic and non-uniform environments of
chemical, physical, and material engineering, owing mainly to their
very prominent covalent bonds. Both chemical modifications and
physical perturbations can greatly diversify the composite quantum
quasi-particles, in which the former and the latter, respectively,
include intercalations, adsorptions, heterojunctions, substitutions,
decorations, or composites and a uniform perpendicular magnetic
field, electric field, thermal excitations, mechanical stresses and their
spatially modulated forms, and the superposition of uniform and
non-uniform fields, electromagnetic waves, or time- and position-
dependent Coulomb fields. Chapter 8 considers rare-earth element
substitution in graphene systems for a thorough understanding of
the strong coupling effects associated with the very complicated
quasi-particle 4f-orbital charges and spin configurations, such as the
significant covalent bindings of C-sp?/sp? and La-/Gd-4f orbitals and
ferromagnetic/non-magnetic spin configurations of these systems.
The quasi-particle behaviors of these material systems are expected
to present a sharp contrast with those of alkalization, oxygenations,
and halogenations. The calculations are done using first princi-
ples based on the DFT, with simultaneous progress in the VASP
simulations. Besides, phenomenological models and experimental
observations are also among the focuses of the study, as clearly
illustrated in the previously published books.??

Graphene is a famous truly 2D material, possessing a cone-like
energy structure near the Fermi level and treated as a gapless semi-
conductor. Its unique properties have motivated researchers to find
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applications for it. The gapless feature restricts the development of
graphene nanoelectronics. Making 1D strips of graphene nanoribbons
(GNRs) could be one of the promising routes to modulating the
electronic and optical properties of graphene. The electronic and
optical properties are highly sensitive to the edge and width. The
tunability of electronic and optical properties further implies the
possibilities of GNR application. However, the dangling bonds at
ribbon edges remain an open question in GNR systems. Various
passivations at the ribbon edge might change the physical properties.
In this work, 5d transition-metal elements are considered the guest
atoms at the edges. The geometric structure, energy bands, densities
of states, charge distribution, and optical transitions are discussed.
1D graphene nanoribbons, which consist of pure carbon atoms
in the finite-width and open two edge structurers, respectively,
along the transverse and longitudinal directions, can exhibit the
diverse quasi-particle phenomena. Very interesting, such mainstream
materials have successfully provide the simultaneously progresses
from the first-principles simulations [185, 186] the phenomenological
models, and the experimental observations detail in books.? 1% The
unusual geometric symmetries mainly come from the highly position-
dependent bond lengths, leading to small gaps in armchair and
zigzag systems. Their cooperation with the zigzag-induced ferro-
magnetic/antiferromagnetic configuration on the same side/across
the nanoribbon center leads to the splitting/a finite bandgap of the
partially flat valence and conduction energy sub-bands near the zone
boundary. All 1D graphene nanoribbons, with any chiral edges [33,
35], belong to middle- or small-gap semiconductors, where the magni-
tudes decline in the increment of width. When the boundary dangling
bonds are passivated by the guest adatoms, the essential quasi-
particle properties are expected to display the dramatic changes. The
rare-earth-metal atoms. Pd and Pu with 5f orbitals, are outstanding
candidates in fully exploring the significant decoration effects, mainly
owing to the seven types of probability functions [the coordinate-
dependent cubic powers; details in Chap. 10]. The very complicated
orbital hybridizations and spin configurations closely related to
C-Pd/C-Pu, C-C and Pd-Pd/Pu-Pu bonds are fully examined under
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a unified framework. That is to say, the featured edge passivation
[187, 188], the unique energy spectra and wave function [35, 83,
189, 190], the unusual charge/spin-density distributions [17, 190],
the atom-, orbital- and spin-decomposed van Hove singularities, and
the dielectric functions/energy loss spectra with stable/quasi-stable
excitons. Their consistence is available in determining the critical
mechanisms. This work is very useful in developing a grand quasi-
particle framework.

The specific heterojunctions, which frequently arise in com-
posite compounds,'®! are outstanding candidates for providing
diversified quasi-particle phenomena and thus developing a grander
framework. For example, layered Group-IV systems,'%12714:192 apd
the binary and ternary semiconductor compounds of III-VI¥3
IV, I1-VI,"H 19 [V, 19 and IV-IV'® have been success-
fully grown on various substrates. Furthermore, the composite
cathode/electrolyte/anode materials clearly illustrate stationary ion
transport through the real boundaries during the charging and
discharging processes of ion-based batteries. Such mainstream mate-
rials present, at least, three different orbital-hybridization/spin-
modulation regions®?? because of the creation of significant
host—guest chemical bonds within the complicated boundary. Gen-
erally, there exists a Moire superlattice with a number of active
atoms, even for a commensurate crystal environment. This will lead
to a giant barrier to the first-principles calculations and subsequent
delicate analyses. All calculated results, which are consistent with
one another within an expanded framework (detailed in previous
books*%), are available for achieving the critical mechanisms asso-
ciated with charge- and spin-dependent interactions. The concise
chemical bondings and lattice-site-dependent spin-density distribu-
tions are determined from the optimal crystal symmetries, the fea-
tured band structure and wave functions with strong atom and spin
dependences, the atom- and orbital-projected magnetic moments,
the spatial charge/spin-density modulation distribution along the
top and side views, the merged structures of the atom-/orbital-/
spin-decomposed van Hove singularities, and the orbital- and spin-
enriched optical excitations in the presence/absence of excitonic
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effects. In Chapter 11, monolayer and bilayer graphene systems of
Pt'!'! are chosen as a model study. Their fundamental properties are
expected to reveal the dramatic transformations under the strong
multi-orbital hybridizations and many-body interactions, e.g., the
low-lying valence and conduction energy subbands due to Moire unit
cells. It should be noted that too thick substrates would become
meaningless in theoretical simulations since their electronic states
cannot escape from their surfaces, even using high-resolution ARPES
measurements. 4 197

Cerium oxide has recently become a popular material for scien-
tific studies due to its wide application as catalysts for the elimination
of toxic gases,!? 201 the detection of oxygen gases,?’02%3 and the
use of fuel cells material.?%4 208 The storage and transport properties
of oxygen in CeOy are strongly related to these applications. The
magnitude of electronic conductivity of CeOs could be largely
enhanced when it becomes a nanocrystalline material.?%?-22 The 5d
and 4f orbitals of cerium are the critical factors in investigating the
multi-hybridization of orbitals between them and carbon atoms. On
the other hand, graphene exhibits an ultrathin thickness and a hon-
eycomb lattice, on which a number of theoretical and experimental
studies have been performed.?'3222 Its feature-rich properties cover
tunable electronic densities, ultrafast carrier mobilities, and Dirac
cone-shaped electronic structures.???226 The electronic properties
can be tuned by the substrate effect, which is the most effective
way of dramatically changing the energy gaps or inducing the
metal-semiconductor transitions. Through detailed analyses and
simulations, the critical orbital hybridizations are introduced to
comprehend the fundamental properties.

Recently, 2D penta-graphene (PG) and its 1D ribbons (PGNRs)
have received considerable attention because they are semicon-
ductors that can be optimally combined with graphene and 2D-
like materials.>® Their potential applications have been recently
explored, as have the possibilities of functionalization, adsorption,
and atomic substitution to modify their properties” Some of these
modifications may change the semiconducting character of PGs and
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PGNRs®* 1! Another penta-graphene derivative is the PGQDs, in
which the quantum confinement and edge morphology can offer
additional functionality to penta-graphene.'?> Moreover, the surface
or edges of PGQDs can be chemically functionalized to increase
their interactivity, tune the energy gap, enhance physicochemical
capabilities, and exhibit new physical properties. These structures
have a valuable asymmetry property.!> Therefore, the study of
the structural stability and the electronic and optical properties
of PGQDs is essential. Theoretical calculations reveal that the
electronic and optical properties of the PGQD structures depend
strongly on their size, morphology, type of edge functional atom,
and type of doping atom. The cause of these effects can be traced
back to the variety of atomic orbital hybridizations.

GQDs, a 0D material with a size of less than 10 nm, is a newly
developed member of the graphene family. GQDs have become highly
promising materials in various applications, including catalysis, bio-
imaging, energy conversion, and storage, owing to their unique
physicochemical properties, such as excellent photoluminescence and
biocompatibility, low toxicity, easy fabrication, and edge effects.
Additionally, oxygen-containing functional groups, such as -COOH,
-COC-, -OH, -CHO, and -OCHs, play a crucial role in the structure
of GQDs. Oxygen is located at different edges and on the basal plane
of GQDs. The unique architecture of oxygen inside the structure of
GQDs and the outstanding properties and performance of GQDs
provide a powerful impetus to use GQDs as a promising material
with applicability in various fields. Herein, we describe the possible
structure, application, and critical role of the oxygen-containing
functional group on the essential properties and application of GQDs.
Finally, we provide a brief outlook to point out the issues that need
to be resolved for further development.

A series of DFT calculations were performed to understand
the bonding and interaction of hydrogen adsorption on 2D silicon
carbide. The converged energy results pointed out that the H atom
can sufficiently bond to 2D SiC at the top sites (atop Si and C),
of which the most stable adsorption site is Tg;. The vibrational
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properties, along with the zero-point energy, were incorporated into
the energy calculations to further understand the phonon effect
of the adsorbed H. Most of the 2D SiC structure deformations
caused by the H atoms were found at the adsorbent atom along the
vertical axis. For the first time, five SiC defect formations, including
the quadrilateral-octagon linear defect (8-4), the silicon interstitial
defect, the divacancy (4-10-4) defect, the divacancy (8-4-4-8) defect,
and the divacancy (4-8-8-4) defect, were investigated. The linear
defect (8-4) has the lowest formation energy and is most likely
to form. This study could be an interesting source for future
applications of hydrogen energy.

Two-dimensional monolayer pentagonal silicon dicarbide (pSiCa)
and its nanoribbon 1D derivative (pSiC2NR) possess novel elec-
tronic properties, possibly leading to many potential applications.
In this chapter, we have systematically investigated the structural,
electronic, and transport properties of pSiC2NRs using chemical
functions and strain engineering. The energy gaps of the pSiCoNRs
(ZZ-ribbon, ZA-ribbon, AA-ribbon, and SS-ribbon) are created
mainly owing to the competition in the edge structures, finite-size
confinements, and asymmetry of chemical bonds in the tetrahedral
lattice or chemical modification. By applying uniaxial tensile or
compressive strain, it is possible to modulate the physical properties
of pSiCoNRs, which subsequently changes the transport behavior
of the carriers. Interestingly, the pentagon network of SS-pSiCoNRs
is still maintained, but the bond length along the strained direction
undergoes a large change. The electronic band structure and bandgap
are strongly affected by the uniaxial compressive strain. The evolu-
tion of bandgap versus strain is linear. The I-V characteristic of
SS-pSiCyNR seems to be more sensitive to compressive strain than
stretch strain. The ultrahigh and strain-modulated carrier mobility in
monolayer penta-SiCy may lead to many novel applications in high-
performance electronic devices. Furthermore, the unusual properties
of the pSiCy nanoribbons have great potential for applications in
optoelectronic devices, especially in photovoltaics.
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Fig. 1.5. Physical perturbations arising from the stationary electric/magnetic
fields, high-energy electron beams, electromagnetic waves, mechanical stresses,
and thermal excitations.
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Fig. 1.5. (Continued)
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Fig. 1.7. Flowchart of phenomenological model.
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Fig. 1.8. High-resolution experimental measurements: (a) X-ray diffractions,
(b) scanning-Tunneling spectroscopy (STM), (c) low-energy electron diffraction
(LEED), (d) transmission electron microscopy (TEM), (e) scanning tunneling
spectroscopy (STS), and (f) angle-resolved photoemission spectroscopy (ARPES).
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Abstract

This chapter delves into the diverse chemical and physical environments
encountered in materials science. It investigates the phenomena of
chemical absorptions, intercalations, substitutions, decorations, hetero-
junctions, and physical perturbations. By examining the effects of
these factors on materials, it uncovers insights into the modification
and optimization of material properties for targeted applications. This
comprehensive exploration equips researchers and engineers with the
knowledge necessary to manipulate and enhance material behavior in
specific chemical and physical environments.

Keywords: Chemical and Physical modifications.

The periodic table,""? which clearly shows the unusual atomic
configurations of pure elements, is response for all condensed-
matter systems. Each isolated atom has multi-spherical charge
distributions according to the binding-dependent orbitals. After
chemical reactions, the neighboring atoms are able to combine

53



54 Chemical Modifications of Graphene-Like Materials

together through the drastic changes in the spatial charge density
distribution. The various 3D, 2D, 1D, and 0D materials have been
successfully synthesized by the various methods through the variation
of chemical and physical environments, such as graphite/diamond
(Fig. 2.1), graphene,>® carbon nanotubes/graphene nanorib-
bons,5® and carbon fullerenes/disks/rings/chains/tori/onions. Any
condensed-matter system can provide a very active chemical environ-
ment through the dangling bonds at its open surfaces and edges, the
defects, impurities, and vacancies inside a sample, and the significant
deformations. As a result of dramatic changes in orbital hybridiza-
tions” 1! and spin configurations,'? their quasi-particle behaviors will
be greatly diversified by chemical modifications, such as: (1) chemical
adsorptions (discussed later in Section 2.1.1), (2) intercalations
(Section 2.1.2), (3) substitutions (Section 2.1.3), (4) decorations
(Section 2.1.4), and (5) heterojunctions (Section 2.1.5). Moreover,
the physical conditions, which correspond to the crystal symme-
tries, are easily modulated by external perturbations, such as:
(1) a uniform perpendicular magnetic field/a spatially modulated
magnetic or electric field/a combined field of the first and second
(five types of external fields); (2) position- and time-dependent
Coulomb fields (the incident electron beam), electromagnetic waves,
mechanical stresses, and thermal excitations. Efficient research
strategies can be initiated in outstanding mainstream materials,
leading to an expanded quasi-particle framework, e.g., graphene-
related systems,' 14 binary semiconductor compounds of ITI-VI,
II-V, II-VI, II-V, or IV-1IV,»2* and cathode/electrolyte/anode
of ion-based batteries. The simultaneous progress among the first-
principles simulations, the phenomenological models, and the exper-
imental observations is also one of the focuses of the study.

2.1. Chemical Modifications

Chemical modifications are very powerful in creating various crystal
phases, leading to great developments in the basic and applied
scientific research under a unified quasi-particle framework through
the simultaneous use of numerical simulations, phenomenological
models, and experimental observations.
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(a) (b)

(c) AAA (d) ABA

(e) (f)

(8)

Fig. 2.1. The optimal crystal structures for (a) graphite, (b) diamond, graphene
with (c) AAA, (d) ABA, (e) ABC, and (f) AAB stackings, (g) carbon nanotubes,
(h) graphene nanoribbons, (i) carbon fullerenes, (j) disks, (k) rings, (1) chains,
(m) tori, and (n) onions.



56  Chemical Modifications of Graphene-Like Materials

()

() @

(k) M

(m) (n)

Fig. 2.1. (Continued)
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2.1.1. Chemical absorptions

Any planar, curved, folded, scrolled, buckled, cylindrical, or spher-
ical surface, which frequently appears in honeycomb networks, is
an outstanding candidate for providing a platform for chemical
modifications. A number of dangling bonds are able to generate
very strong attractive interactions between host atoms and guest
atoms/molecules/functional groups. The diversified single-/multi-

25,26 metallic,

orbital hybridizations comprise the van der Waals,
covalent, and ionic bondings, in which their characteristics are
mainly determined by the various atomic configurations of distinct
chemical bonds. Moreover, the ferromagnetic, antiferromagnetic, and
non-magnetic spin configurations emerge under specific physical
environments. For example, most of the transition- and rare-earth-
metal atoms can exhibit ferromagnetic spin-density distributions,
and the two open edges of 1D zigzag graphene nanoribbons clearly
exhibit antiferromagnetic/ferromagnetic magnetism across the rib-
bon center/on the same boundary. The drastic changes, even the
dramatic transformations, of the spatial charge/spin-density dis-
tributions are responsible for the composite quasi-particles, which
are very suitable for developing a grander framework (a great
development described in a series of books!3 14:27-34),

The low-dimensional systems, which possess the high-symmetry
honeycomb structures, are very suitable for implementing hydro-
genations,? alkalizations,?%37 oxidizations, and halogenations,3® 3
such as the chemical absorptions of (s, psz, Dy, D:)-guest
atoms on monolayer graphene (Figs. 2.2(a) and 2.2(b)), silicene
(Figs. 2.2(c) and 2.2(d)), germanene (Figs. 2.2(e) and 2.2(f)),
tinene, (Figs. 2.2(g) and 2.2(h)), plumbene (Figs. 2.2(i) and 2.2(j)),
phosphorene, antimonyene, and bismuthene, as well as binary
GaO/GaS/GaSe/GaTe/InSe/InTe/GaAs compounds. More interest-
ingly, the hydrogenated graphene systems under the double- or
single-side full reactions clearly indicate the thorough destruction
of carbon-honeycomb lattices and thus cause a total change in
the essential quasi-particle behavior. A pristine carbon-sp?> bond-
ing hexagonal network has a planar structure, where the o- and
m-electronic bondings are perpendicular to each other, characterizing
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

() 8)
Fig. 2.2. Double- and single-side hydrogenations of (a)/(b) monolayer graphene,
(c)/(q) silicene, (e)/(f) germanene, (g)/(h) tinene, and (i)/(j) plumbene systems.
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their non-anticrossing subband behaviors. However, the very strong
attractions between the hydrogen and carbon atoms are realized by
the top-side adatom positions3>4%4 and the buckled honeycomb
structure. The sp? and 7 bondings are totally changed into the more
complicated ssp? ones through the delicate VASP simulations,*? 45
so that the essential composite quasi-particles display more unusual
phenomena, e.g., a zero- to wide-gap semiconductor transition, the
absence of the well-defined 7- and o-electronic states, the presence
of excitonic effects, a great enhancement in the optical threshold
frequency, more complex optical excitation channels associated with
the distinct orbitals of the initial and final states, and the irregular
plasmon modes. Obviously, similar chemical adsorptions could be
generalized to a number of 2D layered systems and serve as the
modulation strategy for observing the diversified quasi-particle (as
detailed in several previous books!3 14 27,29,31-33)

1D zigzag graphene nanoribbons are predicted to exhibit the
highest charge transfer of free conduction electrons and the dra-
matic transitions of spin configurations after active alkalizations
(as described in a previous book®). A pristine system behaves as
a small-gap semiconductor at the I' point with the splitting of
two partially flat valence and conduction subbands because of the
antiferromagnetic spin arrangement across the Fermi level. This
direct gap will decrease with an increase in the nanoribbon width.
The net magnetic moment vanishes since the spin configuration is
ferromagnetic along the same edge. The spatial spin-density distribu-
tion is very sensitive to the position-dependent metallic bond between
alkali and carbon atoms, as clearly illustrated in Fig. 2.3, showing the
lithium-adsorbed zigzag graphene nanoribbon at different positions
(a)/(c)/(e)/(g) near the open edge to understand (b)/(d)/(f)/(h) the
distinct magnetisms. The unusual magnetic configurations cannot
survive in armchair graphene nanoribbons. The Hubbard-like spin
interactions and the on-site electron—electron Coulomb ones strongly
cooperate or compete with orbital-dependent kinetic energy, the
ionization Coulomb potential, and the exchange and correlation
energies. This is worthy of systematic investigations for 1D silicene,
germanene, tinene, and plumbene nanoribbons.®4648 Tt is very
interesting to evaluate the magnitude of free carrier density from the
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(e) () () (h)

Fig. 2.3. Lithium-adsorbed zigzag graphene nanoribbon under the distinct
positions (a)/(b)/(c)/(d) near the open edge clearly illustrating (e)/(f)/(g)/(h)
the different magnetisms (the spatial spin-density distributions).

metallic bondings. This quantity is proportional to the magnitude
of the Fermi momentum, and its value is identical to the adatom
concentration, being independent of position. The alkalized graphene
nanoribbons could be outstanding 1D conductors and have great
potential applications in electronic nanodevices,* as do the 1D
armchair carbon nanotubes.

2.1.2. Intercalations

The layered crystal structures, which are very suitable for the

%0 can greatly diversify the

chemical intercalations/de-intercalations,
quantum quasi-particles. For example, pure carbon atoms can clearly

form 3D bulk graphite (Fig. 2.1(a)) and diamond (Fig. 2.1(b)) in
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nature. The former and the latter, respectively, possess the sp?
and sp> chemical bondings with three and four nearest neigh-
bors. There exists the dimensionality crossover with a decrease
in the number of graphite sheets. The interlayer van der Waals
interactions and the interlayer C-2p, orbital hybridizations are
very weak, but there are significant attractive interactions between
two mneighboring graphitic sheets. Such a mechanism is strongly
dependent on the stacking configurations of honeycomb lattices, e.g.,
the existence of the AB-, ABC-, and AA-stacked graphite systems.
Most/A few of the natural materials belong to the first/second type
(~99%/1%), while the third one is almost vanishing. The small
overlaps of valence and conduction subbands occur near the K/H
valleys (the hexagonal corners of the first Brillouin zone) and thus
exhibit the temperature-dependent semi-metallic behaviors, such
as the diverse (momentum, frequency)-excitation phase diagrams
(the electron—hole excitations and plasmon modes) and the unusual
optical/magneto-optical properties. More interestingly, the graphite-
like crystal structures also survive in binary semiconductor com-
pounds. For example, GaSe/GaTe/InSe/InTe (Figs. 2.4(a)-2.4(h))
have been successfully synthesized using the experimental technique
of molecular beam epitaxy (MBE).5!53 These mainstream layered
materials possess a hexagonal honeycomb symmetry on the (z,y)
plane and prominent four-sublattice bucklings on the (z,z)/(y, z)
planes. The attractive interactions mainly arise from the weak
vertical orbital hybridizations, as thoroughly examined in a previous
book.?® They depend on covalent bondings to create the middle-gap
characteristics. Chemical interactions and de-intercalations can be
outstanding modulation strategies.

Graphite intercalation compounds, which include the donor®*
and acceptor types,® have been extensively studied experimen-
tally and theoretically for more than 100 years. After chemical
intercalations, carbon-honeycomb structures remain in the planar
form because of the very strong sp?c bonding, and the inter-
calant atoms/molecules can generate a plane crystal. This well-
characterized symmetry structure is the so-called stage-n crystal,
where two periodic intercalant layers possess n graphitic sheets.
Figure 2.5 clearly shows the layered graphite potassium compounds,
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(a) (b)
(c) (d)
(e) (f)
(2) (h)

Fig. 2.4. The graphite-like binary semiconductor compounds: (a)/(b) GaSe,
(¢)/(d) GaTe, (e)/(f) InSe, and (g)/(h) InTe under the top/side views.

namely (1) stage-1 CgK, (2) stage-2 C16K, (3) stage-3 Co4K, and (4)
stage-4 C32K. The identical structures correspond to Na, Rb, Cs, and
Mg, while the lithium intercalations have the LiCg, form with the
highest intercalant concentrations. Through delicate first-principles
simulations and analyses, the semi-metal-metal transitions can
be attributed to the creation of the metallic bondings between
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(a) (b) (c) (d)

Fig. 2.5. Layered graphite potassium compounds: (a) stage-1 CsK, (b) stage-2
CisK, (c) stage-3 Co4K, and (d) stage-4 C32K.

the carbon—intercalant bonds, that is, more C-2p, orbitals exhibit
wider charge density distributions along the perpendicular direction.
Concerning the electron/hole doping cases, electron charges are
greatly transferred from the host/guest atoms to the guest/host
ones through the vertical orbital hybridizations, e.g., the graphite
alkali/AlCl; compound. Furthermore, there exists the blue-/redshift
of the Fermi level, which is responsible for drastic changes in
other quasi-particle behaviors. Its magnitude is proportional to the
intercalant concentration and could be estimated from the featured
van Hove singularities and threshold absorption spectra. Pristine
graphite has the minimum density of states (DOS) at the Fermi
level, and then, its energy splitting occurs after electron or hole
doping. Such a semi-metallic system only shows a vanishing threshold
frequency due to the gapless interband optical transitions. However,
the vertical excitations in graphite intercalation compounds are
effective only under the specific condition of w > 2Fp. In addition
to the middle-/deep-energy 7 /o carriers, the low-energy conduction
electrons or valence holes generate unusual quasi-particle phenom-
ena, such as copper-like electrical conductivities, greatly enhanced
superconductivity temperatures, diverse (momentum, frequency)-
excitation phase diagrams, stacking-enriched optical properties,®6-69
and rich magneto-optical spectra.®”6!
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Graphite intercalation compounds®®?462-66 are outstanding can-

didates for study in the basic and applied sciences and for commercial
batteries. The current experimental studies clearly illustrate their
critical roles as effective cathode/anode materials through the high-
performance stationary transports in positive-/negative-ion-based
batteries, e.g., the Lit-, Na®- and Mg?*"-/AICl; and AlCl; -
based batteries (the mainstream operation systems). Their significant
features, which have enabled them to become commercial products,
have been well characterized in previous books.?* During the charg-
ing /discharging reaction processes in lithium-based batteries,%7-68
the I'" ions and free electrons first escape from the ternary or qua-
ternary lithium oxides (e.g., LiFeO/LiCoO/LiNiO or LIFePO)5 ™
and then enter the electrolyte and outside the lead line, respectively.
Both of them will reach graphite within a very short time, where their
very strong attractions come to exist because of their natural charge
screening ability. Consequently, the guest intercalants should recover
to an almost neutral status, as clearly illustrated in the current
work using the stage-n crystal structures.® The very sensitive time
dependence, which mainly arises from the quick chemical reactions,
obviously leads to unusual creations of the time-dependent inter-
mediate configurations. Such irregular crystal phases are expected
to possess giant Moire superlattices, in which their complicated
crystal symmetries could be simulated by the VASP calculations.
How to fully comprehend the prominent partnerships among the
temporary/quasi-stable crystal phases in anode/cathode/electrolyte
materials”® "® is a very interesting research topic, e.g., the very sensi-
tive relation of the vertical carbon—intercalant orbital hybridizations
with guest-adatom density and arrangement. The chemical reactions,
which determine the intercalant concentration and distribution, can
be simulated using molecular dynamics.”® A strong cooperation
between two numerical methods will be useful for the further
development of a grand quasi-particle framework. It should be noted
that the layered crystals of binary semiconductor compounds of
III-VI/III-V/II-VI/II-V/IV-IV are worthy of systematic investiga-
tions of chemical interactions.!% 18-21,23,24,81



Chemvical and Physical Environments 65

2.1.3. Substitutions

Chemical substitutions can generate a number of crystal phases by
changing the relative concentrations and positions of the distinct
atom-based materials, such as the 2D binary semiconductor com-
pounds of ITI-VI/III-V/II-VI/II-V/IV-IV (Fig. 2.6), the planar/
tubular BICyNz,sz’84 the 3D Li-, P-, and S-related compounds
(details in book), and the ternary or quaternary lithium oxides in ion
batteries.” 7858 These outstanding condensed-matter systems are
very suitable for the development of a grand quasi-particle framework
since they exhibit diversified phenomena in terms of geometric,3? 9
electronic, magnetic,3®8%91 optical,”? 9% Coulomb-excitation,? 9496
transport,?” % mechanical,”? and thermal properties. It is well known
that monolayer graphene is a carbon-honeycomb network with pure

(a) (b)

(c) (d)

(e) (f)

(2) (h)

Fig. 2.6. Two-dimensional binary compounds: (a) SiC, (b) BCs (c) BN, (d)
GaN, (e) GaO, (f) GasS, (g) InSe, and (f) InTe.
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sp? and 7 bondings, and its hexagonal structure remains unchanged
under full silicon substitution, whereas the 2D binary silicon car-
bide has successfully become the third-generation semiconductor
compound in the industry because of its specific functionalities.
The former and the latter, respectively, belong to the zero- and
middle-gap semiconductors. The dramatic transformation of SiC
mainly arise from the impure (2s, 2p;, 2py)—(3s, 3ps, 3py) and
2p.—3p. orbital hybridizations. Their hopping integrals!'%% 101
on-site ionization potentials,'%% 101 which appear in the tight-binding
model, 1027196 will be response for the diverse quasi-particle quasi-
particles. The binary Si,Cq_, compounds will dramatically change
from graphene to silicene with a gradual increase in the silicon

and

component (x varies from 0 to 1). The coexistence of C-C, Si-C, and
Si—Si bonds can be investigated through systematic studies. That is,
the superposition of pure and impure covalent bondings is very useful
in understanding all essential properties and serves as a modulation
mechanism for observing diversified phenomena.

The lithium-, phosphorus-, and sulfur-based materials clearly
present a number of crystal phases (details in book), such as
lithium BCC crystal, black and blue phosphorus crystals, sulfur
crystals, binary lithium sulfide, lithium phosphorus materials, 07109
phosphorus sulfur compounds of P4S, (x < 10; Figs. 2.7(a)
and 2.7(b)), ternary lithium phosphorus sulfur compounds of
LisP9Sg/LisP2Se/LizP3S11 /LisPSy (Figs. 2.7(c)-2.7(e)), and qua-
ternary lithium phosphorus sulfide chloride (Fig. 2.7(f)). Using
the delicate VASP simulations, all systems, except for metallic
lithium crystals, reveal highly non-uniform covalent bondings, owing
mainly to the active (s, p;, Py, pz) orbitals. For example, the ternary
compounds possess the impure mixings of 2s-(2s, 2p,, 2p,,2p,) and
(2s,2p,,2p,, 2p,)(2s, 2p,, 2p,, 2p,) orbital hybridizations, respec-
tively, in the Li-S and P-S bonds, in which they survive in
Moire superlattices. The unusual charge density distributions are
strongly dependent on the positions and relative concentrations
of the lithium, phosphorus, and sulfur atoms. How to build very
close relationships between the impure sp3-orbital bondings and all
essential properties could be a focus of future studies, e.g., the concise
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(d) (e) ()

Fig. 2.7. Lithium-, phosphorus-, and sulfur-based materials: (a) binary P4Sio,
(b) P4Ss, (c) ternary LisPSy4, (d) LizPSe, (e) LizP3S11 and (f) quaternary lithium
phosphorus sulfide chloride.

orbital-hybridization pictures for determining the featured quasi-
particle properties. Interestingly, lithium sulfide batteries might
become a popular product with extensive use in industries owing
to their high operating performance (details in book). Both basic
and applied scientific studies need to achieve strong cooperation in
the current and near-future investigations.

The 3D ternary and quaternary lithium oxides have been
very successful in serving as cathode/electrolyte/anode materials
in lithium-ion-based batteries, which is clearly demonstrated in
a series of published books.?* Such operation systems, which are
part of everyday electrical equipment and tools, have presented
the highest performance up to now. Specifically, they play critical
roles in achieving environmental targets associated with the car
industry. How to build a generalized model to fully understand
the critical mechanisms of stationary ion transports should be an
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open issue for the near-future studies. Generally, the electrical
conductivities of condensed-matter systems mainly arise from the
electron fermions, and the static Kubo formula is sufficient for
exploring the temperature scattering behavior.!1% 1 However, the
ion transports are closely related to the heavy particles with integer
spins, so whether the Bose-Einstein statistics need to be taken into
account is an interesting question. During the charging process of
a lithium-ion-based battery, very few Li atoms and free electrons,
respectively, escape from the cathode and enter the lead. Lithium
oxide will present vacancies at a very low density, e.g., a low-
symmetry LiFeO (Fig. 2.8(a)) or LiFePO (Fig. 2.8(b)) with plenty
of atoms in a primitive unit cell. A rather small variation of atom
positions, which represents the classical chemical substitutions, will
initiate the effective Coulomb field in driving the ion transports. The
close relationships among the vacancy concentrations, the greatly
reduced crystal symmetries, and the sensitive electric fields should
be the focus of studies.

(a) (b)

Fig. 2.8. The ternary and quaternary lithium iron oxides: (a) LiFeO and
(b) LiFePO.
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2.1.4. Decorations

Chemical decorations, which are very suitable for open-edge struc-
tures, can greatly diversify the composite quasi-particles and thus
expand the grand framework established in previously published
books.'*3% Such chemical modifications are clearly revealed in
open boundaries with a number of dangling bonds under the
quantum-confinement effects.”' 112 For example, drastic changes
occur in the essential properties of 1D graphene/silicene/germanene/

46-48 and 0D finite carbon nanotubes.

tinene/plumbene nanoribbons
Furthermore, the current experimental efforts have successfully
synthesized planar, curved, folded, scrolled, and stacked carbon-
honeycomb crystals with various boundary conditions. The edge dan-
gling bonds can create observable bond-length fluctuations, produce
non-uniform hopping integrals of the neighboring orbitals, and thus
greatly diversify the geometric properties after chemical decorations.
The strongly modified crystal symmetries are responsible for all
quasi-particle properties. The electronic states of pristine graphene
nanoribbons could be regarded as those sampled from the Dirac cone
structure in monolayer graphene under a suitable open boundary con-
dition. An m-dimer-/zigzag-line graphene nanoribbon, corresponding
to an armchair/zigzag system, is predicted to exhibit a well-behaved
bandgap through hydrogen passivation at two open edges. The
unusual relations with ribbon widths (wps) are characterized as
follows: (1) small gap widths are inversely proportional to the square
of wp for m = 3I + 2 armchair systems (where I is an integer);*!3
(2) the middle gaps of Egs\proport 1/wp for m = 31 + 1 and
3I + 2; and (3) an obvious decline in bandgap in the widened
zigzag nanoribbons.'™ The absence of a uniform C-C network is
responsible for the narrow-gap semiconductors and the splitting of
extremely localized valence and conduction states near the zone
boundary (the split-edge states). In short, the longitudinal edge
structures, transverse quantum confinement, chemical passivations,
and non-uniform honeycomb crystals cooperate with one another in
determining all the fundamental quasi-particle behaviors. Also, the



70 Chemical Modifications of Graphene-Like Materials

1D buckled silicene/germanene/tinene/plumbene nanoribbons¢4%

display more complicated chemical modifications. A 1D graphene
nanoribbon is available for examination through the very strong STS
cutting along the longitudinal direction of 2D monolayer graphene
or the rather prominent chemical reaction in destroying the uniform
C—-C network of 1D carbon nanotubes. More interestingly, there
exist two open edges in a curved/folded/scrolled /planar honeycomb
crystal. The curved graphene nanoribbons (Fig. 2.9(a)) are out-
standing candidates for observing the unusual phenomena. Through
delicate VASP simulations and analytic calculations, three types of
stable crystal structures have been identified: (I) the closed carbon
nanotubes for B/C/N decorations with very strong covalent bond-
ings, (II) the attractive arc structures through the classical dipole-
dipole interactions between Be/Mg/Al guest adatoms, and (IIT) the
planar crystals under the repulsive interactions H/Li/Na/K/Ca/
Si/P/0O/S/F/Cl/1/Cr/Mn/Fe/Co/Ni/Cu/Ti/Sc/Zn. Furthermore,
the main features of charge transfer, atom—carbon distance, atom—
atom distance, magnetism of carbon/atom, and AFM/FM are
explored in detail. Such 1D materials are predicted to exhibit the
featured metallic and semiconducting band structures, respectively,
for type (I)/(II) and (III). The simultaneous measurements of
high-resolution scanning tunneling microscopy (STM) for geometric
15,116 and scanning tunneling spectroscopy (STS) for
UT19 are very useful in identifying the

structures
van Hove singularities

(a) (b)

Fig. 2.9. The (a) curved and (b) folded graphene nanoribbons.
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geometry-enriched electronic properties, as done for the single-walled
carbon nanotubes. Folded graphene nanoribbons (Fig. 2.9(b)), which
have been successfully synthesized in laboratories, present unusual
crystal phases and thus rich quasi-particle properties.® Their optimal
geometries are similar to irregular book frameworks and are charac-
terized by two open edges, 212! bilayer overlap (different stacking
configurations), and their combination through the curved region.
The achiral hexagon arrangement might consist of passivated/non-
passivated boundaries. Most of the folded systems should have well-
behaved zigzag or armchair edges, of which the former have magnetic
spin arrangements. The upper and lower parts overlap each other
and display the well-known vertical attractions of van der Waals
interactions.?? 26,122 The interlayer carbon-2p, orbital hybridizations
play a critical role in a stable crystal and its energy spectrum. The

curvature effect,!23:124

as clearly illustrated in a cylindrical carbon
nanotube surface, is able to create a misorientation of the carbon-
2p. orbitals (or even the prominent sp® bondings in a small radius
system). The fundamental quasi-particle properties, the rich crystal
symmetries, featured band structures, orbital mixings (covalent
or metallic bondings), van Hove singularities, spatial spin-density
distributions (the Hubbard-like electron-electron Coulomb interac-
tions),'?> and net magnetic moments clearly present the diverse
phenomena, which are very suitable for forming a search modulation
strategy. For example, the metal-semiconductor transition occurs
under the variation of stacking configuration and edge structure.
Furthermore, the significant width dependence of the bandgap might
be quite different from that of pristine graphene nanoribbons. Of
course, further chemical modifications can greatly diversify quasi-
particle behaviors because of more complicated guest-adatom envi-
ronments due to charge and spin distributions. More interestingly,
both geometric structures and electronic properties, which corre-
126 are greatly
enriched by strong chemical bondings between the edge carbons

spond to passivated armchair graphene nanoribbons,

and various adatoms through investigations based on first-principles
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calculations. Adatom edge arrangements, bond length fluctuations,
charge density distributions, and energy spectra are dramatically
changed by a specific edge passivation. Elements with an atomic num-
ber of less than 20 could be classified into the following three types of
well-defined crystal symmetries, depending on the optimal geometric
structures: (I) planar and (IT) & (III) buckled structures, the latter
of which are associated with specific arrangements and stacked
configurations of guest adatoms. H-, N-, Be-, and B-edge decorations
(I) only present a planar honeycomb, respectively, corresponding to
two saturated open edges, heptagon-pentagon closed structures (the
most stable among the various crystal phases), triangle-pentagon
structures, and non-uniform hexagons. O-, S-F, and CI-C reveal non-
planar passivation edges (II) on the double side with unusual forms.
Type III, consisting of Li/Na/K/Ca/Mg/Al/Si/P guest adatoms,
presents an arrangement where they symmetrically stack up at
the edges. Distorted pentagons are clearly revealed through the
adatom bonding to the nanoribbon, while the carbon hexagons
have no distortion even near the edges. Apparently, the unique
orbital hybridizations are responsible for the edge geometries and
the featured band structures. For example, the H-C, O-C, Ca—C,
and C-C bonds, respectively, have multi-orbital mixings: 1s—(2p,,
2Dy, 2pz), (28, 2Dz, 2Py, 2D2)—(2s, 2Dz, 2py, 2p2), (3s, 3Dz, 3Dy,
3p2)—(2s, 2ps, 2Py, 2D2), (25, 2Pa, 2py) (25, 2P, 2py) and 2p,—2p..
The low-lying band structures are drastically varied, displaying
non-monotonous energy dispersions and adatom-dominated bands.
A concise relationship between energy gap and nanoribbon width, as
clearly illustrated in pristine systems, no longer exists; furthermore,
certain adatoms can generate semiconductor—metal transitions. All
the main characteristics are directly reflected in van Hove singu-
larities, revealing dip structures, plateaus, symmetric peaks, and
square-root divergent asymmetric peaks. More interesting results
will be achieved if the transition- and rare-earth-metal adatoms are
available in the edge decorations of graphene/silicene/germanene/
tinene/plumbene nanoribbons. Complicated orbital bondings and
rich spin configurations are fully supported by each other and can
display greatly diversified quasi-particles.
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(c) (f)

Fig. 2.10. Dangling-bond passivation of planar zigzag graphene nanoribbon at
open edges through the guest adatoms: (a) hydrogen, (b) potassium, (c) magne-
sium, (d) aluminum, (e) silicon, (f) nitrogen, (g) oxygen, and (h) fluorine.

2.1.5. Heterojunctions

A heterojunction, which consists of, at least, two different sub-
systems,!?"" 129 exhibits rich and unique quasi-particle behaviors
and is very suitable for developing its framework. Interestingly,
it can form rather strong chemical bondings and spin-dependent
configurations at a specific boundary to directly link the left-
and right-hand-side subsystems. The dramatic transformation is
revealed in the unusual arrangement of host—guest bonds. Their
modulation phenomena along the transverse and longitudinal

directions frequently induce a giant primitive unit cell under
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the well-behaved commensurate case. A giant Moire superlattice
has a number of host and guest atoms (many active orbitals).
For example, the mainstream materials have been successfully
grown on metallic or semiconducting substrates, such as few-
layer graphene/silicene/germanene/tinene/plumbene/phosphorene/
bithmuthene,'3%135 binary/ternary semiconductor compounds of
II-VI/III-V/II-VI/II-V/IV-1V, 15 18-21,23,24,136 311 lithium oxide/
sulfide compounds. The real operations of ion-based batteries
require cathode—electrolyte and electrolyte-anode composites. Quan-
tum transports in low-dimensional materials must cover their
contacts with outside leads. Moreover, the nanoscale probes in
STM/STS clearly illustrate an unusual heterojunction with a nor-
mal surface morphology. How to characterize and identify the
main features/roles of heterojunction should be a study focus. In
general, high-resolution angle-resolved photoemission spectroscopy
(ARPES),!37 140 g U719, 141 and optical spectroscopies!42 147
are available for observing the essential quasi-particle proper-
ties associated with the heterojunction effects. The Group-1V 2D
materials, which include C, Si, Ge, Sn, and Pb atoms, have
been successfully synthesized in laboratories since the first discov-
ery of few-layer graphene systems through mechanical exfoliation
from the Bernal 3D graphite in 2004.° Only the 2D carbon-
related materials are produced using the various growth meth-
ods (details in books), while the others are generated through
molecular beam epitaxial growth (MBE).’'3 The former are
thoroughly examined to find that they possess the AAA-/ABA-
/ABC-/AAB-stacked configurations,? 95148158 with different layer
numbers, based on the high-resolution TEM measurements.!%?
Using direct combinations of STM with LEED/RHEED,'607163 the
graphene-like honeycomb crystals are clearly shown by the 2D C-,
Si-, Ge-, Sn, and Pb-adlayers, with the hexagonal symmetries,
respectively, on SiOs, Ag(111), Ir(111), and ZrB,(0001),164 166
Pt(111)/A1(111/Au(111),167169 BiyTeg(111),}™ and Au(111)/AlO0
& Si(111)'"4172 Also, note that the surface reconstructions fre-
quently come to exist at the adlayer and substrate (details in a
previous book3?). Among them, only graphene systems exhibit the
planar structure in the absence of two-sublattice buckling, owing
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mainly to the dominating sp? bonding and its orthogonality with
significant 7 bondings. The other Group-IV materials are fully
identified to present buckled structures associated with the height
difference between A and B sublattices. The currently available
data show that the buckling of each layer is, respectively, ~0.24,
0.26, 0.32, and 0.35A for silicene,? germanene,®? tinene,32
plumbene.?? The bucking degree grows with an increase in the
atomic number, clearly illustrating the great enhancement of the
sp? bondings. As for the experimental observations on the band
properties near the Fermi level, the semiconducting and semi-
metallic behaviors in layered graphenes are confirmed by the STS
and ARPES measurements (detailed in previous books?”33). The
latter are also available for testing the existence or absence of

and

specific Dirac cone-like energy bands in other Group-IV systems. This
result indicates the critical roles of the adlayer—substrate chemical
bondings. Obviously, the semiconducting or metallic adlayers have
become one of the mainstream 2D materials, in which a plenty of
unusual quasi-particles are worthy of systematic investigations. In
addition, few-layer graphene systems can exhibit rich and unique
physical, chemical, and material phenomena, such as the best
mechanical responses, stacking-\layer-number-diversified electronic
properties, 150 173-175 31,176

distinct optical/magneto-optical selection rules,®® special quantum
177

rich magnetic quantization phenomena,

and various electron—hole pair regions and
178,179

Hall conductivities,
plasmon/magneto-plasmon modes.

To thoroughly elucidate the substrate effects, silicon-
adlayer/Ag(111)3? and the bilayer AB-bottom-top silicene/
Ag(111)3? are outstanding candidates for a model study (Fig. 2.11).
Both silicon and silver atoms, with atomic numbers 14 and 47,

180,181 {})0

respectively, have unusual orbital configurations, making them very
suitable for generating active chemical bonds. The Moire superlat-
tices, which consist of distinct subsystems and a sufficiently thick
substrate, should be taken into account simultaneously through the
VASP simulations,*> %> but not the very complicated calculations
of the generalized tight-binding model.!®? The extremely non-
uniform environments within the enlarged unit cells are thoroughly
explored through the various bond lengths, the different bucklings
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(a) (b)

(2) (h)

Fig. 2.11. Active orbital hybridizations near heterojunctions through the chem-
ical cases under the top/side views: (a)/(b) & (c)/(d) monolayer & bilayer
graphene on Au(111) substrate and (e)/(f) & (g)/(h) monolayer & bilayer silicene
on Ag(111) substrate.

of the height differences of A and B sublattices, and the pnserv-
ablet fluctuations of the interlayer distances. Then, the optimal
composite structures are available for thoroughly examining the
atom- and spin-dominated electronic energy spectra, the spatial
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charge density distributions, the spin arrangements, the atom- and
orbital-decomposed magnetic moments, and the adlayer-, substrate-
, orbital- and spin-projected van Hove singularities. The detailed
examinations are conducted on the main features of valence and
conduction subbands, the substrate-enhanced asymmetry of hole
and electron bands about the Fermi level, more band-edge states
in the energy—wave-vector space, the oscillatory energy dispersions
or modified Dirac cone structures near Ep, the undefined/defined
m- and o-electronic states, the silicon and silver dominances cor-
responding to the specific energy ranges, and the spin-degenerate
or spin-split states across Ey (the vanishing or finite magnetic
moments). The spin-density distributions, which might survive on
all the Si and Ag layers, are very useful in understanding the
creation of magnetic configurations due to the former and/or the
latter. There are certain important differences among adlayer /bilayer
silicene, substrates, and their composites. The above-mentioned
complex results could be delicately analyzed to achieve the concise
pictures of chemistry and physics. The significant multi-orbital
hybridizations of Si—Si, Si—-Ag, and Ag—Ag bonds are identified to
be dominated by (2s, 2p,,2p,,2p,)—(2s, 2p,,2p,,2p.), (25, 2p,,
2Dy, 2p,)—(4d 2, 4d 2 y2,4dy, 4d 0, 4dyy ), and (4d2,4dg2_ 2, 4d,,,
4dz, 4dyy)—(4d 2, 4d, 2 2, 4dy,, 4dy, 4dyy ). Furthermore, the ferro-
magnetic spin configurations are initiated from the transition-metal
Ag atoms. Similar studies could be generalized to rare-earth metals
with more complex 3f or 5f orbitals (as detailed in Chapter 12). This
is helpful for developing a grand quasi-particle framework.

2.2. Physical Perturbations

The static and time-dependent field perturbations are able to
dramatically change the environmental symmetries and can thus
greatly diversify the composite quasi-particles. Such modulation
strategies are clearly illustrated in the following five sections, which
are consistent with a grand quasi-particle framework established in
previously published books.
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2.2.1. Stationary fields: Uniform and non-uniform
electric and magnetic fields

The stationary magnetic and electric fields can dramatically change
the crystal symmetries and thus greatly diversify the essential
quasi-particle properties, as clearly shown by a number of theo-
retical predictions about electronic/magneto-electronic and optical/
magneto-optical properties and quantum Hall effects. Such fields
include: (I) a perpendicular uniform magnetic field (Fig. 2.12(a)),
(IT) /(I1I) a spatially modulated magnetic/electric field (Fig. 2.12(b)),
(IV)/(V) their composite fields through a direct superposition, (VI) a
transverse electric field (a gate voltage), and (VII) the Lorentz fields
(Fig. 2.13 showing a single-walled carbon nanotube). A primitive
unit cell is mainly determined by the commensurate period of a
pristine crystal and a perturbation one. Furthermore, the magnetic

Fig. 2.12. The (a) uniform and (b) spatially modulated magnetic fields on
monolayer graphene.
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Fig. 2.13. The longitudinal magnetic field and the transverse electric field
through a cylindrical carbon nanotube.

and electric fields, respectively, dominate the hopping integrals of the
neighboring orbitals and the on-site ionization energies. In general,
a giant Moire superlattices frequently come to exist because of mag-
netic or spatial modulation effects. This will lead to the greatly diver-
sified quasi-particle phenomena. The exact diagonalization method
is available for solving a very large Hamiltonian matrix by using
the featured matrix elements of the specific neighboring interactions.
A band-like Hermitian matrix is produced when the tight-binding
functions are rearranged using a specific ordering.3! Such a Hamil-
tonian is built from the generalized tight-binding model,'®3 but not
from numerical calculations. The magnetic quantization phenomena
have been successfully explored in a number of mainstream materials,
including 3D AA-, AB-, and ABC-stacked bulk graphites,? 148,153
2D few-layer graphene materials with AAA, ABA, ABC, and
AAB stackings,?0 599,95, 149,151,152, 154-157,184 hyjjaver gliding rota-
tional graphene systems,'®> 188 1D graphene nanoribbons,® 1897192
coaxial /single-walled carbon nanotubes, 0D carbon tori,'?3 19
monolayer silicene/germanene/tinene/plumbene/phosphorene/bis-
muthine, 1311351967200 41 q Jayered MoSs-related materials, 181,201,202
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A perpendicular magnetic field (BzZ in Fig. 2.12(a)) can flock
the neighboring 2D (k,,k,) states into the dispersionless Landau
levels (LLs)?® in which their degeneracy is proportional to the
magnetic field strength. The stationary vector potential of A(r),
which characterizes BzZ, mainly determines the Peierls phases in
the modified hopping integrals through its path integration between
two lattice points (detailed in previously published books3!). Very
complicated calculations have been done for the significant sp? multi-
orbital hybridizations and spin—orbital couplings, e.g., the magnetic
Hamiltonian of monolayer tinene.?* The band-like Hermitian is
achieved through a specific ordering of the sub-lattice-dependent
tight-binding functions.?" It could be solved very efficiently by
using the main features of the spatial probability distributions.
In general, the magnetic wave functions exhibit the localized and
oscillatory features, as observed in a harmonic oscillator, that is,
the superposition of the exponential decay function and the n-order
Hermit polynomials (the zero-point number of n). The generalized
tight-binding model is capable of revealing the square of amplitude
at a neighboring lattice site. Since the magnetic length is much
larger than the atom—atom bond length, its spatial behavior could be
regarded as continuous Landau wave functions with a well-behaved
localization and an oscillatory zero point. The localization centers
are dominated by the crystal symmetry, e.g., the four-fold degenerate
LLs at 1/6, 2/6, 4/6, and 5/6 of the magnetic Moire superlattice.

The diverse magneto-quasiparticle are clearly revealed in
dimensionality-dependent graphene-related systems, as published in
13,14,27-29,31,32 The featured LL energy spectra and

magneto-wave functions cover their sensitive dependences on the
205,206

a series of books.

dominating quantum numbers, the magnetic-field strengths,
the perpendicular gate voltages,'® the layer numbers,'™ the stack-
ing configurations about AAA, ABA, ABC, and AAB, the slid-
ing/rotational bilayer structures, the interlayer van der Waals of
3D graphite crystals (simply hexagonal, Bernal, and rhombohe-
dral),80:93:207210 the width-induced quantum confinement and open
9L211 and the cylindri-

cal surfaces and periodic boundary conditions in coaxial carbon

two edges in 1D graphene nanoribbons,
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nanotubes. The magneto-electronic states of layered graphene sys-
tems are quantized from the low-lying valence and conduction
energy subbands, in which they are closely related to the pristine
or strongly modified Dirac cone structures because of very impor-
tant interlayer atomic hybridizations. The main features of LLs
mainly come from the energy dispersions of the linear, parabolic,
partially flat, and sombrero-like subbands with /without the unusual
anticrossing behaviors. Monolayer graphene exhibits a unique
square-root dependence on B, and n, which is also displayed in
AA-stacked systems with the vertical Dirac cone pairs. An AB-
stacked graphene has linear (B,,n) relationships,?!? as observed in
2D electron gas.?!3 Furthermore, the trilayer ABA stacking could
be regarded as a superposition of the monolayer and bilayer ones.
More interestingly, both ABC and AAB trilayer stackings can
show the prominent LL-anticrossing phenomena frequently through
the B,-dependent energy spectra. Most importantly, all LLs are
further divided into three kinds according to the featured quantum
modes of the sliding bilayer graphene systems: (I) well-defined,
(IT) perturbed, and (III) undefined LLs, respectively, with specific
oscillations, dominating and minor quantum numbers, and infinite
modes (drastically changing with B,). Such LLs have greatly diver-
sified the magnetic quantization phenomena in terms of magneto-
electronic properties, magneto-Coulomb excitations (electron—hole
pairs and plasmon modes)?!# optical selection rules, and quantum
Hall transports. Such investigations have been very successful in
developing a grand quasi-particle framework (details in previously
published books!3:14:27-34),

In addition to the dispersionless LLs with the B,-dependent
(ky, ky) degeneracy, the 1D Landau subbands, which, respectively,
present the strong k, and k, dispersion relationships, frequently
come to exist in 3D graphite systems and 1D graphene nanorib-
bons.''* The former possesses prominent 3D band structures with
non-negligible (kg,ky, k.)-dependences, owing mainly to the weak
but significant van der Walls 2p,-orbital hybridizations and the
well-behaved stacking configurations. The k,-dependent LS energy
spectra are achieved for the AA-, AB-, and ABC-stacked graphite
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systems, in which the classical quantization of the Onsager method
is utilized in the rhombohedral graphite. The rich features of LSs
have resulted in unusual magneto-optical absorption spectra’6: 60,208
and quantum Hall effects. On the other hand, the magnetic flocking
and quantum confinement clearly show the strong partnerships
in 1D graphene nanoribbons and carbon nanotubes. For example,
each graphene nanoribbon has a finite width and thus exhibits
a number of 1D m-electronic valence and conduction energy sub-
bands, which are sensitive to the open-edge structures. The VASP
simulations agree with the tight-binding model calculations. After
magnetic quantization, the Landau subbands appear at the lower
energies close to the Fermi level. Such LSs are partially flat about
the k., = 0 center, where the dispersionless range declines with
an increase in the quantum number. This clearly illustrates the
prominent competition between magnetic quantization and quantum
confinement. The featured magneto-electronic spectra of LSs in
graphene nanoribbons are expected to greatly diversify the composite
quasi-particles, e.g., the coexistence of edge- and B,-dependent
magneto-optical selection rules. However, LLs and LSs almost
disappear in 1D carbon nanotubes, except for a giant magnetic
field under the perpendicular case. A magnetic field, being par-
allel to the tubular axis, is able to create the periodic Aharnov—
Bohm effects®!®217 for any essential properties. That the tra-
verse angular momentum clearly presents a dramatic variation of
J to J + % (where ¢ is the magnetic flux through a cross-
section) is the main reason. Obviously, the quasi-particle behaviors
strongly depend on the nanotube radii/chiralities!?® 218219 and the
magnitude and direction of the magnetic field, e.g., energy gaps,
semiconductor—metal transitions, magneto-optical selection rules,
magneto-plasmon modes, and ballistic magneto-transport behaviors.
Similar magnetic study results could be generalized to 2D buckled
silicene/germanene/tinene/plumbene systems and their 1D partners.

The magnetic quantization phenomena, which simultaneously
cover the intralayer and interlayer multi-orbital hybridizations
and the spin-orbital couplings®?%223 the coupling effects, are
thoroughly explored using the generalized tight-binding model.
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However, the effective-mass approximation®?* is suitable only for

the magneto-electronic properties of condensed-matter systems with
simple energy dispersions, as done for the analytic LL energy spectra
of the AA-stacked graphene systems. In this method, we need to
first complete the Taylor expansion about the high symmetry and
then do the magnetic quantization as for an electron gas. The
super-high barriers come to exist under the multi-fold degeneracy of
constant-energy loops. The low-energy perturbations would become
meaningless, and they cannot be utilized to get the magnetically
quantized LLs, e.g., those of ABA-, ABC-, and AAB-stacked few-
layer graphene systems. To develop a grand quasi-particle framework,
the strong relations among the generalized tight-binding model,'®?
the modified random-phase approximation (RPA),22%226 the self-
energy method,??” and the static/dynamic Kubo formulas,!!0 11
are directly established in the absence of perturbations. For exam-
ple, the rich and unique (momentum, frequency)-magneto-Coulomb
excitations are clearly revealed in monolayer, bilayer AA- and
AB-stacked graphenes through the simultaneous considerations of
the intralayer and interlayer orbital hybridizations and Coulomb
interactions, as well as the magnetic quantization. More inter-
estingly, the main features of LL wave functions are available
for greatly reducing the numerical evaluation time. The magneto-
electron—hole pairs display strong delta-function-like peaks in the
imaginary-part dielectric functions because of the inter-LL transi-
tions, Corresponding to such single-particle excitations, the screened
response function further presents the unusual magneto-plasmon
modes. Their momentum dependence only shows irregular behavior,
with the positive, vanishing, and negative group velocities due to the
very strong competition between the longitudinal Coulomb forces
and the transverse cyclotron ones. It should be noted that a number
of neighboring discrete magneto-plasmons would merge together and
behave as 2D plasmons of an electron gas under the high carrier
doping.

The direct combination of the generalized tight-binding model
and the dynamic/static Kubo formula is very useful in fully
exploring the rich magneto-optical properties/the quantum Hall
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transports. An electromagnetic wave can induce the electric-dipole
perturbations between the initial and final LLs, leading to the
specific magneto-optical selection rules. The scattering probabilities
are evaluated within the gradient approximation, as successfully
done for graphite,??®229 graphite intercalation compounds, carbon
nanotubes, and graphene nanoribbons. Their finite magnitudes arise
under a suitable selection rule. The prominent absorption peaks have
been thoroughly examined for the quantum modes of the initial and
final magneto-electronic states on the same layer (the zero point of
the oscillatory LL wave functions). Basically, monolayer graphene
exhibits the magneto-optical selection rule of A{—AY = =1, in
which the available conditions are also suitable for the same layer
sublattice. The extra magneto-optical selection rules arise mainly
from the significant minor modes during the anticrossing phenomena.
Specifically, such rules become vanishing for the magneto-optical
transitions of the undefined LLs. The diverse magneto-optical quasi-
particles are clearly revealed in the stacking-enriched graphene sys-
tems. For example, the trilayer AAA, ABA, ABC, and AAB stackings
are able to present five, five, nine, and nine magneto-absorption cate-
gories because of the band-structure symmetries. Furthermore, there
are a number of merged peak structures, strongly depending on the
stacking configurations. On the quantum transport side, the scatter-
ings of any two LLs do not need to satisfy the conservation of energy.
The generalized tight-binding model is capable of evaluating the real
contributions of the occupied LL states under the suitable magneto-
selection rules. Its investigations on quantum Hall effects of few-layer
graphene/silicene systems with any stacking configurations have been
successful up to now, compared with those by the effective-mass
approximation.??* Similar studies should be extended to layered sil-
icene/germanene/tinene/plumbene/phosphorene/bismuthene, where
their quantum pictures are very useful in establishing the promi-
nent partnerships among the sp® orbital hybridizations, observable
spin—orbital couplings, and magneto-effects. This is under current
investigation.
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2.2.2. Flectron beams

When a high-energy electron beam penetrates a condensed-matter
system, the Coulomb-field perturbation is able to induce time- and
position-dependent charge density fluctuations. All charges, which
are characterized by different intrinsic vibration frequencies, present
their prominent screening abilities. The propagating waves of charge
densities (Figs. 2.14(a) and 2.14(b)) directly reflect the main features
of orbital hybridizations in chemical bonds. For example, the graphite
alkali compounds® have the low-lying conduction electrons, the
middle-energy m electrons, and the high-energy m 4 o electrons.
Three kinds of charge carriers will dominate the electron—electron
interactions within the distinct frequency ranges (as detailed in
previous books!333)
the Poisson formula, assisted by the boundary conditions, might be

. According to the classical Maxwell equations,

available for exploring the significant charge couplings. In general,
the screened charge density mainly arises from the induced dipole
moments, and it is proportional to the induced /total Coulomb poten-
tial under a linear response.'% ! How to include the full quantum

Fig. 2.14. An incident electron beam with moment and frequency of (q,w),
leading to the position- and time-dependent charge density waves and electron—
hole pair excitations.
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picture can be realized from a quasi-particle viewpoint. An electron
beam has momentum and energy, and it can provide sufficient
resources for drastic changes in condensed-matter charges through
electron—electron Coulomb interactions. Such inelastic scatterings
need to satisfy the conservation of the transferred momentum and
energy, as clearly indicated in the classical mechanisms. The current
quantum quasi-particle framework is only generalized based on the
classical field theory of the Lagrange and Hamiltonian equations.
Their quantized relationships consist of many-particle quantum
interactions. This theoretical strategy is very useful in fully under-
standing the frequent scatterings in many materials, including the
electron—electron, electron—phonon, and electron-impurity /electron—
defect interactions.?3? The longitudinal Coulomb dielectric func-
tion?31:232 and energy loss function,?3® which are characterized in
the (g,w)-space, can, respectively, elucidate the electron—hole pair
excitations and plasmon modes. The former is defined as the ratio
of electric fields, Coulomb potentials, or charge densities before and
after charge screenings, as done for the classical Coulomb fields. In
general, the band-structure effects on the Coulomb matrix elements
of the initial and final quantum states and the conservation of (g,w)
are fully included in the calculations of the bare response function
through the RPA. The linear relationships among the screening
charge density, the induced Coulomb potential, and their total
are achieved using the self-consistent method and the many-body
Feynman diagrams. The imaginary-part dielectric function possesses
the complicated (q,w)-regions, in which they are surrounded by the
Fermi momenta or the interband boundaries due to multi-energy
dispersions. Its prominent structures mainly arise from the joint
van Hove singularities. As for the screened response function, it
should cover all charge screenings so that the perturbation field
is changed from the electric displacement to the effective field.
Through delicate calculations of the Fermi golden rule, the energy
loss spectrum, Im(—1/¢), is able to illustrate and explain the high-
precision measurements of reflection/transmission electron energy
loss spectroscopy (REELS/TEELS).147:234236 N\ore interestingly,
the (g, w)-Coulomb excitation phase diagrams are clearly illustrated
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in the previous books using one million EELS calculation data. Such
delicate figures are very helpful for all readers in understanding the
concise pictures. The layered graphene systems/the coaxial carbon
nanotubes®! 154155237 are outstanding candidates for exploring the
diverse, many-particle phenomena since the intralayer/interlayer

238 and Coulomb interactions, 00, 149,239-243 10

orbital hybridizations
spin—orbital couplings, the uniform perpendicular magnetic field,
and the gate voltage should be taken into account simultaneously.
Also, note that the 2D transferred momentum in graphene planes
q = (¢u,qy) is only changed into the longitudinal momentum
and transverse angular momentum of (L, ¢,) in carbon nanotubes.
Such cylindrical systems can display the L-decoupled modes of the
single- and many-particle Coulomb excitations, clearly indicating
the 1D characteristics. Both theoretical predictions and experimen-
tal examinations of single-walled carbon nanotube bundles have
successfully identified the discrete plasmon modes of the inter-
m-band transitions. The screening charge densities on any hon-
eycomb crystals strongly affect one another by establishing the
layer-enriched Coulomb potentials. The time-dependent electron—
hole pair productions could arise at two different layers. More
complicated screening phenomena are covered within the modified
RPA, which is expressed as the Dyson equation.?’ The N x N
dielectric function tensor (where N is the layer number) appears
under a linear response, and the bare polarization function P(q,w)
is determined using the layer subindex. The dimensional energy loss
spectrum is expressed by this tensor function through the Born
scattering approximation. Researchers need to determine the layer
decompositions for all valence and conduction energy subbands. This
viewpoint is very useful in dealing with the inelastic Coulomb decay
of the quasi-particle self-energy. The quasi-particle Coulomb decay
rates in layered graphenes'® 24 and coaxial carbon nanotubes?%® are
predicted to exhibit unusual dependences on wave vectors, doping
densities, stacking configurations, and layer numbers. These lifetime
behaviors have never appeared in 3D, 2D, and 1D electron gases
or in graphite, graphite intercalation compounds, and monolayer
graphene/silicene/germanene. More interestingly, few-layer graphene
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systems obviously show diverse Coulomb excitation phenomena,
owing mainly to the stacking- and layer-number-enriched band
structure across the Fermi level. For example, monolayer, bilayer
AA/AB stackings, and trilayer AAA/ABA/ABC & AAB stackings,
respectively, behave as a zero-gap semiconductor, a semi-metal, and
a semi-metal & a narrow-gap semiconductor. These band properties
and the low-lying energy dispersions of valence and conduction
energy subbands are responsible for all the featured Coulomb-
excitation phase diagrams, as clearly illustrated in Figs. 2.15(a)—
2.15(d) for trilayer graphene with AAA/ABA/ABC/AAB stackings
under the pristine case. In general, there are six independent polar-
ization functions for trilayer systems. Their imaginary parts can well
characterize the existence of electron—hole pair excitations, in which
the prominent responses arise from the joint van Hove singularities.
The Landau-damping regions are fully dominated by the band-
edge states and the Fermi moments. The intensities of collective
excitations are evaluated and examined using the prominent energy
loss spectra; furthermore, their momentum dispersion relationships
are very useful for observing plasmon group velocities. The plasmon
modes will experience serious Landau dampings, so that a critical

Fig. 2.15. The energy loss spectra of trilayer graphene systems under the pristine
case for (a) AAA, (b) ABA, (c¢) ABC, and (d) AAB stackings.
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momentum arises with an increase in the transferred momentum.
Whether a quasi-particle plasmon belongs to an optical or acoustic
mode?#% is associated with its finite or vanishing vibration frequency
within the long-wavelength limit. Of course, the blue-/redshift
of the Fermi level dramatically changes the Coulomb excitation
spectra because of the strong asymmetry of hole and electron
bands due to the interlayer van der Waals interactions. The above-
mentioned studies have successfully provided sufficient information
about the many-body electron—electron Coulomb interactions. 1D
coaxial carbon nanotubes can present angular-momentum-decoupled
modes, according to the electron—electron Coulomb interactions on
a cylindrical surface. This unusual quasi-particle behavior is clearly
illustrated by an 1D electron gas without the band-structure effects.
The analytic formulas for the bare and screened response functions
are achieved within the RPA.?%%:226 The total strength of the single-
particle and collective excitations is identified as being equal to one
for each discrete (¢, L) mode. When carbon-honeycomb crystals are
included in the delicate calculations, their energy spectra, and wave
functions can greatly enrich the Coulomb-field excitation spectra.
For example, the L = 0 plasmon mode at zero temperature,
with the main features of an 1D electron gas, only survives in
type-I metallic armchair carbon nanotubes because of free carriers
in linearly intersecting valence and conduction subbands. This
plasmon frequency exhibits the (,/gln(gr)) dispersion relationship
at small ¢ values in the absence of Landau dampings. The 1D
acoustic L = 0 plasmon will gradually disappear with an increase
in the parallel/perpendicular magnetic field. Its strength declines
quickly under the enlarged bandgap or stronger couplings of the
L-discrete modes. Similar magnetic-field dependences are revealed
in type-Il and type-III carbon nanotubes (narrow- and middle-
gap semiconductors).8 218,240,247 The field-induced semiconductor—
metal transitions, which occur at certain magnetic fluxes, can lead
to the creation of the longitudinal plasma wave without a zero point.
The charged impurity screenings are totally different between the
metallic and semiconducting carbon nanotubes/few-layer graphene

149,156,241, 249251

systems. For example, boron and nitrogen guest
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adatoms could serve as the negative and positive impurities, respec-
tively. The effective long-range Coulomb potential is thoroughly
screened by the free carriers in a metallic system, while it maintains
the 1/r behavior for insufficient screening of valence electrons in a
semiconducting system. Furthermore, the Fermi surfaces are able
to generate the well-known Friedel oscillations at long distances,
e.g., sin(2kpr)/r and sin(2kpr)/r2, respectively, for the metallic
1D carbon nanotubes?°%253 and layered graphene materials. More
interestingly, the beating phenomenon frequently arises in metallic
coaxial armchair carbon nanotubes since such materials possess
multi-Fermi surfaces. The intertube couplings, which are achieved
by Coulomb interactions and orbital hybridizations, also lead to
unusual quasi-particle lifetimes. The theoretical predictions could be

verified by the measured widths of the angle-resolved photoemission
spectra,233,254-256

2.2.3. Electromagnetic waves

An electromagnetic wave fully couples with all the energy-dependent
electrons through the natural charge screenings and thus exhibits
the material-enriched quasi-particle properties. Under the classical
picture, the induced current density has a linear relationship with
the total electric field, in which the former is created by the
position- and time-dependent charge density within a linear response
(Fig. 2.16). For the non-magnetic materials, the Maxwell equations
can be combined using the Coulomb gauge (the zero divergence
of the vector potential) to obtain the Helmholtz equation with a
propagating wave form. The dielectric features of any condensed-
matter system are responsible for the charge dynamics and the
screened electromagnetic wave. The transverse dielectric function,
which depends on momentum and frequency, is characterized by
the variation of an electric field before and after electromagnetic
wave perturbations. Its definition is similar to the longitudinal one
discussed earlier. It is meaningful only at the long-wavelength limit
since the photon momentum is much smaller than the electron
one (or compared to their wavelengths). This function possesses
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(a) (b)

Fig. 2.16. The significant couplings between an electromagnetic wave and
any condensed-matter system under (a) a classical picture and (b) a quantum
absorption process.

imaginary and real parts even when using the oscillator model for the
different orbitals of atoms/molecules. A well-behaved propagating
electromagnetic wave will gradually exhibit a widened deformation
since the interband optical transitions can induce a prominent energy
loss. Moreover, the group velocity of a wave packet, which is defined
as the first derivative of frequency versus wave vector, is very sensitive
to the charge screening ability. Of course, the linear relationship of
w = ck is strongly modified through the obvious dielectric effects. In
addition, the frequency-related optical phenomena are reduced to the
static carrier transport at zero frequency, that is, both optical and
electrical conductivities are identical to each other under w = 0. An
electromagnetic wave is further quantized into a number of photons
with momenta and energies, according to the standard quantum field
theory.??7

These quasi-particles are absorbed by the occupied electronic
states and then exhibit almost vertical transitions with the unoc-
cupied ones. The imaginary-part dielectric function, which mainly
comes from the single-particle electron—hole pair excitations, is
determined by the joint DOS and the square of electric dipole
moments. The special absorption structures are associated with
the van Hove singularities of the band-edge states. The scattering
amplitude accounts for the existence of optical/magneto-optical
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selection rules.’® 2% The gradient approximation of the initial and
final states is evaluated using the layer- and sublattice-dependent
tight-binding functions, which are consistent with wave functions
under a uniform perpendicular magnetic field. This clearly indicates
a very suitable combination of the Kubo formula and the generalized
tight-binding model. The optical and magneto-optical properties
have thoroughly illustrated the greatly diversified phenomena, such
as the diverse quantum quasi-particles in graphite (as discussed
later), layered graphene systems, graphene nanoribbons, and coaxial
carbon nanotubes. The composite composites, being characterized
by the multi-orbital hybridizations, are proposed for each prominent
absorption peak and the frequency-dependent plasmon modes. Their
developments in fully hydrogenated Group-IN materials make them
outstanding candidates even in the presence of excitonic effects.
In general, the many-body optical absorption processes only occur
in middle- and wide-gap semiconductors, but not in narrow-gap
ones and metallic conductors. Whether the Coulomb attractions
of excited electron—hole pairs are strong enough for generating the
stable/quasi-stable bound states strongly depends on the screening
ability of all charges and the effective masses/band curvatures.
2D layered graphene systems and 3D graphites/graphite interca-
lation compounds have clearly displayed the greatly diversified
phenomena of optical excitations, as indicted in previously reported
simultaneous progress in high-resolution experimental observations
and delicate theoretical predictions. The rich vertical transitions due
to 7 electrons are easily modulated by the stacking configuration
(the sliding and rotational symmetries)!87:188:259:260 Javer number,
magnetic field, gate voltage, and valence hole or conduction electron
dopings (p- or n-type cases). The weak but significant van der
Waals interactions, which mainly arise from the interlayer position-
dependent 2p,-orbital hybridizations, play critical roles in deter-
mining the low-lying valence and conduction energy subbands, e.g.,
the unusual bandgaps and energy dispersions of monolayer, bilayer
AA and AB stackings, and trilayer AAA, ABA, ABC, and AAB
stackings. The Taylor expansions of the stable K/K’ valleys, which
are conducted on well-behaved crystal structures, could be completed
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by the effective-mass approximation. The analytic energy spectra
and wave functions are obtained from the exact diagonalization
method, e.g., those of the trilayer AAA, ABA, and ABC stackings
but not the ABA stacking. It should be noted that the low-
symmetry AAB-stacked graphene presents tine hopping integrals for
the well-fitting between the tight-binding model!0?-104.261 3nd VASP

42-45 Furthermore, this system has shown a narrow gap

simulations.
of ~10meV, strongly oscillatory/Sombrero-shape/parabolic energy
dispersions, and a high asymmetry of hole and electron subbands
about the Fermi level. In general, the concise relations among the
subband-index-defined energy subbands cannot survive because of
the complex contributions from the different layers and sublattices,
except for the AA-stacked systems with the highest symmetry. As a
result, it would be very difficult to observe and examine the optical
selection rules in 2D and 3D carbon-related mainstream materials.
There exist four kinds of 2D prominent absorption structures: (1)
the broadening shoulders (the parabolic band-edge states), (2) the
logarithmic divergences (the saddle points), (3) the delta-function-
like symmetric peaks (the dispersionless states), and (4) the asym-
metric peaks in the square-root forms (the 1D constant-energy loops
during the subband anticrossings or the parabolic LSs). On the other
hand, the 0D LLs and 1D LSs, which are created from a uniform
perpendicular magnetic field (as detailed in Section 2.2.1), are able
to show well-behaved magneto-optical selection rules (An = +1) and
the extra ones (An = 42, 3,4,... due to the LLs/LSs anticrossings).
However, such rules are totally absent for the undefined LLs since the
third-type magneto-electronic states display a lot of delta-function-
like peaks with lower intensities. The unique magneto-optical quasi-
particles are clearly revealed in few-layer graphene systems®’ 59
and AA-/AB-/ABC-stacked graphites.?%9:148,151,153-155,157,262, 263
For example, the trilayer ABA stacking is capable of displaying
nine categories of magneto-optical excitations with many merged
absorption structures, owing mainly to the highly asymmetric LL
spectra. Such concise absorption pictures clearly indicate the suc-
cessful development of a grand quasi-particle framework, which is
helpful in unifying a series of published books.
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1D planar graphene nanoribbons, which possess the longitudi-
nal open edges'??264 and the transverse width quantum confine-
ment,”! are able to clearly reveal the coexistence of geometry- and
magnetic-field-enriched selection rules. Such materials have a lot
of m-electronic valence and conduction energy subbands because
of the presence of many carbon atoms in a transverse primitive
unit cell (equal to the dimer-/zigzag-line number.??). Most of their
energy dispersions belong to the parabolic ones, as verified from
the high-resolution measurements of angle-resolved photoemission
spectra. Any graphene nanoribbons are small- and middle-gap
semiconductors, owing mainly to a strong cooperation among the
quantum confinement, the significant bond-length fluctuations, and
the ferromagnetic spin configuration on the same zigzag side/the
anti-ferromagnetic one across the nanoribbon center. The van Hove
singularities of parabolic energy dispersions and partially flat Landau
subbands, respectively, display the asymmetric peaks in the inverse
of square-root form and the delta-function-like symmetric peaks.
Through delicate calculations and analyses, the strong absorption
structures in armchair and zigzag systems are found to be only
present under the specific partnerships between the valence and
conduction subbands.?® Even the subband indices cannot serve as
a dominating quantum number with a physical meaning, which is
totally different from the decoupled angular momentum modes in
a cylindrical carbon nanotube.?”?> However, according to the ana-
lytic calculations, the subband-index-dependent wave functions have
close and strong relations between two valence/conduction/valence—
conduction subbands through hexagonal honeycomb symmetries.
As a result, the geometry-induced prominent absorption peaks
satisfy the different optical selections for the armchair and zigzag
graphene nanoribbons, where they are expressed as the number
difference of subband indices about the occupied and unoccupied
states. When the external magnetic field gradually grows in 1D
systems, the lower energy will start displaying the partially flat
Landau subbands with specific zero points. The magnetic wave
functions, which frequently appear at m-electronic states near k, = 0,
are similar to those of a well-defined oscillator. On the other
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hand, the quantum-confinement-enriched dispersive energy subbands
can present the original wave functions. These two kinds of wave
functions can show a strong competition between the magnetic and
quantum-confinement effects. The low-frequency and other frequency
ranges are, respectively, dominated by the symmetric and asymmet-
ric absorption peaks. The coexistent quasi-particle phenomena are
worthy of experimental examinations.

1D coaxial carbon nanotubes have cylindrical symmetries and
can create unusual optical/magneto-optical selection rules. The
main features of crystal structures, radii, chiralities, and stacking
configurations present strong relationships with the other essential
properties. The electric polarization of an electromagnetic wave
is parallel or perpendicular to the tubular axis. Through detailed
calculations,®? only the initial and final states, with the same angular
momentum, are available for clearly revealing the vertical transitions
through the 1D asymmetric absorption peaks for the first case.
Furthermore, their differences in angular momenta should be +1
in the second case. That is, Al = [€.]Y = 0 and +1, respectively,
for the parallel and perpendicular cases. Such optical selection rules
remain the same when carbon nanotubes are threaded by a parallel
magnetic flux. The decoupled angular momentum exhibits an obvious
variation from %Y to 1Y + /¢ (lux quantum of pohc/e) and
thus displays the periodic Aharnov-Bohm effect.?!217 Tt is a good
quantum number, accounting for the unchanged selection rules.
The theoretical predictions are thoroughly consistent with the high-
precision magneto-optical measurements. With the application of
non-parallel magnetic fields, the extra magneto-optical selection rules
are predicted to appear frequently in absorption spectra, e.g., the
coexistence of Al = 0,+1,+2, and £2. It is relatively easy to observe
more prominent absorption peaks using the perpendicular magnetic
field. Similar behaviors are induced by the transverse gate voltages
because of the strong coupling of the decoupled angular momentum
modes. More interestingly, the excited valence holes and conduc-
tion electrons simultaneously occur during the photon excitations.
These excited quasi-particles will further decay the inelastic scat-
terings, e.g., the electron—electron Coulomb interactions (as detailed
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in Section 2.2.2) and the temperature-dependent electron—phonon
scatterings. According to delicate and thorough calculations, their
Coulomb lifetimes strongly depend on the band property close to
the Fermi level. There are certain important differences among the
metallic (type-I), narrow-gap (type-1I), and middle-gap (type-III)
carbon nanotubes, such as the sensitive dependences on the angu-
lar momenta and wave vectors. The high-resolution experimental
measurements, which cover the time-resolved absorption spectra at
the specific frequencies, the photo-electron emission spectra about
the time-dependent Fermi-Dirac distributions, and the femtosecond
fluorescence spectra.

2.2.4. Mechanical stresses

Mechanical stress is a measure of the internal resistance exhibited
by a body or material when an external force is applied to it. This
phenomenon is expressed by the equation o = %, where R is the
resistive force and A is the unit area. Its value at any point can
be determined by considering that A goes to zero. Typically, we have
two kinds of mechanical stress: uniaxial normal and shear stress, in
which the former corresponds to homogenous deformations and thus
does not modify the material’s shape. The opposite is true for shear
stress.

Until now, a number of studies have considered mechanical
stress as one of the mainstream options and expected it to exhibit
diverse quasi-particle phenomena. This kind of physical perturbation
could be considered in the current development of the quasi-particle
framework. Many studies based on the first-principles method have
been considered for the strain effect on systems. For example,
the effects of mechanically deforming graphene/graphite remain to
be explored in detail and are published only in a few previous works.

How to examine the relationship among the featured elec-
tronic and optical properties is worthy of systematic investigation.
Similarly, reliable verifications of different physical properties require
high-precision experimental observations. For example, the X-ray
diffraction (XRD) peaks3%35 and the measurement of ARPES36:37 of
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the occupied energy spectrum can examine the crystal symmetry and
the energy gap in a band structure, respectively. The STS can be used
to identify the van Hove singularities in the DOSs. The reflectance,
absorption, transmittance, and photoluminescence spectra could be
examined using optical spectroscopies.?” 38

2.2.5. Thermal excitations
2.2.5.1. Phonon energy dispersions

Under the perturbations of an external field or temperature, the ion
cores will vibrate about their equivalence center. These vibrations
will gradually expand into the whole lattice due to the mutual
interactions between the atoms, and thus, the local excitations will
rapidly transfer into the collective excitation of all ions in the system.
From a quantum mechanics point of view, the lattice displacement
could be regarded as new quasi-particles and the associated quanta as
elementary excitations called phonons. The information about these
new quasi-particles is very useful to understand the dynamical and
electrical transport behaviors, e.g., the investigations of electron—
phonon interactions play a critical role in normal and superconduct-
ing transport properties.?”

The crystal potential U(r) of the lattice could be expressed
as a function of the displacement r. Since most of the phonon
excitations/atomic vibrations around the equivalence center are
much less than the lattice constant, the problem of phonon energy
dispersion could be easier to treat by adopting only the second-order
term of the Taylor expansion (Fig. 2.17). As has been discussed in
many textbooks, the phonon dispersions and their wave functions
could be obtained by diagonalizing the dynamical matrices:

. 1 ,
DY(k) = —m== ) Cije M,
7o

/MM

Analogous to that of the electrons, the first term Cj; in the
expression is related to the atomic interactions between the neigh-
boring atoms, while the second part e?*2ii corresponds to the phase
difference factors. To avoid self-interactions, the summation here is
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(a) (b)

Fig. 2.17. (a) A diatomic crystal structure with masses M; and M2 connected
by force constant C' between adjacent planes. (b) The vibration of the atoms
around the equilibrium position is really an anharmonic oscillator but can be
approximated as a harmonic oscillator at low energies or small displacements.

(a) (b)

Fig. 2.18. Neighboring atoms of a graphene plane up to the fourth nearest
neighbors for (a) an A atom and (b) a B atom at the center, denoted by the
red and blue circles, respectively. The first, second, third, and fourth neighboring
atoms are, respectively, denoted by the solid black circles, open squares, open
circles, and solid black squares.

usually taken over a few neighbors’ interactions respective to the
1th side. For example, the inclusion of at least four nearest atomic
interactions can reproduce the experimental phonon band structure
of 2D graphene (Fig. 2.18).

The dynamic behaviors and other thermal properties are thor-
oughly studied through the energy dispersion spectrum of the phonon
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Fig. 2.19. Graphene phonon band structure and corresponding phonon density
of states.

and the atom-decomposed phonon density of states. Moreover, such
information is also useful for calculating the electron—phonon prop-
erties.®®4! The essential properties of the phonon energy dispersions
could be further verified by the inelastic scattering of neutrons with
the emission or absorption of a phonon,*?%3 e.g.. the k% energy-
dependence of the out-of-plane ZA mode and the highest frequency
of the degenerate LO and TO modes at the I' point of 2D graphene

44,45 The harmonic

(Fig. 2.19) have been determined experimentally.
approximation has given very accurate phonon results for a variety of

materials, ranging from metals to semiconductors to complex oxides.

2.2.5.2. Phonon-phonon scatterings and thermal conductivity

The harmonic approximations have been discussed earlier as a very
efficient way to predict the phonon energy dispersions; However,
neglecting the anharmonic terms leads to some important conse-
quences, as follows: (i) The thermal expansion cannot be considered
since the back and forth vibrations are almost the same; (ii) the
volumetric heat capacity is maintained at a constant value at high
temperatures; and (iii) two phonons do not interact with each other
since the creation and destruction operators are applied to the same
phonon states.

These consequences are not possible when we take higher terms
in the expansion of the potential. The effects of the non-harmonic
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contributions could be easy to understand in a three-phonon scat-
tering process, in which two phonons states with frequencies wy
and wo scatter to produce a new phonon with frequency ws. The
thermal conductivity x is one of the properties directly related to
phonon—phonon couplings. In short, the general form of x could be
expressed as

1 2
K= v Z)\: Cr\v3Ty,

where C is the specific heat capacity, vy is the velocity of phonon,
and 7 is the phonon lifetime. The thermal conductivity & is limited
by the intrinsic three-phonon scattering process and by extrinsic

Fig. 2.20. Thermal conductivity data from experimental measurements (mark-
ers) and first-principles calculations for diamond, SiC, GaN, Si, GaAs, InSb,
SrTiOs, and PbTe.
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point defect scattering owing to isotopic impurities. For high-quality
semiconductors, the intrinsic anharmonic scattering rates 1/7¢"" are
determined from the scattering processes involving three phonons
that satisfy the conservation of energy and momentum: wy 4+ wy =

wyr and ¢ =+ ? = q¢" + G. The + signs correspond to the two
types of possible three-phonon processes, and Gis a reciprocal
lattice vector, which is zero for normal (N) processes and non-zero
for umklapp (U) processes. Under the theoretical framework of the
perturbation theory and Boltzmann transport equation (BTE), the

anharmonic scattering rates 1 /Tj\mh and, therefore, phonon thermal

conductivity of a wide range of materials could be determined
(Fig. 2.20).
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3D TRANSITION METAL-ADSORBED
GRAPHENE
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Abstract

The adsorption of manganese and chromium on graphene is inves-
tigated using first principles based on density functional theory.
The binding energy, optimal geometric structures, band structure,
density of states, charge density, and charge density difference, spin
distribution, and magnetic moment of each adatom-adsorbed graphene
system are calculated in detail. The calculated results show that the
most stable adsorption positions of both Mn and Cr on graphene
are hollow sites. The calculated adsorption of all systems illustrates
strong hybridization between transition metal adatoms and graphene,
as well as metallic behavior. Besides, the positive magnetic moment
shows that the Mn- and Cr-adsorbed graphenes have ferromagnetic
configurations. The electronic and magnetic properties of Mn- and Cr-
adsorbed graphenes reveal that the transition metal-adsorbed graphene
systems have potential for applications in the future.

Keywords: Graphene, Transition metals absorbance, electronic
properties.

3.1. Introduction

Nearly two decades since its discovery in 2004, graphene has
continued to attract the attention of many scientists thanks to its
remarkable physical and chemical properties, such as high electron
mobility and the half-integer quantum Hall effect.! Since its
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discovery, graphene has been considered a potential material for
many products, including its use in manufacturing lithium batter-
ies,% electronic devices, and gas sensors.”® Besides its interesting
properties, graphene is a zero-gap semiconductor, which leads to
many limitations in its application.” In order to expand its potential
applications, many chemical transformations have been studied,

10712 iptercalation,'31° heterojunction,'6~® and

such as substitution,
adsorption.’® 2! Among the chemical modifications, the adsorption
of graphene has attracted considerable attention from both exper-
imental and theoretical studies.?>?3 Adsorbents play an important
role in the reconstruction of graphene, as well as conferring remark-
able properties on the new structure. Recently, graphene metal-
doped structures have become the focus of adsorption studies. The
transition metals, after being adsorbed onto graphene, have become
one of the main causes of the magnetic properties of graphene.
The adsorption samples thus show promise as potential materials for

24,25 T this chapter,

application in spintronic devices and batteries.
we focus on the essential electronic and magnetic properties of
graphene upon the adsorption of 3d transition metals (X = Mn, Cr).

Transition metals, when adsorbed onto different substrates,
offer various potential applications, such as hydrogen stores,?6-28
spintronics,??3Y and transistors.?132 The materials used to make
up the substrates need to be sufficiently inert to avoid strong
interactions with the adsorbent but must also bind to it. As with
previous research results, graphene is considered a good candidate
because it has a sufficiently inert base plane. Transition metal
atoms adsorb onto the graphene surface, resulting in interesting
modifications to the honeycomb lattice structure of the carbon atoms
without disrupting it completely. Moreover, the geometric structure,
electronic properties, and magnetic properties strongly depend on the
adsorption concentrations of different types of atoms as well as their
distribution on the substrate surface. To obtain complete information
on the variety of fundamental properties that the adsorbent exerts on
the substrate, we investigated the binding energies, the most stable
site, bond lengths, the height between transition metals and the
graphene surface, the band structure, the orbital-projected density
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of states, the charge density, and the spin-density distributions of
pristine graphene and Mn- and Cr-adsorbed ones with different
concentrations. Based on first-principles calculations, the analyses
of the detailed results can provide useful information about the
multi-orbital hybridizations and the competitive relations in the
honeycomb lattice of graphene before and after adsorption. The reli-
able results of our research can be very helpful in the design and
development of potential future applications.

3.2. Computational Method

In this study, we investigated the electronic and magnetic properties
of Mn- and Cr-adsorbed graphene based on density functional
theory (DFT)333 using the Vienna Ab-initio Simulation Package
(VASP)39 42 software. To fully explore the spin-dependent magnetic
configurations, GGA+U is utilized to deal with the single- and
many-particle intrinsic interactions.*®»4* This simulation method
principally covers the frequent electron—ion scatterings due to the
atom-dependent crystal potentials. The projector-augmented wave
(PAW) method?®®*® was used to characterize the valence electron
and ionic interactions, whereas the electron—electron Coulomb inter-
actions belong to the many-particle exchange and correlation energies
under the Perdew—Burke-Ernzerhof generalized gradient approxima-
tion method.*® To exclude van der Waals interactions between the
two nearest unit cells, the vacuum distance in the z-direction was set
to 15 A. The cutoff energy for planar wave base expansion was set to
600 eV, which is available in the calculations of Bloch wave functions.
To optimize the structure, the central sampling technique was used
to integrate the Brillouin region®” with a 30 x 30 x 1 unique k-point
grid and then with 100 x100 x 1 k-points for calculation of the
electronic and magnetic properties. Equivalent k-point meshes were
built for other enlarged cells depending on their sizes. A ground-state
convergence condition of 1078 eV between two successive simulation
steps was set. The atoms can fully expand during the geometric
optimization until the Hellmann-Feynman force®'3 acting on each
particle is less than 0.01 eV.
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3.3. Discussion and Results
3.3.1. Geometric structure

The essential properties of graphene after adsorption of transition
metals are investigated for the distinct adatoms and the vari-
ous concentrations. The optimal geometric structures of Mn- and
Cr-adsorbed graphenes are displayed in Figs. 3.1 and 3.2, respec-
tively. Based on the calculated results, the most stable adsorption
site of transition metals on graphene is the hollow position, which has
been reported in previous theoretical studies.?* 255456 The geomet-
ric structure of X-adsorbed graphene has two kinds of bonds, namely
the C—C and X-C bonds. The bond lengths and heights of the transi-
tion metal adatoms relative to the graphene surface are significantly
dependent on the adatom structures, as shown in Table 3.1. The top
and side view configurations of X-adsorbed graphene do not create a
buckling structure at various concentrations. That means the planar
lattice of pristine graphene remains flat, so that chemisorption of the
transition metals hardly changes the sigma bond by the p orbitals

(a) (b) (c)

(d) (e) (f)

Fig. 3.1. The geometric structures of Mn-adsorbed graphene with top and side
views under various concentrations: (a) Mn:C = 1:8 (12.5%), (b) Mn:C = 1:18
(5.6%), (c) Mn:C = 1:32 (3.1%), (d) Mn:C = 1:50 (2.0%), (e) Mn:C = 2:50 (4.0%),
and (f) Mn:C = 4:50 (8%).
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(b)

(c)

()

Fig. 3.2. The geometric structures of Cr-adsorbed graphene with top and side
views under various concentrations: (a) Cr:C = 1:8 (12.5%), (b) Cr:C = 1:18
(5.6%), (c) Cr:C = 1:32 (3.1%), (d) Cr:C = 1:50 (2.0%), (e) Cr:C = 2:50 (4.0%),
and (f) Cr:C = 4:50 (8%).

Table 3.1. The calculated C—C and C-X bond lengths, adatom heights (h),
binding energies (E4), energy gaps (Ey), and magnetic moments (M) per unit
cell of (Mn, Cr)-adsorbed graphene systems. All the samples have the adsorbed
adatoms arranged in a zigzag direction.

Bond length (A)

h M E, E,
Samples X:C c-C C-X (A)  (ug) (eV) (eV)
Pristine — 1.42 — — — — —
graphene
Mn 8 (12.5%) 1.41-1.42 2.55-2.63 2.49 5.17 0 —5.07
1 18 (5.6%) 1.41-1.44 2.52-2.58 2.48 5.23 0 —5.22
1:32 (3.1%) 1.42-1.43 2.51-2.58 2.43 5.44 0 —5.22
1:50 (2.0%) 1.42-1.43 2.55-2.52 241 5.47 0 —5.22
2:50 (4.0%) 1.42-1.44 2.54-2.61 2.47 10.7 0 —10.43
4:50 (8.0%) 1.42-1.43 2.43-2.54 240 20.9 0 —20.96
Cr 8 (12.5%) 1.40-1.44 2.50-2.59 2.48 5.50 0 —-3.97
l 18 (5.6%) 1.41-1.43 2.53-2.59 243 5.62 0 —5.52
1:32 (3.1%) 1.41-1.44 2.49-2.57 241 5.64 0 —5.52
1:50 (2.0%) 1.42-1.43 2.56-2.52 2.40 5.65 0 —5.62
2:50 (4.0%) 1.42-1.43 2.54-2.62 2.48 11.2 0 —11.23
4:50 (8.0%) 1.42-1.43 2.54-2.62 247 223 0 —22.36
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of the carbon atom in graphene. The C-C bonds in graphene
undergo a slight change in the range of 1.41-1.44 A, which indicates
that transition metals tend to induce small modifications in the
sigma bonds. Besides, when concentration decreases, the X—C bond
lengths and the adatom heights also decrease. Specifically, the
Mn-C and Cr-C bond lengths lie in the ranges of 2.52-2.63 A
and 2.49-2.62 A, respectively. The Mn atom height increase from
2.40 to 2.49A, corresponding to the increase in concentration.
Similarly, the Cr atom height increases from 2.41- to 2.48 A with the
increase in concentration. When the transition metal concentration
is increased, the X-C bond lengths and adatom heights of all
adsorbed systems are enlarged. Moreover, we calculated the binding
energy (FEjp) to gauge the stabilities of the graphene after adsorption,
which characterizes the lowered total ground-state energy. The
binding energy is calculated according to the following formula:

Ey = (Etotal - Egra - ’I’LEX)/TL

where Fioq is the total energy of the adsorbed graphene, and Eg,
and Ex are the isolated energies of the graphene monolayer and the
transition metal atoms, respectively. n is the number of transition
metal atoms. The more negative the values of the binding energy, the
more stable the structure. Specifically, at the same concentrations,
Mn-adsorbed graphene structures are less stable than Cr-adsorbed
ones. In addition, the stabilities of the adsorbed systems rise, which
corresponds to the increasing concentrations.

3.3.2. Daiversified electronic and magnetic properties

To gauge the major characteristics of the electronic properties
of transition metal-adsorbed graphene, we investigated the band
structures along the high-symmetry direction. The band structures
of Mn- and Cr-adsorbed graphenes are depicted in Figs. 3.3 and 3.4,
respectively. The pristine graphene structure (shown in Fig. 3.3(a))
has a linear valence band that intersects a conduction band at
the K point. According to previous theoretical studies,?®"%® the
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(a) (b) (c) (d)

Fig. 3.3. The band structure of pristine graphene and Mn-adsorbed graphene
with different concentrations: (a) pristine graphene, (b) Mn:C = 1:8 (12.5%),
(¢) Mn:C = 1:18 (5.6%), and (d) Mn:C = 1:32 (3.1%). The black and red
dashed curves correspond to spin-up and spin-down states. The green dashed
line indicates the location of the Fermi level.

Dirac point is the point of intersection, which is located at the
Fermi level (E = 0 eV). The Dirac cone structures at the low-
lying energy states created by the sp? orbitals of (2s, 2p,, 2py)
form strong covalent bonds between the nearest-neighbor carbon
atoms, and their perpendicular 7 bonds come from the 2p, orbitals.
Specifically, the o orbitals take shape in the valence band at the
deeper-energy range of E < —2.5 e€V. The 7 and 7* conduction
bands contribute to the band structures at energy states less than
2.5 eV. Besides, the saddle points of the middle-energy bands
are located at the M points. The low-lying Dirac cone structure
of graphene slightly changes after the adsorption of a transition
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(a) (b) (c) (d)

Fig. 3.4. The band structure of pristine graphene and Cr-adsorbed graphene
with different concentrations: (a) pristine graphene, (b) Cr:C = 1:8 (12.5%),
(¢) Cr:C = 1:18 (5.6%), and (d) Cr:C = 1:32 (3.1%). The black and red
dashed curves correspond to spin-up and spin-down states. The green dashed
line indicates the location of the Fermi level.

metal. For the various concentrations, all adsorbed systems have
metal structures, which can be seen from the site of the Dirac
cone configuration compared with the Fermi level. For the 12.5%
concentration (shown in Figs. 3.3(b) and 3.4(b) for Mn-adsorbed
graphene) and the 3.1% concentration (Figs. 3.3(d) and 3.4(d) for
Cr-adsorbed graphene), the Dirac point appears in the valence bands
at the K point. Conversely, for the 5.6% concentration, this point
appears at the I' point, as illustrated in Figs. 3.3(c) and 3.4(c).
The Dirac cone structure created by the 2p, orbitals of C atoms
in pristine graphene changes from isotropic to anisotropic in the
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presence of the adatom-dominated bands. Moreover, the transition
metal-adsorbed graphene systems have spin—state separation. The
new bands created in the energy range of 2 to —3 eV are mainly
contributed by a transition metal, as marked by the pink and
blue circles for Mn and Cr atoms, respectively. Specifically, for
Mn-adsorbed graphene, the Mn atoms dominate the valence states
in the spin-up band structure (Figs. 3.5(b), 3.6(b), and 3.7(b)). On
the contrary, in the spin-down band structure, the Mn atoms make
major contributions to the conduction bands (Figs. 3.5(c), 3.6(c),
and 3.7(c)). The Cr-adsorbed configurations exhibit domination
of the Cr atoms, similar to Mn-adsorbed systems, except for the
case with 12.5% concentration (Figs. 3.8-3.10). For Cr-adsorbed

(a) (b) (c)

Fig. 3.5. Valence hole and conduction electron energy spectra for Mn:C = 1:8
(12.5%) along the high-symmetry points of the first Brillouin zone: (a) the total
band structure with the black and red curves corresponding to the spin-up and
spin-down states, (b) the band structure for the spin-up states, and (c) the band
structure for the spin-down states. The pink circles represent the contributions
of Mn atoms. The green dashed line indicates the location of the Fermi level.
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(a) (b) (c)

Fig. 3.6. Valence hole and conduction electron energy spectra for Mn:C = 1:18
(5.6%) along the high-symmetry points of the first Brillouin zone: (a) the total
band structure with the black and red curves corresponding to the spin-up and
spin-down states, (b) the band structure for the spin-up states, and (c) the band
structure for the spin-down states. The pink circles represent the contributions
of Mn atoms. The green dashed line indicates the location of the Fermi level.

graphene with 12.5% concentration, the Cr atom dominated both
the conduction and valence bands near the Fermi level in the spin-
up band structure, while only contributing to the conduction bands
in the spin-down configuration. This indicates that transition metals
make major contributions to the low-lying energy states near the
Fermi level. Based on the previous studies, the Mn-/Cr-adsorbed
graphene structures are classified as magnetic materials.?%2% 5% The
calculated results show that Mn- and Cr-adsorbed structures have
spin-up and spin-down energy splitting. Moreover, as noted in
Table 3.1, they possess positive magnetic moment values, indicating
that the adsorbed systems have ferromagnetic configurations (as
shown in Figs. 3.3 and 3.4).
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(a) (b) (c)

Fig. 3.7. Valence hole and conduction electron energy spectra for Mn:C = 1:32
(3.1%) along the high-symmetry points of the first Brillouin zone: (a) the total
band structure with the black and red curves corresponding to the spin-up and
spin-down states, (b) the band structure for the spin-up states, and (c) the band
structure for the spin-down states. The pink circles represent the contributions
of Mn atoms. The green dashed line indicates the location of the Fermi level.

To understand the orbital hybridization as well as the changes
in the electronic properties, we calculated charge density (presented
in Figs. 3.11(a)-3.11(d) and Figs. 3.12(a)-3.12(d)) for Mn- and
Cr-adsorbed graphenes, respectively) and the charge density dif-
ferences (shown in Figs. 3.11(e)-3.11(g) and Figs. 3.12(e)-3.12(g),
respectively). The latter is defined as the total charge density of
adsorbed graphene minus the charge densities of graphene and
transition metal atoms. The red region between the two nearest-
neighbor carbon atoms illustrates the exit of the strong o bonds,
as presented in Figs. 3.11(a)-3.11(d) and Figs. 3.12(a)-3.12(d).
Besides, the charge density differences of Mn-/Cr-adsorbed graphene
exhibit a slight modification compared to those of pristine graphene.
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(a) (b) (c)

Fig. 3.8. Valence hole and conduction electron energy spectra for Cr:C = 1:8
(12.5%) along the high-symmetry points of the first Brillouin zone: (a) the total
band structure with the black and red curves corresponding to the spin-up and
spin-down states, (b) the band structure for the spin-up states, and (c) the band
structure for the spin-down states. The blues circles represent the contributions
of Cr atoms. The green dashed line indicates the location of the Fermi level.

The yellow regions in Figs. 3.11(e)-3.11(g) are described as having
van der Waals interactions between the Mn and C atoms. A similar
observation is made in the Cr- adsorbed samples. This implies
the existence of multi-orbital hybridization between the (3d, 4s)
orbitals of the adatom and the 2p, orbitals of the C atoms. At high
concentrations, the values of charge density differences are larger
than their values at low concentrations.

The density of states (DOS) can provide full information about
orbital hybridization as well as their contributions to chemical bonds.
The band-edge states in the band structure are reflected by the
form, number, and energy of the special configurations in the DOS.
To observe the change in DOS after the adsorption of transition
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(a) (b) (c)

Fig. 3.9. Valence hole and conduction electron energy spectra for Cr:C = 1:18
(5.6%) along the high-symmetry points of the first Brillouin zone: (a) the total
band structure with the black and red curves corresponding to the spin-up and
spin-down states, (b) the band structure for the spin-up states, and (c) the band
structure for the spin-down states. The blues circles represent the contributions
of Cr atoms. The green dashed line indicates the location of the Fermi level.

metals, we calculated the DOS of the pristine graphene structure.
Figure 3.11(a) shows that the 2p.2p, orbital bonds of C atoms
created a pair of significantly symmetric peaks near the Fermi level,
which dominated the DOS in the energy range of —2.5-2.5 eV.
Besides, the isotropic Dirac cone structure of pristine graphene causes
the DOS value to be equal to zero at the Fermi level. After the
adsorption of Mn and Cr atoms, the DOS of C atoms undergoes many
changes. The complex van Hove singularities in the orbital-projected
DOS show the drastic multi-orbital hybridization in X—-C and C-C
bonds. The (3dgy, 3dy., 3d.., 3d,2, 3d,2_,2, 4s)-orbitals of transition
metals dominated some unusual van Hove singularities in the DOS
of the adsorbed systems. For the Mn-adsorbed graphene structures,
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(a) (b) (c)

Fig. 3.10. Valence hole and conduction electron energy spectra for Cr:C = 1:32
(3.1%) along the high-symmetry points of the first Brillouin zone: (a) the total
band structure with the black and red curves corresponding to the spin-up and
spin-down states, (b) the band structure for the spin-up states, and (c) the band
structure for the spin-down states. The blues circles represent the contributions
of Cr atoms. The green dashed line indicates the location of the Fermi level.

at high concentrations, the orbital hybridizations of (3d., 3d,.) and
(3day, 3dg2_y2y, and their hybridization with 3d.. mainly dominated
the prominent peaks near the Fermi level. On the other hand, at
low concentrations, it is difficult to distinguish the contributions of
the (3dgy, 3dyz, 3dgz, 3d,2, 3d,2_,2, 4s)orbitals of the Mn atoms
and the 2p, of the C atoms, indicating significant hybridization in
the Mn—C bonds. The orbitals of the Mn atoms dominated the spin-
up DOS in the range of —4 to —2 eV, while the spin-down states
are contributed by them at energies ranging from 0 to 2 eV, as
shown in Fig. 3.13. For the Cr-adsorbed graphene systems, at high
concentrations, there exist the complex multi-orbital hybridizations
of (3dyy, 3dyz, 3dsz, 3d,2, 3d,2_,2, 4s)-orbitals of Cr atoms and 2p,
orbitals of C atoms in both the spin-up and spin-down states at
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(a)

(b) (e)

(c) (f)

(d) (8)

Fig. 3.11. The spatial charge density of Mn-adsorbed graphene: (a) pristine
graphene and isolated Mn atom, (b) Mn:C = 1:8 (12.5%), (¢) Mn:C = 1:18 (5.6%),
and (d) Mn:C = 1:32 (3.1%). The corresponding charge density differences of
Mn-adsorbed graphene are shown in (e)—(g), respectively.

the Fermi level. In addition, at low concentrations, there exist the
hybridizations of (3d;., 3d.2, 3d,2_,2)-orbitals in the spin-up states
at energies ranging from —1.5 to 0 eV, while their hybridizations
exist in the range of 2-4 eV in the spin-down states (as shown in
Fig. 3.14). Moreover, the DOS corresponds to the results from the
band structures and spatial charge densities that the sigma bonds
between carbon atoms do not participate in the X—C bonds.
Besides diverse electronic properties, graphene after transition
metal adsorption also exhibits interesting magnetic properties. To
obtain more useful information about this property, we calculated
the spin-density distributions, as is clearly illustrated in Fig. 3.15.
All the samples have the spin-up states mainly dominating the spin-
density arrangement, except at the high-concentration levels of Cr-
adsorbed graphene, which corresponds to the behavior of spin split
in the band structure (as shown in Figs. 3.3-3.10) and the DOS of
transition metal orbitals (Figs. 3.13 and 3.14). The magnetic moment
of the adsorbed systems is sensitive to the adatom concentrations
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(a)

(b) (e)

(c) ()

(d) (2)

Fig. 3.12. The spatial charge density of Cr-adsorbed graphene: (a) pristine
graphene and isolated Cr atom, (b) Cr:C = 1:8 (12.5%), (c) Cr:C = 1:18 (5.6%),
and (d) Cr:C = 1:32 (3.1%). The corresponding charge density differences of
Cr-adsorbed graphene are shown in (e)—(g), respectively.

(a) (b)

(c) (d)

Fig. 3.13. The orbital-projected density of states of pristine graphene and
Mn-adsorbed graphene with different concentrations: (a) pristine graphene,
(b) Mn:C = 1:8 (12.5%), (c) Mn:C = 1:18 (5.6%), and (d) Mn:C = 1:32 (3.1%).
The green dashed line indicates the location of the Fermi level.
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(a) (b)

() (d)

Fig. 3.14. The orbital-projected density of states of pristine graphene and
Cr-adsorbed graphene with different concentrations: (a) pristine graphene,
(b) Cr:C = 1:8 (12.5%), (c) Cr:C = 1:18 (5.6%), and (d) Cr:C = 1:32 (3.1%).
The green dashed line indicates the location of the Fermi level.

(a) (b) (c)

(d) (e) )

Fig. 3.15. The spin-density distributions of Mn- and Cr-adsorbed graphenes
with top and side views under various concentrations: (a) Mn:C = 1:8 (12.5%),
(b) Mn:C = 1:18 (5.6%), (c¢) Mn:C = 1:32 (3.1%), (d) Cr:C = 1:8 (12.5%),
(e) Cr:C = 1:18 (5.6%), and (f) Cr:C =1:32 (3.1%). The red and green iso-surfaces
display the charge density of spin-up and spin-down structures, respectively.
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and distribution structures (Table 3.1). For the various concentra-
tions, the magnetic moments are 5.12-20.9 pup and 5.5-22.3 up
for Mn- and Cr-adsorbed graphenes, respectively. Their positive
values imply that both Mn- and Cr-adsorbed graphenes display
ferromagnetic behavior. The ferromagnetic moments of Cr-adsorbed
graphene are slightly higher than those of Mn-adsorbed systems. In
addition, the magnetic moment values rapidly increase in the order
of the increasing concentration, which can be due to the interaction
between adatoms. The above results reveal that transition metals
can create diverse magnetic properties on graphene surfaces.

3.4. Conclusions

The calculated results reveal that the chemical and physical proper-
ties of graphene after the adsorption of transition metals are enriched
by the distribution and concentration of adatoms. The most stable
site of the Mn/Cr atom adsorbed on graphene is the hollow position.
The geometric, electronic, and magnetic properties of Mn-/Cr-
adsorbed graphene with different concentrations have complicated
orbital hybridizations between the (3d.y, 3dy., 3ds., 3d,2, 3d,2_,2,
4s) orbitals of the transition metal atoms and the 2p, orbitals of the
C atoms. Transition metals mainly dominated the low-lying energy
states near the Fermi level in the band structures. After adsorption,
graphene systems show an anisotropic and spin-split Dirac cone
configuration. Besides, the Dirac point changes its position when
compared to that in pristine graphene. In addition, the spin-density
distribution reveals that all adsorbed graphene structures exhibit
ferromagnetic metallic behavior.
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Abstract

Lanthanum (La) and cerium (Ce) atom-adsorbed graphene systems are
investigated for a thorough understanding of the strongly coupling effects
associated with the very complicated quasi-particle 4f orbital charges
and spin configurations, such as the significant covalent bonds of C-sp3
and La-5d5/Ce-4f7 orbitals and their non-magnetic/ferromagnetic spin
configurations. Their quasi-particle behaviors are expected to present
a sharp contrast with those observed in alkalizations, oxidations, and
halogenations.

Keywords: Graphene, 4f rare-earth elements, absorbance, electronic
and optical properties.

4.1. Introduction

To date, a periodic table’? shows the dominating roles in the basic
and applied sciences and can provide the unusual atomic configura-
tions. Its main features are very useful in fully understanding the
critical mechanisms and presenting a concise picture of any system,
specifically the various crystal structures closely related to the active
orbitals of pure elements.
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So far, the experimental and theoretical studies have clearly
indicated the following three kinds of atomic orbitals according
to the real chemical bonds: (i) (s, psz, py, pz) orbitals of group
[-VIII systems,®© (ii) dy., day, ds2, dgs, and dg2_,2 orbitals of
transition metal atoms (e.g., Fe/Co/Ni/Cu/Ag/Au”® with 3d or 4d
orbitals), and (iii) 4fy,., 4f, .2, 4f,s, 4f; .2, AL, (2 342y, Apa2_3,2),
4fy (2 _3,2) orbitals of rare-earth metal atoms (from Ce to Lr
atoms with 4f and 5f orbitals). These charge distributions are
capable of building weak, strong, or dramatic orbital hybridiza-
tions, leading to diversified materials, e.g., the graphene-related
systems (graphite systems,” '? /layered graphene systems!! /graphene
nanoribbons!? 14 /carbon nanotubes!® 7 /fullerenes'® ). In general,
these condensed-matter crystals expose the highly anisotropic and
non-uniform environments?? %2 of chemical and physical engineering,
mainly owing to the very prominent covalent bonds.

23,24

Both chemical modifications and physical perturba-

tions?® expose the adsorptions?® 28 /substitutions?” /intercalations®’ /

32 composites, which can greatly diver-

decorations?! /heterojunction
sify the composite quantum quasi-particles, as well as a uniform
perpendicular magnetic field, an electric field, their spatially modu-
lated fields, the superposition of uniform and non-uniform fields, elec-
tromagnetic (EM) waves,?® time- and position-dependent Coulomb
fields,3* mechanical stresses,?® 36 or thermal excitations.?” 38

In this study, the Lanthanum (La) and Cerium (Ce) atom-
adsorbed graphene systems are investigated for a thorough under-
standing of the strongly coupling effects associated with the very
complicated quasi-particle 4f-orbital charges and spin configurations,
such as the significant covalent bonds of C-sp? and La-5d°/Ce-4f"
orbitals and their non-magnetic/ferromagnetic spin configurations.
Their quasi-particle behaviors are expected to present a sharp
contrast with alkalizations, oxidations, and halogenations. How to
commence the simultaneous progress among the Vienna Ab-initio
Simulation Package (VASP) simulations, phenomenological models,
and experimental observations is also one of the focuses of this study,
as clearly illustrated in the previously published works?%:21,39-43
Apparently, the geometric, electronic, and optical properties of the

La and Ce atoms adsorbed on monolayer graphene are determined
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using first-principles simulations based on the VASP software.
The concentration and arrangement dependents are explored. The
orbital hybridizations in the chemical bonding are achieved by the
delicate analysis of the atom-dominated energy band structure,
the spatial charge densities and charge density distribution, and the
projected van Hove singularities in the density of states (DOS). The
magnetic properties of the host and guest adatoms can be compre-
hensively determined through the spin-split/spin-degeneracy energy
band structure, the partial/net magnetic moments, the spatial spin-
density distribution, and the polarized DOS. In particular, the orbital
character of the band-edge states was used to identify the optical
excitations, e.g., the threshold frequency and the special prominence
peaks in the optical adsorption spectrum; furthermore, the collective
optical excitations could also be understood from the dielectric and
electron energy loss functions. We can connect electronic and optical
excitations. All results reported in this chapter are required to be

tested with high-resolution experimental techniques.**45

4.2. Computational Details

For the current analysis, we used the density functional theory
(DFT) method?!:46:47 based on the VASP#® software to perform
the optimization of crystal structures and the calculations of the
electronic properties. The Perdew-Burke-Ernzerhof (PBE)* gener-
alized gradient approximation was used for the exchange—correlation
functional. The interaction between the valence electrons and ion
cores was evaluated using the projector-augmented wave (PAW)
method.?® The cutoff energy for the expansion of the plane wave basis
is set at 400 eV for all calculations. The Brillouin zone was integrated
with special k-point meshes of 25 x 25 x 1 and 30 x 30 x 1 in the
Monkhorst—Pack sampling technique for geometric relaxation and
electronic/optical calculation, respectively. The convergence condi-
tion of the ground state is set to be 1075 eV between two consecutive
simulation steps, and all atoms were allowed to fully relax during
the geometric optimization until the Hellmann Feynman force’!
acting on each atom was smaller than 0.01 eV/A. Spin-polarized
calculations were performed for the geometric optimization and
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calculation of the band structure.’? In the k-point sample, the cutoff
energy was checked for convergence of the calculations. Besides,

39-41 without electron—hole

we can consider the optical excitations
interactions. When the quasi-particle energies were obtained within
the approximation for the self-energy, the cutoff energy for the
response function was set to 400 eV, and a 20 x 20 x 20 I'-centered
k-point sampling was used to represent reciprocal space. These can

be described by the Kubo formula:®?

8m2e?

w2

D lewk|v]ek) 6w — (Buc — Eu)) (f(E” (k) = f(E(K)).

vck

e2(w)

The |e(vk|v|ck)|? term is the square of the electric moment and is
responsible for the strength of the excitation peaks. §(w—(Ex—Fyk))
is the combined DOS and is useful to provide the available excitation
transition channels, and (f(E"(k) — f(E°(k)) goes to 1. In addition,

54

other optical properties, such as the energy loss function,”* can be

obtained from the dielectric function through the following relation:

B £2(w)
L) =2+ aw

4.3. Results and Discussions

La and Ce adatom adsorption monolayer graphene can form unusual
geometric structures. The La-/Ce-related graphene network is mod-
eled with La/Ce atoms in five cases, named as v/3 x /3, 2v/3 x 2v/3,
21/3x2v/3, 6x6, and 6 x 6, in which the corresponding concentrations
are 16.67%, 8.30%, 4.20%, 2.80%, and 1.40%, respectively. The most
stable configurations are the hollow sites, regardless of the rare-
earth type and concentration. This could be verified through STM
measturements.>? %6

Apparently, La-/Ce-adsorbed graphene systems are stable under
single-side adsorption, with specific distributions and concentrations,
as indicated in Fig. 4.1 and Table 4.1. It is very difficult to form high-
concentration adsorption systems since the La/Ce radius is very big
and the Coulombic repulsive interactions between them are signifi-
cant within a short distance. Apparently, pristine graphene belongs



4f Rare-Earth Element-Adsorbed Graphene 145

(a) (b) ()

(d) ()

Fig. 4.1. Geometric structures of rare earth (RE) (La/Ce atoms)-adsorbed
graphene (C) corresponding to five cases: (a) 1:6, (b) 1:24, (c) 2:24, (d) 1:72,
and (e) 2:72 armchair stable configurations.

to hexagonal primitive unit cells with two atoms in the unit cells.
The lattice constant and the C—C chemical bond length are 2.46 and

57,58 which agree well with previous theoretical

1.42 A, respectively,
and experimental results. As the highest La/Ce concentrations are
reduced to the lowest ones, the C—C bonds nearest to the adatom
and the RE-height are varied from 1.429 to 1.439 A and 2.595 to
2.742 A, respectively. These phenomena are strongly related to the
orbital hybridizations in La—C/Ce-C bonds.

We analyzed pristine graphene with a 3 x 3 superlattice, which
belongs to zero-gap semiconductors at I" points (Fig. 4.2(a)). Appar-
ently, the m bands near the Fermi level are contributed by 2p,—2p.
in the C—C bonds. The 7 and 7* bands are highly asymmetrical at "
points. Also, the o-electronic energy bands with a local minimum
of ¥ = —4.00 eV at the I' point arise mainly from 2p, and
2p, bonds. The electronic properties of the graphene monolayer
are enriched by tuning the rare-earth concentration. Considering
the cases of La-/Ce-adsorbed graphene, the energy bands are



Table 4.1. Calculated C-C and C-RE bond lengths, adatom heights, and total magnetic moment per unit cell
of La- and Ce-adsorbed graphenes.

Nearest RE
Adatom  Unit cell Concentration C-C (A) RE-C height (A) Bulkling (A) Mx (1p)

La V3 x/3 1: 6 (16.67%) 1.429 2.742 2.34 0 0
2v/3 x 2/3 2:24 (8.3%) 1.434 2.669 2.26 0 0
2v/3 x 2V/3 1:24 (4.2%) 1.439 2.595 2.16 0 0
6 x 6 2:72 (2.8%) 1.440 2.610 2.18 0 0
6 x 6 1:72 (1.4%) 1.436 2.685 2.27 0 0
Ce V3 x 3 1: 6 (16.67%) 1.426 2.721 2.32 0
2v/3 x 2V/3 2:24 (8.3%) 0
2v/3 x 2V/3 1:24 (4.2%) 0 0.732
6x6 1:72 (1.4%) 0
6x6 2:72 (2.8%) 0

Il
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Fig. 4.2. Quasi-band structure of La-adsorbed graphene, corresponding to stable
configurations: 1:6, 2: 24, 1:24, 2:72, and 1:72.

dramatically shifted by the La/Ce adsorptions at low concentrations,
and the modified Dirac cone structure could be observed (Figs. 4.3
and 4.4). It means that these systems are negative type or blueshifted
with respect to the Femi level. Moreover, there exist spin-up and
spin-down energy bands splitting near the K and M points of
Ce-adsorbed graphene. By contrast, it is true for the case of La
doping. In particular, all the La-/Ce-adsorbed graphene types exhibit
metallic or semi-metallic behavior. The La/Ce concentrations are
contributed to focus at unoccupied states and flat subbands near
the Fermi level at occupied states. In broad terms, there exist
dramatically modified low-lying energy dispersions owing mainly to
the highly non-uniform environment of an enlarged unit cell and more
significant or complicated interlayer orbital hybridizations.
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Fig. 4.3. Project-quasi band structure of La atom-adsorbed graphene (green
circles).

The spatial charge density distributions/charge density differ-
ences (Fig. 4.5) are the first step in understanding the orbital
hybridizations in all C-C, La-C, and Ce-C bonds of La-/Ce-
adsorbed graphene. Indeed, there are three kinds of chemical bonds
in the honeycomb lattices that could survive simultaneously. The
o electronic orbital hybridizations, with a high charge density in
the C—C bonds, are slightly affected by the La or Ce adsorptions,
corresponding to a slight variation in charge density or a minor
charge density difference. This is responsible for a rigid redshift of
the o energy bands and the absence of co-domination of the La/Ce
and C atoms in the valence band. In significantly contract, the slight
modifications of the m bondings are absorbed through variations in
the charges between C and La-/Ce- atoms. These features suggest
the existence of C-(2p.) —La-(5dy., 5duy, 5d.2, 5du., 5dz2_,2)/
C—(2pz)— Ce-(4fmyz, 4fy227 4fz3, 4fm227 4fz(m2—3y2)7 4fx(m2—3y2)7
4f, (2 _342)), accounting for the (C, La), (C, Ce) co-domination of con-
duction bands. In addition, the La-La/Ce-Ce bonds are very weak
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Fig. 4.4. Quasi-band structure of Ce-adsorbed graphene, corresponding to stable
configurations: (1:6, 1:24, and 1:72). Project-quasi band structure of Ce atom-
adsorbed graphene (green circles).
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(a)

(b)

Fig. 4.5. (a) La and Ce single atoms and the (b) side and (c¢) top views of
charge density distributions and charge density difference at the 16.67% highest
concentration in La-/Ce-adsorbed graphene.

but rather important (5d,., 5duy, 5d.2, 5dsz, 522 — (5dy,
5dxy, 5d22, 5dxz, 5dm2_y2 and (4fmyz, 4fy22, 4fz3, 4fm22> 4fz(m2—3y2)7
4fm(ac2—3y2)v 4fy(y2—3x2) — 4fmyz> 4fyz2, Af 5, Af, .2, 4fz(m2—3y2)7
Ay (o2 —3y2), 4y 2_3,2)) orbitals in the La-La and Ce-Ce bonds,
respectively, in sufficiently high concentrations.

Interestingly, spin distributions are indicated in three types
of Ce-adsorbed graphene. The configurations for the spin-density
distributions could provide additional information regarding their
magnetic properties. All the Ce-doped graphene structures exhibit
ferromagnetic behavior, as is clearly illustrated in Fig. 4.6. The spin-
up magnetic moments (ratio of 1:6) almost dominate the spin-density
arrangement, but the opposite is true for a ratio of 1:72, which is
closely related to the adatom-dominated spin-split energy bands near
the Fermi level in Fig. 4.4.
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(a) (b)

Fig. 4.6. Spin distributions (top and side views) of Ce-adsorbed graphene in
different cases: 1:6, 1:24, and 1:72.

The DOS is determined from the energy dispersions of band-
edge states, corresponding to the band structures; furthermore, the
orbital-projected DOS directly reflects the features of the chemical
bonds. The La-/Ce-adsorbed graphene, for the example case of 1:6,
exhibits many 2D van Hove singularities, as seen in Fig. 4.7. The
strong symmetric peaks and the shoulder structures, respectively,
come from the linear bands, the saddle point, and the local extreme
points. The special structures in 2p,-related DOS are dramatically
changed by the orbital hybridization of 5d, 4f, and 2p,. The DOS
due to the conduction band 7*-states is finite at the Fermi level,
which is a result of the shift in the m band. The center of the
linear E dependence, which is slightly dependent on the adatom
concentration, is shifted downward. The good fit of the DOS of La
and C are evident in the significant orbital hybridizations of C-2p,
and La-5d/Ce-4f.
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Fig. 4.7. Van hove singularities in the projected density of states of La, Ce, and
C orbitals at different concentrations.
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(a) (b)

Fig. 4.8. (a) Imaginary and real parts of the dielectric functions, as well as
the energy loss function (ELF). (b) Vertical excitation from occupied states to
unoccupied ones denoted by arrows.

In addition to electronic properties, we also consider the optical
excitations of La-/Ce-adsorbed graphene at the 16.67% highest
concentrations, as indicated in Figs. 4.8 and 4.9. When the 2D
pristine/adsorbed graphene is perturbed by an electromagnetic (EM)
wave, the occupied electronic states and the unoccupied ones are
vertical excitations each other. All the charge carriers are capable
of dynamically screening this external field, thus generating an
induced current density. Within the linear response, the screening
ability of charges is well characterized by the transverse dielectric
function at the long-wavelength limit [¢(¢ — 0,w)]. According to
basic electrodynamics, this frequency-dependent function is very
useful in understanding the main features of the energy loss function.
The relevant physical quantities are consistent with one another
when using the same theoretical framework. Furthermore, the single-
particle electronic excitations (electron—hole pairs) and collective
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(a) (b)

Fig. 4.9. (a) Imaginary and real parts of the dielectric functions, as well as
the energy loss function (ELF). (b) Vertical excitation from occupied states to
unoccupied ones denoted by arrows.

excitations (plasmon modes) are expected to dominate the couplings
of charges and EM waves. Delicate analyses are done via direct
linking among the orbital-dominated band-edge states (band struc-
tures), the joint Hove singularities (the large DOS), and the specific
absorption frequency (optical spectra). Each prominent absorption
structure is identified from the corresponding orbital hybridization.

The optical properties of La-/Ce-adsorbed graphene are exhib-
ited over a wide energy range, up to 22 eV. Its frequency-dependent
bare response function, which is due to the vertical interband
electron—hole excitations, shows five prominent peaks at 0.10 (0.30),
0.30 (0.7), 2.20 (1.2), 7.0 (2.40), and 18 (19.5) eV with 16.67%
concentration of La-(Ce-)adsorbed graphene (Tables 4.2 and 4.3).
The featured results only reflect the different orbital hybridizations of
2D graphene honeycomb crystal arising from, respectively, the inter-
m-band transitions inside a Dirac cone structure, the higher-energy
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Table 4.2. Optical excitations related to orbital hybridizations without excitonic
effect at the 16.67% highest concentration in La-adsorbed graphene.

Without excitonic

effect (eV) Arrow color Excited orbitals
0.1 Green (2pz) — C (2p2)

0.3 Blue C (2pz) — C (2p-)
2.2 Purple C (2p:) - C (2p2)

La (5dzy, 5dzy, 5dyz, 5d22, 5d12_y2) - La
(5day, 5day, 5dyz, 5d.2, 5d,2_,2)

7.0 Yellow La (5dsy, 5day, 5dyz, 5d,2, 5d,2_,2) — La
(5day, 5day, 5dyz, 5d,2, 5d,2_,2)
18 Cyan C (2s, 2pz, 2py, 2p-) — La

(5day, 5day, bdyz, 5d,2, 5d12_y2)

Table 4.3. Optical excitations related to orbital hybridizations without excitonic
effect at the highest concentration of 16.67% in Ce-adsorbed graphene.

Without
excitonic
effect Arrow
(eV) color Excited orbitals Spin
0.3 Green 4fyz274fz(1273y2)7 4fy(y27312) Spin up — spin up
0.7 Blue 2p.—4f 3 Spin up — spin up
1.2 Purple 2s, 2pz, 2Py, 2p.—4f .3 Spin down — spin down
2.4 Yellow 2s, 2pz, 2Py, 2Pz-2s, 2Pz, 2Py, 2P= Spin up — spin up
2s, 2pz, 2py, 2pzf4fy(y2_3z2), 4fz(zg_3y2) Spin up — spin up
19.5 Cyan 2s, 2pa, 2py—4f, 2, 4f, 2, 4fm(12,3y2) Spin up — spin up

ones associated with the saddle M-point, and the composite excita-
tions of the ¢ and 7 bands from the K and M points. To compare the
imaginary parts of the dielectric functions, the real parts of the dielec-
tric function are also indicated. Apparently, the real part 1(w)® of
the dielectric function is related to the imaginary part ea(w) of the
dielectric function through the Kramers-Kronig relationship.5% The
real part of the dielectric functions is weakly dependent on the energy
in the inactive region, e.g., the dielectric constant at zero point £1(0)
is approximately 12 (16) eV for La-(Ce-)doped graphene.

Following the charge screenings of all m and ¢ valence electrons,
the energy loss functions (Figs. 4.8 and 4.9) clearly reveal the featured
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Table 4.4. Collective excitations in energy loss functions at the
16.67% highest concentration in La-/Ce-adsorbed graphene.

Without excitonic effect Orbitals

1 and 3 eV Free carrier plasmon mode (La-5d)
7eV m-C(2pz) + La (5d)

18.2 eV T+ o — C(2s, 2Dz, 2Dy, 2p=) + La (5d)
3 eV Free carrier plasmon mode (Ce-4f)
7eV m-C(2p=) + Ce (4f)

19.5 eV T+ o — C(2s, 2ps, 2Dy, 2p-) + Ce (4f)

plasmon modes corresponding to the prominent peaks, the similar
ones, and the drastic plasmon edges. From the calculated results of
the former two, the m plasmon, the second w-electronic collective
excitations, respectively, as evident in Table 4.4. Apparently, such
energy-dependent plasmons belong to the quantization modes of
the coherent charge oscillations under the long-wavelength limit,
corresponding to the different orbital-dominated valence electrons.

4.4. Concluding Remarks

In this chapter, the geometric, electronic, and optical properties
of La-/Ce-adsorbed graphene were determined using DFT based
on VASP. As opposed to the zero-gap semiconductor behavior of
monolayer graphene, all of the rare-earth-adsorbed cases belong
to the negative-type doping, thus implying enhanced electronic
conductivity behavior.

Besides, the La-/Ce-adsorbed graphene are different from each
other in their fundamental properties. The main differences are the
optimal lattice constants, the La—C and Ce—C chemical bond lengths,
the modified Dirac cone structures, the spin-degenerate or spin-split
energy spectra around the Fermi level, the adatom-enriched charge
density distributions, the ferromagnetic or non-magnetic nature
under different concentrations, the special van Hove singularities, and
the single and collective optical excitations. Most importantly, the
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significant hybridizations of (5d., 5dzy, 5d,2, 5dz, 5d,2_y2)/[4fzy-,
afy 2, Af s, A 2, 4fz(x2_3y2), 4fx(x2_3y2), 4fy(y2_3x2)] & 2p, orbitals
and (5dy., 5dgy, 5d.2, 5dzz, 5d.2_,2)-(5dy., 5duy, 5d.2, 5dg,
5d22—y2)/[4fry27 4fy22, Af 3, 4f, 0, 4fz(ac2—3y2)> 4fm(ac2—3y2)> 4fy(y2—3x2)]_
[4fxyz> 4fy22, 4f23, 4fac22> 4fz(m2—3y2)> 4fx(m2_3y2), 4fy(y2—3x2)] have been
identified in the La—C/Ce—C and La-La/Ce-Ce bonds.

On the theoretical side, van Hove singularities and optical
properties could be examined through high-resolution measure-
ments. For example, the angle-resolved photoemission spectroscopy
(ARPECT)®! and scanning tunneling spectroscopy (STS)%? methods
can be used to test the occupied states in quasi-band structures and
van Hove singularities in the DOS, respectively.
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Abstract

Through the quasi-particle framework implemented using VASP
calculations, the structural, electronic, and optical properties of 4d
transition-metal intercalated graphite were investigated and discussed.
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5.1. Graphite: Structure, Properties, and Applications

Owing to their numerous applications in electronic devices,'™ energy

storage,* % and other fields,” ' carbon materials play a significant
role in material development. Carbon remarkably presents the
extraordinary ability to combine with itself and other chemical
elements in various ways,'??* resulting in the carbon family!'! 1?
which covers a wide range of geometries, from three-dimensional
(3D) to zero-dimensional (0D) ones. Abundantly available structures
of carbon could be naturally found, such as in coal, diamond,
and graphite®® 26 Besides, some other forms could be created from

carbon, for example, synthetic diamond and graphite, cokes, carbon
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black, graphitic fibers, and diamond-like carbon. Among them,
diamond and graphite are two common forms of carbon in nature
that are related to sp® and sp? hybridizations*2%2® Graphite is
a fundamental and crucial member of the carbon family, which is
considered a raw material that could be easily expanded to obtain
an expandable graphite system for more applications.

5.1.1. Structural characteristics

In the bulk phase, graphite has a layered structure in which elemental
carbon has the lowest energy state at ambient temperature and
pressure” 2231 Graphite consists of a stack of parallel carbon layers,
called graphene sheets, with carbon tightly bonded in hexagonal
rings. The crystal structure of pure hexagonal graphite is described
in Fig. 5.1, corresponding to the hexagonal lattice with Déh of
the P63/mmc space group. Due to its stacked structure, graphite
forms distinct types of stackings, with AA (Fig. 5.1(a)) and AB
(Fig. 5.1(b)) being the popular ones for construction and investi-
gation. Apart from these two common stackings, different structural
symmetries could be formed depending on the c-axis stacking®? 33
of graphene sheets, for example ABC, AAA, and ABAB, leading

(a) (b)

Fig. 5.1. The top and side views of (a) AA- and (b) AB-stacked graphite.
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to numerous models, such as hexagonal, Bernal, and rhombohedral.
Accordingly, the AA structure is formed by directly stacking two
single sheets, one over the other. However, in the AB form, the
second layer is experimentally found®*3> to be a translated C-C
bond length along the zigzag direction. This form presents the lowest
ground-state energy, so it is the most favorable phase. Thus, AB
graphite is the focus of this work aimed toward examining changes
in its properties after chemical modifications. As shown in Fig. 5.1(b),
the sp? bonding gives rise to planar structures of two graphene
sheets with an interlayer distance d of 3.463 A. This structure forms
two different surfaces, corresponding to the flake-like morphology
of natural graphite.3%:37 Layers in graphite are linked by weak van
der Waals (vdW) forces, making graphite a slippery material that
easily contributes to intercalation. They are stacked together by m—mr
interaction of the electronic network.® A uniform environment is
found in this system due to the identical C—C bonds with a bond
length of 1.42 A. The unit cell is indicated by a black line, which is
shown to contain eight carbon atoms per single layer when viewed
from the top. This structural feature is fundamental to creating and
naming a modified system.

5.1.2. Electronic properties

The electronic properties of graphite are determined using their
band energy structures and densities of states (DOSs), which
are dependent on their structural configurations formed through
chemical bonds, interlayer distance, and orbital hybridization. The
band energy spectra and orbital-projected DOSs of AB graphite
are shown in Fig. 5.2, highlighting a close relationship between
these features. In Fig. 5.2(a), the high-symmetric points are defined
along I', M, K, A, L, and H in the first Brillouin zone (BZ) of
the hexagonal lattice. A small overlap between the conduction and
valence bands is found, which demonstrates the semi-metallic nature
of AB graphite, corresponding to low-density free carriers. The
occupied valence and unoccupied conduction bands are symmetric
about the Fermi level. A Dirac-like linear dispersion is exhibited
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(a) (b)

Fig. 5.2. (a) The band energy spectra and (b) orbital-projected DOS of
AB-stacked graphite.

along the k, direction, in which the Dirac cone locates at the
K and H points. The superposition of the linear and parabolic
dispersions is revealed in this band energy, corresponding to the
growth of low-lying energy. Furthermore, saddle points appear along
the M — L transformation due to van Hove singularities (vHs) rising
from the band-edge state. Besides, the orbital-projected DOSs in
Fig. 5.2(b) show the corresponding band edge, saddle points, and
band energy dispersions, plotted in black, red, blue, and green.
It should be noted that the two peaks around the Fermi level
are distributed symmetrically between the occupied valence and
unoccupied conduction bands. Hence, the V-shaped feature could
be realized in this region, illustrating the quasi-localized state.
Moreover, the semi-metallic feature is confirmed by a finite DOS
at F = 0. Especially, the = bond based on the p, orbital near the
Fermi level arises from the strong interaction of C—C bonds, causing
the thermal and electrical conduction properties. The sp? hybridized
at low-lying energies due to the coexistence of s, p;, and p, orbitals
that induce a strong ¢ bond, resulting in orbital hybridization that
depends on the intralayer and interlayer interactions. Thus, graphite
is anisotropic because of the difference between in-plane and out-of-
plane C—C bonds.

In addition, the charge density further demonstrates that the
bondings in graphite depend on the distribution of orbitals during
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(a) (b)

Fig. 5.3. (a) The charge density in (z, y) and (y, z) planes, and (b) spin
distribution in the top and side views of AB-stacked graphite.

interactions, as shown in Fig. 5.3(a). Each layer indicates a stable
plane due to the strong ¢ bond corresponding to the (2s, 2p,, 2py)
orbitals, as indicated by the red and yellow regions, while the
strong 7w bond comes from the 2p, orbital, which exhibits strong
dominance in charge density, as indicated by the green regions.
A weak but significant interaction between the two layers is found,
which is dependent on the vdW forces between two p, orbital parallel
layers. On the other hand, the stacking effect induces the magnetic
configuration in graphite, as shown in Fig. 5.3(b), in which the
red and blue circles represent spin up and spin down, respectively.
According to the spin distribution shown in this figure, AB graphite
belongs to the antiferromagnetic-antiferromagnetic (AFM-AFM)
configuration, which exhibits spin splitting (see the side view in
Fig. 5.3(b)) and zero magnetic moment. The magnetic feature could
be affected by modifying structural properties, as discussed later.

5.1.3. Emergent and potential applications

As mentioned above, a single layer in graphite is known as graphene,
and graphite is the most common source of graphene. Based on
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graphite, a variety of 2D and 1D materials can be formed, such as
nanotubes, fullerenes, and graphene nanoribbons. Graphite has been
reported to show high electrical conductivity, low light absorbance,
and high chemical resistance,'® which makes it a unique and
significant material for widely different fields. Furthermore, the
preparation of graphene from graphite involves the utilization of

more than 99.9% of its fixed carbon content?®

Hence, graphene
with much enhanced properties and wider applications could be
created. On the other hand, graphite can reportedly function as an
anode material for lithium-ion batteries (LIBs)3*3%40 and sodium-
ion batteries (SIBs),*'4? in which a lithium or sodium ion is
intercalated into graphite. Additionally, untreated natural graphite
is also used as an active electrode material in LIBs.?%3%40 Apart
from these two, both natural and synthetic graphites are interesting
and promising materials for cathode plates. Therefore, graphite and
graphite-based materials remarkably contribute to the development
of batteries.613,18,30,39,40,43,44 T aqdition, expanded graphite (EG)
has shown promise for symmetrical supercapacitors based on its
working mechanism as an electrode material.?” It could improve the
electrochemical performance of hybrid materials due to its interfacial
interaction with a conductive polymer, which can accelerate the
transmission of electrolyte ions and electrons during charging or
discharging. The fabrication of graphite and EG batteries is expected
to reach high capacities and long-term cycling stability. Thus, the
modification of graphite has attracted interest from researchers for
enhancing diverse high-energy stationary energy storage and adding
to the huge commercial success of devices.

5.2. Modifications of Graphite

With sp?-bonded carbon in a hexagonal or honeycomb lattice,
graphite and graphite-based materials present high surface areas,
high thermal conductivities, large charge carrier mobilities, and
strong mechanical strengths. The development of graphite com-
pounds has dramatically expanded, leading to the formation of
graphite intercalation compounds (GICs). Furthermore, the weak
vdW interaction between the layers in graphite creates a potential
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environment for intercalating ions or molecules, which exhibit
excellent physical and chemical properties compared to pristine
graphite.

5.2.1. Graphite intercalation compounds

GICs are formed by the insertion of atomic or molecular layers of
different chemical elements between layers of graphite. GICs can be
characterized by the stage, charge transfer, and number of species
within the host structures. Among them, stage n is simply defined
as the number of graphite layers between intercalate layers, which
decreases with an increase in the intercalated concentration. GICs
containing one substance are called binary compounds, while ternary
compounds are GICs with two atomic or molecular species. Impor-
tantly, the interplanar spacing between graphene layers in graphite is
expanded during intercalation without disrupting the carbon layers.
Generally, GICs could be divided into two classes according to the
character of the bonding, namely covalent GICs, such as graphite
oxide and graphite fluoride, and ionic GICs, such as ion-intercalated
graphite.* However, ionic GICs have received more attention than
covalent ones because the m bonds in graphite can accept or donate
electrons from or to the intercalation. Alkali materials are known
as donor-type because of their electron-donating ability, whereas
halogens, halide ions, and acids act as electron acceptors that
intercalate with graphite to form acceptor-type materials.?> For the
preparation of GICs, several strategies have been applied, which form
intercalated systems, labeled CX,,,, where C is the intercalation host
(graphite), X is the guest inserted into graphite, and m indicates
electrons transferred from or to the carbon network. Accordingly,
the reaction can be expressed as follows'® based on the type of
intercalation:

C+mX — CX,, (5.1)
Cyp + X ¢ CIMF . X (5.2)

Up to now, a wide range of experimental techniques have been
reported for synthesizing graphite through the intercalate process.
The features of an intercalated system could be obtained from X-ray
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diffraction (XRD), transmission electron microscopy (TEM), nuclear
magnetic resonance (NMR), and neutron diffraction.'?> Among them,
XRD is good for analyzing the structural changes during ionic
or solvent intercalation.3%4%46 TEM can be used to observe the
dynamic evolution of the interface, the electrochemical deposition
process, and the internal structure, which are useful for process-
ing in batteries.*” While NMR could provide detailed information
about the local features and chemical bonds of crystal structures,
which are suitable for studying the chemical states in GICs.*®
Besides, spectroscopic techniques can directly probe the density
of occupied or unoccupied states in GICs, e.g., electron energy
loss spectroscopy (EELS), X-ray absorption spectroscopy (XAS),
X-ray emission spectroscopy (XES),* and angle-resolved X-ray emis-
sion spectroscopy (ARXES). On the other hand, X-ray Raman
scattering (XRS) could characterize the electronic properties®® of the
intercalated systems, especially lithium-intercalated graphite (LIG)
in LIBs.

As one of the most promising and potential energy storage
systems, LIBs have been synthesized and applied for smart devices
due to their high energy density, long cycle life, low cost, and
friendly environment.!3 Furthermore, GICs have been used for the
growth of SIBs with similar chemical /physical properties but at lower
costs.!3 As mentioned earlier, graphite has been successfully applied
as an anode material for LIBs by intercalating lithium into graphite.
Each lithium occupies the center of a hexagonal carbon along the
c-axis, forming a stable intercalation.’® Despite a great number of
carbonaceous materials used in the energy storage field, LIG still
remains to be the predominantly used anode material in LIBs.
Apart from being applied as anode materials, GICs have other uses.
For example, aluminum-intercalated graphite functions as an anion
intercalation cathode in dual-ion batteries.® Additionally, sodium-
intercalated graphite (NalG) is used as an anode material with high
energy for SIBs,>"'%2 demonstrating the stable structure and high
electrical conductivity of GICs. Along with the development of LIBs
and SIBs, potassium-intercalated batteries (PIBs) have become more
attractive because of their abundant natural resources and similar
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characteristics as LIBs and SIBs.?3 This battery system performs
a successful extraction of KCg during the charge process. Hence,
GICs have been realized as emergent systems in batteries and energy
storage systems. Apart from these fields, GICs with metal atoms

reveal potential superconductivity at transition temperatures.'® 54

5.2.2. Transition metal-intercalated graphite

The electrons accepted or donated by the guest-atom intercalation
can modify the electronic properties of graphite. Along with alkalis
and aluminum, transition metals offer potential atomic intercalation
into graphite, which is predicted to exhibit enriched and essential
properties, including magnetic configurations, superconductivity, and
high mechanical and thermal properties.®® In fact, carbon compounds
with magnetic 3d metals show high performance in spintronics,
as indicated by the induced magnetic moment of Mn-/Fe-/Co-
intercalated graphite.’® This feature results in a range of peculiar
spatial spin-density distributions that are significant for spintronic
applications. The magnetic behavior could be governed by the p—d
hybridization and variations in exchange interactions,®” correspond-
ing to the bonding of transition metals and carbon. In the transition
metals’ structural features, the d orbitals play an essential role in
the compounds. The dominating p orbitals of carbon are strongly
hybridized with d states in most MCg compounds, as observed in
V- and Cr- intercalated graphite.®” Thus, the d electron interacts
with the bonding electrons, which reveals the correlating interaction
between these two electrons. In a transition metal-intercalated
graphite, the C atoms in graphene sheets have sp?-hybridized bonds,
and each C atom provides one w bond which is normal to the
graphene sheet. The above-mentioned magnetic configurations might
depend on the hybridization of the s and d orbitals of transition
metals and the s and p orbitals of carbon in the interacted system.
In the structural intercalation, each transition-metal atom shares six
electrons of the carbon atoms in the neighboring graphene sheets.
On the other hand, the ideal graphene sheet is non-magnetic,
while the presence of modified systems could induce magnetism.
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Thus, GICs are essential from a two-dimensional magnetic system
viewpoint. The transition-metal atoms in GICs could cause stable
and tunable magnetism, leading to various technical effects. Even
though there have been some reports of transition metal-intercalated
graphite exhibiting magnetic behavior, detailed information about
magnetic configurations still needs to be clarified for more applica-
tions. In particular, many transition metals, such as 4d and 5d config-
urations, have been absent the in intercalation of graphite. Inspired
by GICs’ applications and the potential features of transition metals
in GICs, 4d transition metals, including zirconium (Zr) and niobium
(Nb), are considered for intercalated graphite systems. In this work,
the fundamental properties of Zr- and Nb-intercalated graphite,
including geometric, electronic, and optical features, will be discussed
considering various concentrations. Accordingly, the magnetism is
also examined following these different structural systems to verify
the induced magnetic configuration in the interaction between the
d orbitals of 4d transition metals and the s and p orbitals of
carbon. Furthermore, the electronic characteristics are expected to
be affected and adjusted based on the intercalants (atom intercalates
into the system), resulting in band-energy structures and DOSs.
Simultaneously, the orbital hybridization of these orbitals through
interaction between graphene sheets and intercalants could be proved
via charge density and orbital-projected DOSs.

5.3. Zr-intercalated Graphite

As mentioned above, AB graphite is chosen for intercalation because
of its theoretically stable configuration and probability of induced
magnetism. Hexagonal graphite has a layered structure based on the
large difference between in-plane and out-of-plane interactions. The
vdW force is induced in graphite between the neighboring graphene
sheets. A unit cell of eight carbon atoms in each layer in hexagonal
form is considered, namely the Cg graphite structure. The enlarged
unit cell is also examined with a 2 x 2 supercell of Cg, labeled Cg, for
varying concentrations. The concentration of intercalation is defined
based on the number of intercalants and the number of carbon atoms
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in a single graphene sheet. Thus, the intercalated system of Zr into
graphite is described in Fig. 5.4, with concentrations of (1:8), (2:8),
and (1:16), corresponding to one, two, and one Zr atom intercalating
into graphite Cg and Cyg, respectively. As shown in this figure, the
intercalant locates at the center of the hexagonal ring of a honeycomb
with the most stable intercalated position. This forms a binary
Zr-GIC compound in hexagonal P63/mmc crystalline structure,
which could be called ZrCg and ZrCig due to the unit cell. Especially,
the (1:16) case induces the slight fluctuations in the planar graphene
sheet, which might arise from the large unit cell and the strong
interaction between the intercalant and the graphene sheet compared
to the weak vdW on the other side without the intercalant.
Moreover, the lattice parameters indicate the modification of
Zr-intercalated graphite through a change in the lattice constant,
chemical bonds, and interlayer distance, as listed in Table 5.1.
In the case of the Cg structure, Zr intercalation increases the lattice
constant with an increase in the concentration of Zr atoms. Besides,
the Cig system increases the lattice constant because of the 2 x 2
supercell. All systems exhibit the changed bond length of the C-C

(a) (b) (©

Fig. 5.4. Structural optimization as seen in the top and side views of
Zr-intercalated graphite with varying concentrations of (a) (1:8), (b) (2:8), and
(c) (1:16).
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Table 5.1. Structural parameters of Zr-intercalated graphite.

Lattice C-C bond length (A) Interlayer Magnetic
System constant (A) (1) (2) distance (A) moment
(1:8) 4.975 1.447 1.426 4.06 0
(2:8) 5.012 1.453 1.436 4.28 0
(1:16) 9.89 1.445 1.428 3.68 2.1

Fig. 5.5. The charge density of Zr-intercalated graphite.

bonds after intercalation, in which the bond length around the
intercalant is larger than that of the faraway C—C bond, labeled
(1) and (2) as shown in the table. For example, C-C (1) and C-C
(2) are respectively 1.447 and 1.426 Ain the (1:8) case. The chemical
bond length in the intercalated region is adjusted, while on the other
side, the C-C bond length remains unchanged in the graphene sheet,
indicating the effect of intercalated atoms on chemical bonding.
Importantly, the interlayer distance increases after intercalating in
all cases, in which Cg systems reveal a dramatic change compared to
pristine graphite. As a result, the interlayer distance in the (1:8)
and (2:8) systems are 4.06 and 4.28 A, respectively. In contrast,
the interlayer distance in the (1:16) case is 3.68 A, which is slightly
larger than that of graphite. Hence, the concentration of intercalated
systems could modify the structural features of graphite, probably
leading to governing the electronic and optical properties. The same
effect could be found in alkali-intercalated graphite®® and 3d transi-
tion metal-intercalated GICs.?>®” These bondings could be further
verified through charge density, as shown in Fig. 5.5. In this figure,
the strong interaction between Zr and the carbon graphene sheet
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is indicated by the yellow regions in the spacing between the
graphene sheets and the green regions around the C—C bonds.
The C-C bonds with sp? and 7 bonds due to the s, p orbitals of
carbon are also affected by the d orbitals of Zr, as indicated by the
red and green regions, compared to the pristine case (see Fig. 5.3).
The hybridized bonds are discussed in detail using orbital-projected
DOSs later to give more information.

In regard to magnetism, the spin distribution and magnetic
moment are considered, as illustrated in Fig. 5.6 and Table 5.1,
respectively. There is clear polarization in the spin up and spin
down of hexagonal ZrCg and ZrCyg, which are identical. According to
Table 5.1, the magnetic moments of both (1:8) and (2:8) systems are
zero, corresponding to non-magnetic or antiferromagnetic behavior.
Based on the spin distribution shown in Figs. 5.6(a) and 5.6(b),
spin splitting of spin up and spin down is found in graphene
sheets, corresponding to red and blue circles, which belongs to
antiferromagnetic behavior. In contrast, the (1:16) system exhibits
a ferromagnetic configuration based on the strong contribution of
spin up compared to spin down, plotted in red and blue circles,
respectively. The magnetic moment is 2.1 (see Table 5.1), which is

(a) (b) (©

Fig. 5.6. Spin distribution of (a) (1:8), (b) (2:8), and (c) (1:16) Zr-intercalated
graphite. Red and blue circles represent spin-up and spin-down distributions.
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consistent with the ferromagnetic feature. The difference between
Cgs and Cig structures is caused by the concentration of Zr atoms,
demonstrating the influence of the intercalant in adjusting the
magnetism of graphite. This finding elucidates the magnetic con-
figurations in GICs, which are in good agreement with 3d transition
metal-intercalated graphite.?®57

The electronic properties of Zr-intercalated graphite are further
presented through band-energy structures and orbital-projected
DOSs, as shown in Figs. 5.7 and 5.8. In Fig. 5.7, the band energy
spectra of ZrCg and ZrCy with the concentrations of (1:8), (2:8), and
(1:16) are shown, considering the dominance of Zr atoms in the whole
band. The high-symmetry K point along G-M-K-G-A-L-H-A
of the first BZ of the hexagonal lattice is implemented, which is
the same as with pristine graphite, as discussed above. All cases
exhibit the overlap between conduction and valence bands around
the Fermi level, corresponding to metallic behavior. The dispersion
in the low-lying valence band is almost identical to that of the band
structure of AB graphite (see Fig. 5.2). The Dirac cone at the K
and H points in graphite is transformed into having a low energy
in the valence bands of around —2eV due to the strong effect of
the Zr atoms near the Fermi level. The partial flat bands are found
in the low-lying energy, ranging from —7 to —8 and from —12 to
—13eV, along the G-A points of the (1:8) and (2:8) systems (see
Fig. 5.7(a) and 5.7(b)), corresponding to the symmetric structure
of graphite. A greater degeneracy of the flat bands revealed in the
(1:16) case might come from the larger unit cell of the high-symmetric
structure. As evident from the Zr atom dominance, indicated with
green circles, the intercalant exhibits a major and strong effect on
conduction bands and the energy band near the Fermi level, leading
to an adjustment of the band features in these regions compared to
graphite. In terms of orbital distribution, the orbital-projected DOS
plotted in Fig. 5.8 provides detailed information about the orbital
dominance and bonding in Zr-intercalated graphite. The orbital
distribution of carbon and Zr in the compound is divided between
the left- and right-hand sites with three corresponding systems. The
strong contribution of C-p orbitals is indicated below the Fermi level,
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(a)

Fig. 5.7. Band energy spectra of (a) (1:8), (b) (2:8), and (c) (1:16)
Zr-intercalated graphite. The blue curves describe the total band, and the green
circles represent Zr atom dominance.

while the states just above the Fermi level are dominated by the Zr
d-orbitals. The C atoms in graphite sheets have sp? hybridization,
and each C has one 7 bond that is normal to the graphite sheet.
These bonds result in the strong dominance of 2p. and 2s, 2p,, 2p,
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(a)

(®)

(c)

Fig. 5.8. Orbital-projected DOSs of (a) (1:8), (b) (2:8), and (c) (1:16)
Zr-intercalated graphite.

in the conduction band, around the Fermi level, and the valence
bands, respectively. Even though the C-s and p orbitals reveal similar
features of contribution in the DOSs, the peaks and dispersions are
different due to the effect of the intercalant. Along with the p, orbital
of carbon, the 4d orbitals of Zr make a significant contribution to
the conduction band and the energy band around the Fermi level, in
which 4d,2_ 2 and 4d,> have strong dominance near the Fermi level,
while 4d,, 4d,., 4d,. strongly contribute to the conduction band.
Hence, the dominant p orbitals of carbon are strongly hybridized
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with d states in all the compounds. Moreover, the s and d orbitals of
Zr atoms in the intercalate sheet and the s and p orbitals of C in the
graphite sheets form the hybridization, which is responsible for the
induced magnetic configuration of this GIC. Similar characteristics
had been reported for 3d transition metals (e.g., V, Cr, Mn, Fe, Co,
and Ni)®" intercalating into the Cg graphite system with six carbon
atoms per unit cell from the top side.

In addition, the optical properties, including their related factors
of dielectric function, energy loss spectrum, absorption, refractivity,
and reflectance, are shown in Fig. 5.9 to provide detailed information
about the system. In Fig. 5.9(a), the two parts of the dielectric
function are described with two remarkably strong peaks in the
energy range of 0-1.5 eV and some weak peaks in both the real
(e1) and imaginary (e2) parts, colored in green and wine-red curves,
respectively. The corresponding relation between these two parts
is illustrated via the Kramers-Kronig relationships,®® which are
explained through the following related formula:

2 ® WKW

nw)~1=2p /0 rfw)zdw’ (5.3)
The peaks of the energy loss function, as shown in Fig. 5.9(b),
are consequently found in the vanished region of e; in the ax
direction. The loss function corresponds to broadened regions at
approximately 7.5-13 and 15-18 eV in the zz and zz directions,
respectively, relating to plasmons and forms of collective excitation.
The vanishing real part of the dielectric function and a minimum
of the imaginary part can also determine this plasmon. Thus, the
plasmon modes are associated with the imaginary part that could
propagate along the surface. Besides, small vibrations are observed
with increasing energy in the range of 3-8 eV, indicated by the
weak peaks of the two parts. It should be noted that the region
above 10 eV cannot be interpreted in terms of classical oscillators.
Simultaneously, the ultraviolet absorption of this system is caused
by these transitions related to its band structure, indicating that
the system starts to absorb photons in the ultraviolet regions at
1.5 eV, as shown in Fig. 5.9(c). The zz direction exhibits stronger
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(a) (b)

(e)

Fig. 5.9. Optical properties of (1:8) Zr-intercalated graphite: (a) the dielectric
function with real and imaginary parts, (b) energy loss function, (c) absorption
spectra, (d) refractive index, and (e) reflectivity in the zz and zz directions.

adsorption in the larger energy range of 10-17.5 eV compared to
the xz/yy direction. The lowest limit of the conduction band and
the upper valence band is defined by the valence excitation region,
which is extended up to 17.5 eV. The real part behaves mainly as
a classical oscillator, in which it vanishes in the energy range of
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10-17.5 eV, corresponding to the maxima of absorption at these
frequencies. Furthermore, the reflectance and refractive properties
are calculated based on the dielectric function shown in Fig. 5.9(d)
and 5.9(e). In Fig. 5.9(d), the maximum refractive index is found
in the low-lying energies of approximately 0 and 2.5 eV in the
two directions. This index accordingly decreases with increasing
energy, as the wavelength increases. Especially, the change in the
refractive index is produced from a change in absorption through
the Kramers—Kronig relationships. These two factors are consistent
with the characteristics of the dielectric function, indicating a close
relation between dielectric function and linear optical properties.
In addition, the minimum of strong reflectivity is determined by the
imaginary part of the dielectric constant in the energy ranges of
2.5-3 and 7-10 eV in the zz and zz/yy directions, respectively,
indicating a collective plasma resonance. Simultaneously, the broad
maxima at 0 and 2 eV in the zz and zz directions, respectively, relate
to the strong peaks in dielectric constant.

5.4. Nb-intercalated Graphite

Similarly, the optimized structures of Nb-intercalated graphite are
similar to those of Zr cases, in which the Nb atom is intercalated
at the center of a honeycomb ring of the graphite sheets, as shown
in Fig. 5.10. The lattice constant, chemical bonds, and interlayer
distance belonging to the structural parameters of Nb-intercalated
graphite are mentioned in Table 5.2 for (1:8), (2:8), and (1:16)
concentrations. The lattice constant increases with an increase in
the concentration of the Nb atoms and supercell graphite, as in the
case of (1:16). All systems exhibit a dramatic change in the bond
length of the C-C bonds after intercalation, in which the bond
length around the intercalant is larger than that of the faraway
C-C bond, which is similar to the Zr cases. Accordingly, C-C (1)
and C-C (2) are respectively 1.448 and 1.426 Ain the (1:8) case. Nb
atoms cause the chemical bond length in the intercalated region to
adjust, while on the other side, the C—C bonds of the graphene sheet
remain unchanged. Importantly, the interlayer distance increases
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(a) (b) (©)

Fig. 5.10. Structural optimization as seen in the top and side views of Nb-
intercalated graphite with varying concentrations of (a) (1:8), (b) (2:8), and
(c) (1:16).

Table 5.2. Structural parameters of Nb-intercalated graphite.

Lattice C-C bond length (A) Interlayer Magnetic
System constant (A) (1) (2) distance (A) moment
(1:8) 4.97 1.448 1.426 3.86 0
(2:8) 4.99 1.445 1.429 4.28 0
(1:16) 9.89 1.445 1.437 3.48 1.04

after intercalating in all cases because of the intercalant. As a
result, the interlayer distances of the (1:8) and (2:8) systems are
3.86 and 4.28 A, respectively. It should be noted that the Zr atom
induces a larger interlayer distance in the case of (1:8) compared
to the Nb case. While the interlayer distance of the (1:16) case is
3.48 A, which is almost the same as that of graphite. Hence, the
concentration of intercalated systems could modify the structural
features of graphite, probably governing the electronic and optical
properties. Nb-intercalated graphite not only reveals features similar
to the Zr cases but also its distinct characteristics. To further clarify
the bonding features, the charge density shown in Fig. 5.11 could
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Fig. 5.11. The charge density of Nb-intercalated graphite.

provide detailed information about these bonds. In this figure, the
strong interaction between Nb and the carbon graphene sheet is
indicated by the yellow regions in the spacing between the graphene
sheets and the green regions around the C—C bonds that are stronger
than the interaction between Zr and the graphite sheets. The C-C
bonds with sp? and 7 bonds due to the s and p orbitals of carbon
are also affected by the d orbitals of Nb, as indicated by the red and
green regions. Because of the similarities in their outermost 4d orbital
structures, both Zr and Nb exhibit similar properties of bondings
after intercalation.

The spin distribution and magnetic moment are considered
for illustrating the induced magnetism in Nb-intercalated graphite,
as shown in Fig, 5.12 and Table 5.2, respectively. There is clear
polarization in the spin up and spin down of hexagonal ZrCg and
ZrCg, which are identical. According to Table 5.2, the magnetic
moments of both (1:8) and (2:8) systems are zero, corresponding to
non-magnetic or antiferromagnetic behavior, which is the same as in
the Zr cases. Based on the spin distribution shown in Figs. 5.12(a)
and 5.12(b), the spin splitting of spin up and spin down is found in
the graphene sheets and two Nb atoms in the (2:8) case, as indicated
by red and blue circles, which represents antiferromagnetic behavior.
The magnetic moment of (1:16) is 1.04 (see Table 5.2), which is
consistent with the ferromagnetic feature. Even though the induced
magnetism is similar, the Nb cases demonstrate a difference from the
Zr cases due to the spin distributions of spin up and spin down at
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(a) (b)

Fig. 5.12. Spin distribution of Nb-intercalated graphite.

the same concentration. The electronic properties of Nb-intercalated
graphite are further presented through band-energy structures, as
shown in Fig. 5.13. In this figure, the band-energy spectra of NbCg
with the concentrations of (1:8) and (2:8) are presented, considering
the atom dominance of Nb atoms in the whole band along G-M-K-
G-A-L-H-A of the first BZ of the hexagonal. These bands reveal
features similar to those of the Zr-intercalated graphite, where the
overlap between the conduction and valence bands around the Fermi
level is exhibited, corresponding to metallic behavior. The Dirac
cone at the K and H points in graphite is transformed into low
energy in the valence bands at around —2eV due to the strong
effect of Nb atoms near the Fermi level. The partial flat bands are
found in low-lying energy, ranging from —7 to —8 and from —12 to
—13eV along the G-A points of the (1:8) and (2:8) systems (see
Figs. 5.13(a) and 5.13(b)), corresponding to the symmetric structure
of graphite. The Nb atom dominance, indicated by cyan circles,
shows a larger energy range dominance (from —5 to 5eV) compared
to the Zr cases. The intercalant also exhibits a major and strong
effect in the conduction bands and the energy band near the Fermi
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(a)

(b)

Fig. 5.13. Band energy spectra of (a) (1:8) and (b) (2:8) Nb-intercalated
graphite. The blue curves describe the total band, and the light-cyan circles
represent Nb atom dominance.

level, leading to adjusted band features in these regions compared to
graphite.

In regard to orbital distribution, the orbital-projected DOS
plotted in Fig. 5.14 provides detailed information about the orbital
dominance and bonding in Nb-intercalated graphite. The orbital
distribution of carbon and Nb in the compounds of the (1:8) and
(2:8) systems is displayed, which results in the strong hybridization of
these orbitals. The C atoms in graphite sheets have sp? hybridization,
and each C has one w bond that is normal to the graphite sheet,
corresponding to the strong contributions of C-p and Nb-d orbitals.
These bonds result in the strong dominance of 2p, and 2s, 2p,,
2py in the conduction band, around the Fermi level, and valence
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(a)

Fig. 5.14. Orbital-projected DOSs of (a) (1:8) and (b) (2:8) Nb-intercalated
graphite.

bands, respectively. The effect of the intercalant is also indicated
in the differences between the (1:8) and (2:8) cases in the peaks
of DOSs. The 4d orbitals of Nb make a significant contribution to
the conduction band and the energy band around the Fermi level,
which is consistent with the band-energy spectra, in which 4d,2_ 2
and 4d,» show strong dominance near the Fermi level, while 4d,,
4d,., and 4d,. strongly contribute to the conduction band. Hence,
the hybridized bondings between C-s,p and Nb-s,d are demonstrated
through this contribution. Furthermore, the Nb cases exhibit higher
DOSs compared to the Zr systems, even though they have the same
outermost electron configuration of the 4d orbitals. In short, Nb- and
Zr-intercalated graphites show similarities and distinctions in their
electronic properties, as indicated by their band energy spectra and
orbital-projected DOSs.
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(a) (b)

(c) (d)

(e)

Fig. 5.15. Optical properties of Nb-intercalated graphite in the (1:8) system:
(a) the dielectric function with real and imaginary parts, (b) energy loss function,
(c) absorption spectra, (d) reflectivity, and (e) refractive index in the zz and zz
directions.

The optical properties, dielectric function, energy loss spectrum,
absorption, refractivity, and reflectance are shown in Fig. 5.15
to provide detailed information about the system. Most features
resemble those of the Zr-intercalated graphite system. In Fig. 5.15(a),
the two parts of the dielectric function are described with two
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remarkably strong peaks in the energy range of 0-1.5 eV and some
weak peaks in both the real (1) and imaginary (e2) parts, colored
in red and blue curves, respectively. The peaks of the energy loss
function, as shown in Fig. 5.15(b), are consequently found in the
vanished region of €1 in the zz direction. The loss function relating
to plasmons and forms of collective excitation corresponds to regions
broadened at approximately 9-13 and 15-18 eV in the zz and zz
directions, respectively. Besides, small vibration is observed with
an increase in energy in the range of 3-8 eV, as indicated by the
weak peaks of the two parts, which are similar to the weak peaks of
the dielectric function in the Zr case. The region above 10 eV (see
Fig. 5.15(a)) cannot be interpreted in terms of classical oscillators.
Simultaneously, the ultraviolet absorption of this system is caused
by these transitions related to its band structure, indicating that
the system starts to absorb photons in the ultraviolet regions at 1.5
eV, as shown in Fig. 5.15(c). The 2z direction also exhibits stronger
adsorption in the larger energy range of 10-17.5 eV compared to
the zz/yy direction. The real part behaves mainly as a classical
oscillator in which it vanishes in an energy range of 10-17.5 eV,
corresponding to the maxima of absorption at these frequencies.
Furthermore, the reflectance and refractive properties are based on
the dielectric function shown in Figs. 5.15(d) and 5.15(e), with
properties similar to those in the Zr case. In Fig. 5.15(d), the
minimum of strong reflectivity is determined by the imaginary part
of the dielectric constant in the energy range of 0-5 eV for both the
zz and xz/yy directions, respectively, indicating a collective plasma
resonance. Simultaneously, the broad maxima at 0-2 eV in the ax
direction relate to the strong peak in the dielectric constant, while
the maximum refractive index is found in the low-lying energies
of approximately 0 and 2.5 eV in the xx direction, as shown
in Fig. 5.15(e). This index accordingly decreases with an increase
in energy, as the wavelength increases, which is caused by the
change in absorption. These two factors are consistent with
the characteristics of the dielectric function and the results
of the Zr-intercalated graphite, indicating a close relation between
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the dielectric function and the linear optical properties of two 4d
transition metals.

In general, the electronic structures of GICs with Zr- and
Nb-intercalated graphites are modified after intercalation due to
hybridization of the carbon-p orbital and the d orbitals of a
transition metal. As a result, all intercalated systems reveal a metallic
configuration based on the 4d transition metal (Zr, Nb). The strong
interaction between these orbitals of C and Zr or Nb was indicated
by the charge density and orbital-projected DOSs. Furthermore, the
induced magnetism in hexagonal configurations is demonstrated, in
which the Cg systems show antiferromagnetic behavior and the Cyg
cases exhibit ferromagnetic one. It indicates that the concentration
of the intercalated atoms could define the fundamental properties of
GICs. The hybridization and spin distribution based on the inter-
calated magnetic 4d transition-metal atoms appear to be favorable
for the realization of magnetism in the system. Besides, the type of
intercalant atom also affects the electronic and optical properties of
GICs, resulting in the differences between transition-metal and alkali
intercalations.
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CHAPTER 6

INTERCALATION OF 5D RARE-EARTH
ELEMENTS INTO GRAPHITE

Wang Yu-Ming and Ming-Fa Lin

Department of Physics, National Cheng Kung University, Tainan, Taiwan

Abstract

The rare-earth metal atoms of Pd and Pu with 5f orbitals are outstanding
candidates for fully exploring the significant decoration effects owing
mainly to their seven types of probability functions. The highly compli-
cated orbital hybridizations and spin configurations closely related to the
C-Pd/C-Pu, C-C, and Pd-Pd/Pu—Pu bonds are fully examined under
a unified framework.

Keywords: Graphite, intercalation, 5d elements.

A carbon atom has an atomic number of 6 in the period table and
presents four active orbitals of (2s, 2ps, 2py, 2p.) for any condensed-
matter system. To greatly enhance the chemical bondings, two fully
occupied 2s orbitals in each isolated atom can transform into a half-
occupied configuration of (2s, 2p.). In general, there exist sp?, sp?,
and sp bondings, depending on the neighboring-atom interactions.
The 3D diamond! and layered graphite,? respectively, reveal the first
and second kinds, with four and three nearest neighbors. The former
belongs to the largest-gap insulator. The latter possesses a hexag-
onal honeycomb crystal, in which the well-characterized stacking
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configurations are AB;?> ABC,* and AA.> The interlayer atomic
interactions are purely due to the 2p,—2p, orbital hybridizations,
and they are perpendicular to the o bonding of (2s, 2p,, 2p,) -
(2s, 2ps, 2py) under a planar honeycomb crystal. Such a layered
structure clearly exhibits a dimensionality crossover behavior. The
low-dimensional systems are very close to one another in terms of
geometric and electron properties, e.g., few-layer graphenes with
different stackings,% 1D carbon nanotubes,” graphene nanoribbons,®
and carbon tori.? A single-walled carbon nanotube and a finite-
width graphene nanoribbon could be regarded, respectively, as a
rolled-up graphitic sheet in the cylindrical form and a straightly
cut graphene along the longitudinal directions. The m-electronic
states of the former are sampled from those of the latter under a
boundary condition. Three types of geometry-dominated carbon nan-
otubes are identified from the curvature effects. The strong relations
between radius, chirality, and bandgap are further verified from the
combinational measurements of STM and STS.!!! Some unusual
results are also obtained for graphene nanoribbons with open edges
and finite-width quantum confinements.'> The low-lying valence
and conduction states are mainly determined by the m-electronic
bondings. The current research clearly shows that the position-
dependent atomic interactions are well established with empirical
formulas. These analytic equations are reliable and convenient for
the tight-binding model. The various Hamiltonians of graphene-
related materials are successful for a wider development of a grand
quasi-particle framework (details available in previously published
books).!? Their successes represent similar possibilities for other
atom-based materials and compounds.

The chemical modifications, which include intercalations/
deintercalations,' adsorptions,'® substitutions,'® decorations,!” and

18 are very powerful in generating a number of main-

heterojunctions,
stream compounds. Graphite possesses a uniform interlayer spacing
of ~3.35 A, where the interlayer van der Waals interactions are
weak but very significant for the creation of the popular AB-stacking
Bernal.'” The planar honeycomb clearly indicates the perpendicular

7 and o bondings, leading to well-defined electronic states in the
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absence of anticrossing valence subbands.?? This system frequently
serves as the anode/cathode material for the positive-/negative-ion-
based batteries, owing to the available graphitic spacings for adatom
intercalations/deintercalations during the charging and discharging
processes. For example, graphite lithium compounds, with periodic
graphitic sheets and well-behaved intercalant layers,?! exhibit metal-
lic behavior under a blueshift of the Fermi level.?? On the other
hand, a pristine system behaves as a semi-metal due to the weak
overlaps of the valence and conduction energy subbands.?? The n-
or p-type dopings are predicted to arise from the interlayer carbon—
intercalant chemical bondings; furthermore, they are responsible for
the unusual quasi-particle behaviors. The free conduction electrons
or valence holes are capable of creating the greatly enhanced
quasi-particle phenomena, e.g., the intercalant-induced energy sub-
bands,?* the density-dependent optical gaps,?® the Coulomb-field
excitations in the presence of coexistent and electron—hole pairs
and plasmon modes,?® the featured Landau subbands with non-
crossing/crossing/anticrossing behaviors, the rich magneto-optical
spectra (the magneto-selection rules),?” the outstanding electrical
conductivities,?® and superconductivity temperature.?? Their concise
pictures of physical, chemical, and material sciences strongly rely on
the phenomenological models. The previous theoretical predictions
only use the rigid-band model (the Dirac cone structure of a mono-
layer graphene).?Y This is not enough to characterize the electronic
properties of graphite intercalation compounds since the carbon-
intercalant chemical bondings play a critical role in the above-
mentioned quasi-particle properties. The establishment of reliable
Hamiltonians has become a focus of study in recent investigations.
This strategy is very helpful in developing a grander quasi-particle
framework.

To greatly comprehend the intercalation effects and develop
theoretical models, the rare-earth metal atoms are considered out-
standing candidates for intercalant guest ones.?! Only a few of them
are predicted to survive in the earth, while they play critical roles
in common industrial products and the mineral economy. How to
efficiently utilize their characteristics has become a significant current
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issue. The featured quasi-particle phenomena are fully dominated by
seven types of 4f or 5f orbitals: (1) fys, (2) f,.2, (3) fy.2, (4) fuyz,
(5) Laz—y2ys (6) fpu2_y2y and (7) f,2_3,2), with the spin-up and
spin-down configurations.?> More interestingly, these orbital-based
crystals frequently exhibit rich and unique quasi-particle phenomena,
such as high-temperature superconductors (e.g., YbCuO),?* heavy
Fermion compounds,? and intermetallic compounds, and chemical

35 38 and

adsorptions on graphene,® silicene,?® germanene,?” tinene,
plumbene.? Graphite rare-earth metal compounds are chosen for
a model study. Such materials are expected to possess rather com-
plicated quasi-particles because more multi-orbital hybridizations
and rich ferromagnetic spin modulations simultaneously come to
exist in carbon—intercalant and intercalant—intercalant bonds. The
unusual intercalation effects could be very sensitive to the various
intercalants (the occupied configurations of distinct rare-earth metal

atoms)3! relative concentrations,*’ 41

and symmetric distributions.
The critical mechanisms can be explained only through delicate
VASP simulations and analyses (detailed in Sections 6.1-6.5,)*? but
not using the tight-binding model.*3

The VASP simulations are very suitable for studying the quan-
tum quasi-particles of graphite Pa/U intercalation compounds*? to
achieve concise pictures of multi-/single-orbital hybridizations and
spin configurations. The results calculated agree with one another
under a unified framework, as clearly illustrated in previously
published books. The bonding-enriched crystal symmetries,** the
net magnetic momentum of atom- and orbital-decomposed contri-
butions,*® the featured band structures and wave functions with
atom and spin dominances,*® the spatial charge / spin-density
distributions, the atom- orbital- and spin-projected van Hove sin-
gularities,*” and the prominent absorption peaks and optical gaps
in the presence of excitonic effects.*® The highly anisotropic envi-
ronment of graphitic sheets can drive the chemical interactions/
de-intercalations very efficiently during the charging/discharging
processes in lithium-ion-based batteries. The semi-metallic Bernal
graphite, due to the interlayer van der Waals interactions,*® becomes
a metallic compound. The blueshift of the Fermi level can be
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estimated from the low-energy van Hove singularity and an optical
gap. All essential properties are likely to be very sensitive to the inter-
calant concentrations and arrangements. The stage-n layered struc-
ture is available for characterizing a close geometric relation between
the host and intercalant atoms.’® The intralayer o bonding of
C-C bonds, the very complicated 5f-5f orbital hybridizations of
Pa—Pa/U-U bonds, the interlayer 2p,—2p., hybridizations in
neighboring graphenes, and the interlayer 3p,—5f multi-orbital
mixings need to be thoroughly examined using the delicate
data. There exist certain important differences among graphite
Pa/U/Li/Na/K/Rb/Cs/AlICly intercalation compounds. The various
experimental examinations are discussed in detail. How to build
a tight-binding model from these critical mechanisms is a very
interesting research question. This is very helpful in achieving an
expanded grand quasi-particle framework.

6.1. The Optimal Crystals of Graphite and Graphite
Pa/U Intercalation Compounds

The unusual features of nitrogen substitutions in silicene are inves-
tigated in detail by using the VASP software.’"52 The exchange
and correlation energies due to many-particle electron—electron inter-
actions are calculated using the Perdew—Burke-Ernzerhof (PBE)
functional under the generalized gradient approximation.®® Further-
more, the electron—ion interactions can be characterized by the
projector augmented wave (PAW) pseudopotentials.’®* A space of
15 A width is inserted between the silicene planes to avoid their
interaction. In general, a plane-wave basis set with a maximum
kinetic energy cutoff of 600 eV is chosen to expand the wave
function. The first Brillouin zone is sampled with 5 x5x 5 and
40 x 40 x 5 k-point meshes within the Monkhorst—Pack scheme
for further calculations of the electronic and magnetic proper-
ties. The energy convergence is set to be 1078 eV between two
consecutive steps, and the maximum Hellmann—Feynman force
acting on each atom is less than 0.01 eV A~! during the ionic
relaxations.
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The delicate VASP simulations can present the optimal crystal
structures of the Bernal graphite (Figs. 6.1(a) and 6.1(b))! and
the stage-1, stage-2, stage-3, and stage-4 graphite Pa/U intercala-
tion compounds (Figs. 6.1(c) and 6.1(d), Figs. 6.1(e) and 6.1(f),
Figs. 6.1(g) and 6.1(h), and Figs. 6.1(i) and 6.1(j), respectively).?®
Carbon host atoms and rare-earth metal guest ones form the planar
honeycomb lattices and the intercalant layers, respectively. This
obviously indicates that the very strong o bondings of C-(2s, 2p,,
2py)—(2s, 2p,, 2py) hybridizations almost remain the same after the
metal-type interactions.’® The stage-n compounds have n graphitic
sheets between periodic Pa/U intercalant layers. There exist the
intralayer C—C and Pa—Pa/U-U bonds and the interlayer C—C and
C—Pa/C-U ones, in which the van der Walls interactions disappear
under the n — 1 case. The significant geometric parameters and
the interlayer distances between the periodic intercalant layers, two
neighboring graphenes, or Pa—C or U-C layers are clearly presented
in Table 6.1. Their features are closely related to the interlayer
bonding phenomena and thus determine the band property near the
Fermi level (the metallic and semi-metallic behaviors®®) and optical
transitions (Figs. 6.6(a)—6.6(x)).5"

The graphite Pa and U intercalation compounds can exhibit
stable stage-n crystal structures. Similar geometry properties are
clearly revealed in the other 5f°%/4f% rare-earth metal atoms and
even in the 3d/4d/5d/6d transition-metal ones.®® Moreover, the
analytic formulas, which characterize the concentration relation-
ships between the host and guest atoms, are identical for Cg,R,
Cg, T, and Cg,Na®l/Cg,%? K/Cg,Rb% /Cg,Cs% but comparable
for Cg,Li.%° Graphite lithium intercalation compounds possess the
smallest interlayer distances, the highest adatom concentrations,
and the strongest chemical bondings (Table 6.1). These indicate
the prominent interlayer multi-orbital hybridizations of metallic
carbon-intercalant bonds. The donor-type dopings of conduction
electrons are expected to dominate the low-energy quasi-particle
properties. How to evaluate the blueshifts of the Fermi level will
be discussed in Sections 6.4 and 6.5. In addition, there also exist
acceptor-type graphite intercalation compounds,®® which lead to
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Fig. 6.1. The top/side views of the geometric structures for (a)/(b) Bernal
graphite, and the (c)/(d) stage-1, (e)/(f) stage-2, (g)/(h) stage-3, and (i)/(j)
stage-4 graphite Pa intercalation compounds.
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Table 6.1. The geometric parameters, namely the interlayer distances
of graphene—graphene, intercalant—intercalant, and graphene—intercalant for
stage-n graphite Pa/U interaction compounds.

Graphene— Intercalant— Graphene—
graphene (A) intercalant (A) intercalant (A)
PaC8 4.36 5.02 2.62
PaC16 3.11 4.97 2.63
PaC24 4.75 4.95 2.77
PaC32 4.97 4.95 2.72
UucCs 4.43 5.04 2.65
UC16 4.73 4.96 2.67
UC24 4.83 4.95 2.81
UC32 5.05 4.94 2.76

the creation of free valence holes. Such systems, which have been

67 consist of

successfully synthesized in experimental laboratories,
large intercalants with negative charges, e.g., AICly and AlyCly
in ion-based batteries.®® Both donor- and acceptor-type systems
present the rich and unique quasi-particle metals in terms of crystal
symmetries, blue-/redshifts of Er, 3D optical plasmons coexistence
with electron-hole excitations,% and finite optical gaps (which are
discussed latter).™

The theoretical predictions on the position-dependent chemical
bonds or crystal symmetries could be verified by the prominent
patterns of X-ray scattering’’ and reflection low-energy electron
diffraction (RLEED).™ The diffraction peaks are purely due to
elastic scatterings between photons and electrons, in which a periodic
charge density distribution is responsible for the diffraction rule:
The wave-vector change of the incident particles equals a specific
reciprocal lattice vector. According to the theoretical calculations,
the scattering amplitude is very sensitive to the lattice points and the
charge density distributions around them. As a result, high-precision
X-ray measurements of diffraction peaks are available for estimating
the active chemical bondings within a unit cell, e.g., the ionic
bondings of 3D sodium chloride.”™ The graphite Pa/U intercalation
compounds simultaneously have covalent, metallic, and van der
Waals bondings.*® Their superposition leads to highly non-uniform
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and anisotropic carrier density distributions, as clearly shown in
Figs. 6.3(a)-6.3(f). The strong cooperation between the experimental
examinations and the VASP simulations might be able to solve this
open issue. In addition, the high-resolution observations of scanning
tunneling microscopy (STM)! is only suitable for 2D few-layer
materials, but not for bulk graphite intercalation compounds because
of the very weak quantum currents.”™

6.2. Unusual Band Structures with Atom and Spin
Dominances

Monolayer graphene,’ graphite,? and graphite Pa/U intercalation
compounds?? present diverse electronic structures, in which they,
respectively, exhibit the zero-gap,” semi-metallic,’® and metallic
behaviors near the Fermi level. A graphitic sheet possesses a planar
honeycomb crystal and is able to create a well-defined Dirac cone
because of the uniform strength of three nearest-neighboring 2p.-
orbital hopping integrals. The linear and isotropic valence and
conduction energy subbands just intersect at the K/K’ valleys (the
corners of the hexagonal first Brillouin zone).”” The vanishing density
of states at Er shows the unique behavior of semiconducting quasi-
particles.”™ The 7- and o-electronic states, which are well character-
ized along the KMI" and 'MK paths, respectively, with band widths
of 7.20 and 7.05 eV. Their subband anti-crossings are absent in the
wave-vector dispersion because of the non-deformed crystal. The per-
pendicular feature remains the same after the interlayer van der Walls
interactions and intercalant effects, mainly owing to the very stable
honeycomb crystals or the strong 7 bondings.” Through the weak
but significant interlayer 2p,—2p, orbital hybridizations, the AB-
/ABC-/AA-stacked graphite systems display somewhat overlapping
valence and conduction subbands along the KH paths (Fig. 6.2(a)).
The simultaneous existences of valence holes and conductions
electrons can greatly diversify the various quasi-particle proper-
ties, e.g., the stacking-, temperature-,®0 polarization-direction-,3!
and magnetic-field-dependent electron-hole pair excitations,®? plas-

mon modes®® /magneto-plasmons,® Landau subands,® optical



204 Chemical Modifications of Graphene-Like Materials

(a) (b)

r M K r A L H A

— Spinup — Spin down

f

—
N

Ec,v(eV)

r MKk r A L H A I MK A L H A

— Spinup — Spin down O c O Pa

Fig. 6.2. The band structures with carbon/intercalant dominances for (a)
pristine graphite (b) within the first Brillouin zone, the (c)/(d) stage-1, (e)/(f)
stage-2, (g)/(h) stage-3, and (i)/(j) stage-4 graphite Pa compounds, and the
(k)/(1) stage-1, (m)/(n) stage-2, (0)/(p) stage-3, and (q)/(r) stage-4 graphite U
compounds.

absorption spectra,®® and magneto-selection rules. Of course, the
dimensionality crossover phenomenon between monolayer graphene
and graphite should be a very interesting research topic for the
modulation strategy.
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The rare-earth metal intercalations®® totally change the elec-
tronic energy spectra and wave functions, as clearly shown in Fig. 6.2:
band structures with carbon/intercalant dominances for the (c)/(d)
stage-1, (e)/(f) stage-2, (g)/(h) stage-3, and (i)/(j) stage-4 graphite
Pa compounds and the (k)/(l) stage-1, (m)/(n) stage-2, (0)/(p)
stage-3, and (q)/(r) stage-4 graphite U compounds. The diversified
quasi-particle behaviors cover: (1) more energy subbands with an
increase in n, mainly owing to an enlarged unit cell (the zone-folding
effects),®” (2) the greatly enhanced asymmetry of valence holes and
conduction electrons about the Fermi level Er = 0, (3) the blueshift
of Fr due to the semimetal-metal transition,® (4) the reduced free
carrier density with a decrease in intercalant concentrations (larger
values of ), (5) the modified Dirac cone structure at the K valley
of BY =~ —3.10 eV (see also the density of states in Fig. 6.5),%
(6) the m-band width along KMI" and their partners due to the zone-
folding effects,7 (7) the well-characterized o-electronic valence states
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initiated from the I" point at E¥ = —4.10 eV, (8) the spin split of
certain subbands across Er (the multi-spin-related Fermi surfaces),”!
(9) the Pa/U dominances within a specific energy range of —3.0
< E%Y < 6.0 eV above the modified Dirac cone structure and —22.0 <
E®Y < —19.0 eV (the red balls),?° (10) the carbon dominances in the
7- and o-electronic valence states over —19.0 < E%Y < —3.0 eV (the
blue balls),”? and (11) a plenty of critical points in the energy-wave-
vector space with different curvatures (various energy dispersions and
van Hove singularities, as shown in Fig. 6.5).47

The featured quasi-particle properties directly reflect the total
chemical bondings, as follows: (I) the intralayer ¢ and 7 bondings
in a planar carbon-honeycomb crystal,®® (II) the interlayer 2p.—2p.
hybridizations (the semi-metallic van der Waals interactions),*® (IIT)
the interlayer metallic C-Pa/C-U bondings, and (IV) the intralayer
metallic Pa—Pa/U-U ones. Such multi-orbital hybridizations are
responsible for the energy-dependent atom dominances in the above-
mentioned (9) and (10). The rare-earth metal intercalants can drive
the ferromagnetic spin configurations and thus create ferromagnetic
metals. Most of the spin-split free carriers are associated with the
intercalation effects. It is well known that the Fermi surfaces lead
to certain unusual quasi-particle phenomena, such as the long-
range Friedel oscillations due to the Coulomb-field charged impurity
(with a period of 7/k%), the Fermi-momentum-induced electron—
hole pair excitation boundaries,? the Fermi-energy-dominated plas-
mon modes,?® the optical threshold frequencies,”® and the Kohn
anomaly of phonon spectra related to free carrier screening.”® More
interestingly, the multi-Fermi surfaces in coaxial carbon nanotubes
in few-layer graphene systems have been predicted to exhibit the
beating behavior with an unusual superposition of certain prominent
Friedel oscillations.”” As for the blueshift of the Fermi level, its value
can be estimated from the modified Dirac points,? and the optical
gaps.?

The high-resolution measurements of angle-resolved photoemis-
sion spectroscopy (ARPES)? are very powerful for observing the
occupied quasi-particle energy spectra and lifetimes.? Such exami-

nations have been successfully done on the 3D Bernal graphite,!00
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few-layer graphene systems with different stacking configurations
and layer numbers,'®! and 1D graphene nanoribbons,!0?
carbon nanotubes because of the non-straight deformations.'%® A
graphite sample has prominent surface quantum confinement during
many inelastic scatterings, leading to the specific non-conservation
of the perpendicular momentum transfer. This issue could be solved

but not on

by using the featured energy dispersions along the k, direction.
Similar behaviors arise in graphite intercalation compounds. How
to overcome them depends on the strong cooperation between
experimental® and theoretical researches.'* The blueshift of Ep
and the redshifts of the initial 7 and o valence subbands become
smaller with a decrease in the rare-earth metal atom concentration.
These could be examined through the ARPES observations,”® while
the opposite is true for the complicated spin-split Fermi surfaces,
according to the VASP simulations (Fig. 6.2).

6.3. Non-uniform Charge- and Spin-density
Distributions

Both graphite and graphite rare-earth metal intercalation com-
pounds display the featured charge density distributions. Interest-
ingly, figs. 6.3(a)-6.3(f) clearly illustrate the coexistence of four
kinds of chemical bondings. Each isolated carbon atom exhibits
four active orbitals of 2s and (2ps, 2py, 2p-), in which the former
and the latter, respectively, correspond to the inner red and the
outer yellow/green regions. Similarly, an independent Pa/U atom
reveals the spherical probability distributions of the two-6s and
seven-bf orbitals. Their dramatic transformations occur after the
formation of 3D layered graphites'% and graphite Pa/U intercalation
compounds. The 2D carbon-honeycomb crystals, which survive under
a planar structure, should possess perpendicular o and 7 bondings
through the (2s, 2p., 2py) — (2s, 2p., 2py) and 2p.—2p, orbital
hybridizations (Fig. 6.3(a)) [Refs]. Any two neighboring carbon
atoms have quite strong interactions, leading to the dog-bond-
like red regions, as seen from the top view, and the most stable
crystal in the world. Along the z direction, the weak but significant
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(a) (b)

(©) (d)

(2) ()

Fig. 6.3. The top/side views of the spatial charge density distributions
for (a)/(b) Bernal graphite and the (c)/(d) stage-1 and (e)/(f) stage-2,
(g)/(h) stage-3, and (i)/(j) stage-4 graphite Pa compounds. Also shown for
comparison are those of isolated carbon and Pa atoms.
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interlayer van der Waals interactions of 2p, orbitals are responsible
for the attractions of neighboring graphitic sheets and the semi-
metallic behavior. Of course, the position-dependent carbon atom
interactions are very sensitive to the stacking configurations (AA,°
AB,? or ABC* stackings). Such featured bondings also appear in
the n > 2 intercalation compounds (Figs. 6.3(e) and 6.3(f)). Most
importantly, the rare-earth metal intercalations can present four
kinds of chemical bondings on distinct planes simultaneously: (I) the
intralayer o and 7 orbital hybridizations on honeycomb lattices,”
(IT) the intralayer intercalant-intercalant metallic bondings of (5f,s,
of, .2, 5fy22, 5fxyz, 5fz($2_y2), 5fr(x2_y2), 5fx(m2_3y2)) - (5fr3, of, 2,
5fy2, Sfayz, BEa(a2—y2), Sly(a2—y2), Blpp2_g,2)),'% (1) the interlayer
2p,—2p, interactions between two neighboring graphene atoms,
and (IV) the interlayer host—guest metallic orbital mixings about
2p,— (5f,s, 5f,.2, 5f, .2, 5fyy:, 5fz(z2_y2), 5fz(x2_y2), 5fz(x2_3y2))'107
These concise pictures are consistent with a number of merged van
Hove singularities (as discussed in Figs. 6.5(a)-6.5(p)).*” The rich
phenomena of chemical bondings are very helpful in establishing the
tight-binding model*? or the generalized tight-binding model'®® with
suitable hopping integrals and on-site ionization energies. Whether
the predicted charge density distributions could be examined through
the measured diffraction peaks of elastic scatterings,'% as done
for ionic crystals, which require strong cooperation among the

110

VASP simulations,*? phenomenological models,''? and experimental

observations.57

The spatial spin-density arrangements along the top/side views
are clearly illustrated in Fig. 6.4 under four intercalation cases:
the (a)/(b) and (c)/(d) stage-1 and the (e)/(f) and (g)/(h) stage-2
graphite rare-earth metal Pa and U compounds. The intercalant Pa
and U layers can generate rather strong ferromagnetic configurations
through the giant red volumes, while the opposite is true for the
neighboring carbon atoms through the greatly reduced blue ones.
The prominent ferromagnetic spin configurations and negligible
antiferromagnetic ones are fully consistent with the atom- and
orbital-projected net magnetic moments (as detailed in Table 6.2).
Also, note that Pa and U can even induce magnetic moments of
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Fig. 6.4. The spin-charge distributions along the (a) top and (b) side views of
stage-2 graphite rare-earth-metal compounds. The band energy spectra and the
atom-dominated band structure for (c)/(d) State-I, (e)/(f) state-II, and (g)/(h)
state-III Pa intercalate graphite.
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Table 6.2. The atom- and orbital-decomposed
magnetic moments for stage-1, stage-2, stage-3, and
stage-4 graphite Pa and U compounds.

Magnetic moment (ug)

PaC8 0.10
PaCl16 0.20
PaC24 0.74
PaC32 1.71
UcCs 2.58
UC16 2.98
UC24 3.28
UC32 3.46

0.064 and 2.345 up per unit cell, respectively, regardless of C-—
Pa/C-U bond lengths (2.62/2,65 A). The magnetic strength ratio
between the host carbon atoms and the guest rare-earth metal
ones is roughly smaller than 2%/0.6% under the Pa/U intercalation
cases (the enhanced blue balls). Most of the carbon atoms display
very weak spin-down distributions, except for the first and fourth
ones. Under the spin-dependent phenomenological model,''% only
the ferromagnetic configurations of Pa/U intercalant atoms, but not
the host carbon atoms, need to be taken into account through the
Heisenberg-like Hamiltonian. Such interactions are quite different
from the Hubbard-like on-site electron-electron Coulomb ones.?*
Obviously, the extremely magnetic configurations frequently appear
after the rare-earth metal intercalations.”® The metallic Pa/U-
C bonds can greatly promote the carrier mobility,'!! while they
cannot effectively mediate the ferromagnetic spin distributions. The
above-mentioned information is very helpful in establishing the spin-
based ferromagnetic Hamiltonians with reliable parameters and thus
expanding the quasi-particle framework.!® These unusual magnetic
behaviors could be verified from the SQUID'"? or inelastic neutron

13 and the spin-polarized STM of the spin-related sur-

scatterings
face morphologies.'® Both charge- and spin-dependent interactions
are combined together to establish the reliable parameters of the
tight-binding model, clearly indicating an expanded quasi-particle

framework.
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6.4. Atom-, Orbital-, and Spin-decomposed Densities
of States

After the delicate calculations, the energy-dependent 3D/3D/1D
density of states is defined by the constant-energy surface/loop/point
integration of the inverse magnitude of group velocity, except for the
0D quantum dots''* that exhibit the delta-function-like symmetric
peaks with a broadening factor.!'® In general, the critical points,
which occur in the energy-wave-vector space,!'6 display abnormal
group velocities, 7

for the special structures under physical perturbations, e.g., the
69

present the van Hove singularities,*” and account

and plasmon modes®® through
118

strong electron—hole excitations
the external time-dependent Coulomb fields**® and the prominent
absorption peaks due to the joint van Hove singularities under
electromagnetic-wave perturbations.'’® In general, it is relatively
easy to obtain the analytic forms of the 2D/1D/0D singular density
of states (e.g., the details of 1D van Hove singularities given in
Chapter 10),*” while the opposite is true for the 3D ones. For
example, the 3D parabolic and partially flat energy dispersions, with
isotropic features near the band-edge states, could exhibit the square-
root shoulder structures'?® and the delta-function-like symmetric
peaks,!1® respectively. The 2D, 1D, and 0D VASP predictions on
van Hove singularities are directly examined through high-resolution
STS measurements.'! However, the quantum is negligible for 3D
samples with enough widths. Their van Hove singularities only
reflect the available channels during the external field perturbations

121 and

(as detailed in Section 6.5]. As for 3D pristine graphites
graphite rare-earth metal intercalation compounds,®® the orbital-
and atom-/orbital-/spin-decomposed density of states are available
for thoroughly exploring the critical multi-orbital hybridizations!??
and the featured Fermi surfaces, respectively, through the merged
van Hove singularities and the minimum value below Ep = 0
(blueshift).*” Both of them are very sensitive to the stage-n crystal
structures.!??

The atom-, orbital-, and spin-decomposed densities of states can

reveal the multi-orbital hybridizations of the four types of chemical
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(a)

(®)

(c)

(d)

Fig. 6.5. The atom-, orbital-, and spin-decomposed density of states for (a) pris-
tine graphite, the (b)/(c)/(d) stage-1, (e)/(f)/(g) stage-2, (h)/(i)/(j) stage-3, and
(k)/(1)/(m) stage-4 graphite Pa compounds, and the (n)/(0)/(p) stage-1 graphite
U compound.
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Fig. 6.5. (Continued)

bondings in graphite rare-earth metal intercalation compounds, as
shown in Fig. 6.5 under (a) a pristine Bernal graphite, (b)/(c)/(d)
stage-1, (e)/(f)/(g) stage-2, (h)/(i)/(j) stage-3, and (k)/(1)/(m)
stage-4 Pa-intercalant systems, and (n)/(o)/(p) stage-1 U-guest-
atom ones. The van Hove singularities in 3D graphite only behave
as broadening peak structures. The m- and o-electronic states,
which, respectively, come from the intralayer 2p.—2p, (the red

curve)'? and (2s, 2p., 2py) — (25, 2Pz, 2p,) orbital hybridizations
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Fig. 6.5. (Continued)

(the red, green, and blue curves).!?> These two kinds of peaks
cannot merge together, which clearly illustrate the perpendicular
chemical bondings within a planar carbon-honeycomb crystal. At
the Fermi level of Er = 0, the density of states is finite but small
under a weak band overlap of valence and conduction subbands
(Fig. 6.2(a)). That is, the semi-metallic behavior is purely due
to the interlayer van der Waals interactions (interlayer 2p,—2p.
mixings).'?* The former and the latter are well characterized within
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—3.0 < E%Y < 3.0 eV and deeper energies, respectively. In the rare-
earth metal interactions, the minimum density of state due to the
7 valence subbands presents a redshift of ~—3. 1 eV. The strong
C-Pt and Pt—Pt bonds dominate within -3.1 < E%Y < 6.0 eV,
covering part of the carbon-2p, contributions through the metallic
and semi-metallic bonds, The seven-5f contributions of (f,3, f,.2,
f22, foyz, fa2—y2y)s fo@2—y2) and fr(x2_3y2)) are comparable through

y
the spin-split metallic ferromagnetism, in which their magnitudes
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(n)

Fig. 6.5. (Continued)

cannot be well distinguished from the high-resolution STS/SP-STS
[Refs]. The Pt-atom dominances also survive within —22.0 < E%V <
—19.0 eV. On the other hand, the carbon dominances of the 7- and
o-electronic valence states appear within —22.0 < E%Y < —3.10 eV
in the absence of spin splitting.!?® The above-mentioned van Hove
singularities clearly illustrate four kinds of critical chemical bondings
in graphite Pa/U intercalation compounds, which are consistent with
those examined from the band structures (Fig. 6.2).127 In addition,
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similar results are revealed in few-layer graphene intercalation
compounds.©

The high-precision STS measurements are available for exam-
ining the strong relationships between the featured van Hove
singularities and the multi-orbital hybridizations or ferromagnetic
spin configurations. Such examinations have been very successful
for the geometry-enriched m-electronic properties, covering few-
layer graphene systems with different stacking configurations and
layer numbers, 1D single-walled/coaxial carbon nanotubes with
various radii and chiralities, and graphene nanoribbons in the pres-
ence of quantum-confinement effects!?® and open-edge structures.??
The carbon honeycomb-related systems exhibit the metallic, semi-
metallic, and finite-gap behaviors, which could be directly observed
from a finite or zero density of state at EFr = 0. The - and o-
electronic features could be observed within —3.0 < E < 3.0 eV and
deeper energies. After the rare-earth-metal Pa/U intercalations,®
this specific range undergoes a large redshift (larger than 3.0 eV)
with enhanced metallic behavior of C-Pa/C-U and Pa-Pa/U-U
bonds. The spin-polarized STS is urgently required for the spin-
split ferromagnetic metals. Also, note that the minimum density of
states, corresponding to a modified Dirac cone structure, arises at
high valence energies with an increase in n (a decrease in intercalant
concentration)3? Interestingly, the concise pictures of chemical, phys-
ical, and material science could be achieved from the experimental
and theoretical studies.'% However, achieving simultaneous progress

67 and

among the VASP simulations,*? experimental observations,
phenomenological models,''? has become a tough challenge since it
is almost impossible for the proper establishment of the 14-5f orbital-

and spin-dependent Hamiltonians.'3%

6.5. Unusual Dielectric Functions, Energy Loss
Spectra, Reflectances, and Absorption
Coefficients

The vertical optical transitions, which come from the physical

131

perturbations of electromagnetic waves, can exhibit unusual

quasi-particle semi-metallic phenomena in graphite materials and



220  Chemical Modifications of Graphene-Like Materials

graphite Pa/U compounds, mainly owing to the semi-metallic®®
and ferromagnetic-metallic!3? behaviors, respectively. The incident
photons carry energies but are almost without momenta, so that
the initial and final states possess the same wave vectors. Their
joint density of states and electric dipole matrix elements, respec-
tively, determine the available excitation channels and the scatter-
ing absorption probabilities. When the former is associated with
band-edge states, the prominent absorption structures come to
exist under a finitely induced dipole moment. The semi-metallic
systems and ferromagnetic metals are able to attain the orbital-
and atom-/orbital-spin-projected electronic states, which are useful
for developing composite quasi-particles (a grander framework).!3
Each absorption structure would be attributed to the atom, orbital,
and spin dominances of the initial and final states under delicate
analyses. Furthermore, it might be associated with the significant
superposition of different chemical bondings under the same spin con-
figurations. These behaviors have never been reported in previously
published works. Whether the optical threshold frequencies of stage-n
donor-type metals could be estimated using the value of the Fermi-
level blueshift is worthy of detailed discussion. The single-particle
electron-hole excitations and collective excitation modes,® which,

133

respectively, are revealed in the dielectric functions™° and energy loss

spectra, display the diversified quasi-particles. There exist certain
important differences between the 7- and o-electronic plasmons,?6
mainly owing to their perpendicular features. Their close relations
with reflectance spectra and absorption coefficients could be verified
from the high-precision optical measurements.'* In addition, the
many-body excitons cannot survive because the screening effects are
too strong to present the attractive Coulomb potentials between the
excited valence holes and conduction electrons.

Figure 6.6 clearly shows the VASP simulations of the imaginary-
and real-part dielectric functions (the solid and dashed curves) /
energy loss spectra / reflectances / absorption coefficients for (a)/
(b)/()/(d) pristine graphite, the (e)/(f)/(g)/(h) stage-1, (1)/(j)/
(K)/(1) stage-2, (m)/(n)/(0)/p) stage-3, (a)/(r)/(s)/(t), and stage-4
graphite Pa compounds, and the (u)/(v)/(w)/(x) stage-1 graphite U
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Fig. 6.6. The dielectric functions/energy loss spectra,/ absorption / reflectances
coefficients for (a)/(b)/(c)/(d) a pristine graphite, the (e)/(f)/(g)/(h) stage-1,

(1)/()/()/(1) stage-2, (m)/(n)/(0)/p) stage-3, (q)/(r)/(s)/(t) stage-4 graphite
Pa compounds, and the (u)/(v)/(w)/(x) stage-1 graphite U compound.
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one. Bernal graphite presents very low densities of free valence holes
and conduction electrons through the semi-metallic van der Waals
interactions (as shown earlier in Fig. 6.2(a)).!3% The band-overlap-
created carriers can create the polarization- and temperature-
dependent optical excitations. This work is focused on the planar
electric fields at zero temperature because of the strong anisotropy
and the vanishing of the complicated electron—phonon scatterings.
The low-frequency excitation peak appears at ~0.01 eV, as indicated
by the solid curve in Fig. 6.6(a). Most of the m-electronic states,
which are dominated by intralayer 2p,—2p, bondings, are associated
with the saddle point (the M point). These very prominent van Hove
singularities are able to induce very strong charge screenings in the
bare (Fig. 6.6(a)) and screened response functions (Fig. 6.6(b)). The
m-electronic single-particle and collective excitations, respectively,
occur at ~5.00 and 7.00 eV. These two kinds of electronic excitations
in any condensed-matter system will accompany each other in their
related phase diagrams.'® As for o + 7 valence electrons, which
possess higher carrier density and deeper energy, they contribute
significantly to electron—hole pair excitations and plasmon modes
appearing at 14.0 eV and 24.0 eV, respectively. In short, a 3D semi-
metallic graphite clearly illustrates the low-frequency © and ¢ + =
plasmons at distinct frequency ranges.

There are a number of high-resolution reflectance measurements

137 and graphite intercalation compounds.®® The

138 d139

made for graphite

frequency-dependent bare and screene response functions
can be achieved with the full support of the Kramers—Kronig
relations.'? Both Taft and Philipp have successfully obtained the
frequency-dependent reflectance spectra with a range of up to 26
eV in 1965, covering the low-, middle-, and high-frequency charge
screenings of carbon-(2s, 2p, 2p,, 2p.) orbitals. Through delicate
analyses, the estimated values of dominating absorption structures
in the imaginary-part dielectric function and energy loss function,
corresponding to free conduction electrons and valence holes,'!
7 valence electrons,'*? and 7 + o ones'*3 are ~0.02, ~5.00, and
~15 eV and ~0.44, ~7.00, and ~25 eV, respectively. [PRB 16.

2896(1977)] The diversified electronic excitations are consistent with



Intercalation of 5d Rare-Earth Elements Into Graphite 225

those obtained in the current work (Figs. 6.6(a)-6.6(d)). Their
main features also directly reflect the Coulomb-field perturbations!*4
through the momentum- and frequency-dependent excitation phase
diagrams. More interestingly, the free-carrier Coulomb excitations
are very sensitive to the direction and magnitude of momentum
transfer, as clearly verified through high-precision measurements of
reflection electron energy loss spectroscopy (REELS).'4% As to donor-
or acceptor-type graphite intercalation compounds, their optical
reflectance measurements are frequently assisted by the rigid-band
approximations.'® This estimates that the red- or blueshift of the
Fermi level is half of the threshold absorption frequency. However,
the graphite rare-earth metal compounds present a modified Dirac
cone structure at ~—3.10 eV (Figs. 6.2(c) and 6.2(d)), so that
such a viewpoint becomes meaningless. Their optical properties
are strongly affected by the intralayer C—C covalent bondings, the
interlayer semi-metallic van der Waals interactions, and the metallic
C-Pa/C-U and Pa-Pa/U-U ones. The experimental examinations
shown in Figs.6(e)-6(x), especially for the low-frequency composite
quasi-particles, are very important in developing a wider framework.

6.6. Summary

The delicate VASP simulations and analyses are successful in
thoroughly exploring the chemical intercalation effects.'®” The rare-
earth metal graphite intercalation compounds have clearly illustrated
the diverse quasi-particle phenomena, which can be utilized to
realize a grand framework. A 2D monolayer graphene and a 3D
layered graphite, respectively, exhibit the zero-gap semiconducting!4
and semi-metallic behaviors,®® directly reflecting the hexagonal
honeycomb symmetry™ and the weak but important van der Waals
interactions.?® The latter are very sensitive to AB, ABC, and AA
stacking configurations.> The o and 7 bondings of (2s, 2p., 2py)
— (2s, 2pa, 2py) and 2p.—2p. are perpendicular to each other on a
planar crystal. This property almost remains unchanged even in the
presence of intercalant intercalations. Some of the van der Waals
interactions are replaced by the interlayer host—guest and intralayer



226  Chemical Modifications of Graphene-Like Materials

intercalant—intercalant metallic bondings for the n > 2 modifications,
except for the total absence in the n = 1 case. Five kinds of chemical
bondings will coexist in honeycomb lattices, the intercalant ones, and
the interlayer spacings close to the host and guest atoms. The layered
crystals of graphite/graphite Pa/U intercalation compounds are
responsible for all charge- and spin-enriched quasi-particles. The
concise pictures of chemistry and physics are achieved from the
featured VASP results, including the layered crystal symmetries
before and after the Pa/U intercalations,' the ferromagnetic metals
with more energy subbands and band-edge states (the superposition
of zone-folding and intercalation effects),®” the atom- and orbital-
dominated magnetic moments, the Pa-/U-initiated spin arrangement
modulations,’™ the atom-, orbital- and spin-projected van Hove
singularities, and the spin-related absorption peaks and optical gaps
in the absence of excitonic effects.

More interestingly, the rich excitation quasi-particles are well
characterized by the complicated superposition of atom-, orbital-,
and spin-dependent initial and final subband states, that is, such
redefined electron—photon couplings represent an enlarged quasi-
particle framework (as similarly concluded in Chapter 10). The
first-principles simulations are available for deriving the reliable
parameters of the tight-binding model, e.g., the complicated orbital-
dependent hopping integrals from the metallic bonds of C—Pa/C-U
of 2pz— (5fx3, 5fxz2, 5fyz2, 5fmyz, 5fz(x2_y2), 5f:c(z2—y2) and 5fx(:c2—3y2))
and the metallic Pa-Pa/U-U bonds of (5f;s, 5f,,2, 5f .2, 5fs.,
5fz($2_y2), 5fr(x2_y2), 5fx(x2_3y2)) - (5fm3, 5f, .2, 5fy22, 5fxyz, 5fz($2_y2),
5fm(x2_y2), 5fx(x2_3y2)).

The first-principles predictions on the rare-earth metal inter-
calation effects could be verified using high-precision experimental
observations. The X-ray diffractions'® and RLEED"? are powerful
in examining the planar stage-n crystal structures, in which the
carbon honeycomb lattices and the intercalant layers present the
periodic distances. The measured results, which are fully supported
by the VASP simulations, might be useful in estimating the spatial
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charge density distributions, ®* as done for ionic crystals. Both STM

and STS become meaningless in determining the geometry-enriched
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band properties across the Fermi level since the quantum tunneling
currents are almost negligible for sufficiently thick 3D samples. The
spin-polarized ARPES is able to observe the spin-split occupied
energy subbands below the Fermi level?” and the quasi-particle
lifetimes'®3 only through very strong cooperation with the numerical
simulations, such as more energy dispersions and critical points due
to the zone-folding and intercalation effects.®” The spin-up and spin-
down Fermi surfaces are well separated in an observable window,
clearly indicating their cooperation or competition partnerships.
For example, this will lead to the beating behaviors of the long-
range Friedel oscillations in the presence of static Coulomb impurity
screenings'® or very complicated Coulomb decay rates.'> The
optical reflectance,'®® absorption,'® and transmission'®® spectro-
scopies provide sufficient information about the frequency-dependent
dielectric functions, screened response functions, and reflectance
spectra/absorption coefficients in the absence of excitonic effects,
respectively.*® The blueshift of the Fermi level can be estimated from
the energy spacing between the negative energy of the minimum den-
sity of states and Er = 0. In short, the simultaneous progress among
the first-principles simulations,'®” the phenomenological models,!'?
and the experimental observations is clearly illustrated by the rare-
earth metal chemical intercalations.”® This strategy is worthwhile
for developing the binary /ternary layered semiconductor compounds,
e.g., GaS,1%0 GaSe,'! and GaTe!%? and their In-related counterparts,

1

and their electromagnetic-wave''? and Coulomb-field'** composite

quasi-particles.!3
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Abstract

The 5d transition metal guest-atom substituted graphene systems
extensively change the featured properties of condensed-matter systems.
Significant chemical bonds of C-C and C-M (where M is W, Os, Ir,
or Pt) are formed by single and multi-hybridizations. W-; Os-, and
Pt-substituted graphenes form narrow-bandgap semiconductors, with a
range of 0.21-0.4 eV, while Ir substitution results in a semi-metal with
a bandgap of 0.04 eV. Moreover, the magnetic properties are exposed to
W- and Ir-substituted graphenes. The geometric, electronic, magnetic,
and optical characteristics are essentially discussed in this book chapter.

Keywords: Density functional theory, orbital hybridizations, transition
metal substitutions, electronic properties, optical properties, magnetic
configurations.

7.1. Introduction

Carbon possesses four active orbital configurations, namely 2s, 2p,,
2py, and 2p., which determine all the essential properties of
related compounds. Diverse structures of C-related materials, cov-
ering zero-dimensional (0D) carbon/graphene quantum dots,'
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Ceo fullerenes,®5 one-dimensional (1D) carbon nanotubes,5'2 1D

graphene  nanoribbons,'® ¢ two-dimensional ~ (2D) layered
7 and three-dimensional (3D) graphite systems, show
chiefly a significant contribution of sp? hybridization. Among them,
2D graphene shows promise as a potential candidate for further
research in the condensed-matter field, which has been discussed

graphene,!

in both experimental'® and theoretical analyses.'®2° Remarkably,
from an experimental perspective, since the first successful isolation
of monolayer graphene by Novoselov in 2004,'® interest in graphene
has been particularly prominent due to many exceptional essential
properties that are characteristic of this material. Interestingly,
the Nobel Prize in Physics in 2010 was awarded for outstand-
ing groundbreaking research on graphene, which might have pre-
sented both benefits and challenges for scientists when working on
graphene.

Chemical modifications include adsorptions, substitutions, inter-
calations, decorations, and heterojunctions, which are efficient
approaches to extensively enhancing the various rich behaviors of
materials and their applications. Guest-atom-substituted graphene
has been applied to a wide range of elements on the periodic table,
e.g., alkalies, halogens, transition metals, and rare-earth elements.
Among them, transition metals in diverse groups, such as 3d, 4d, 5d,
and 6d, might make great contributions to basic and applied science.
Previous studies have reported theoretical?’"?® and experimental
measurements of substituted systems, with some of them showing
rich magnetic moments, which result in the splitting of spin up and
spin down over an energy range. For example, manganese (Mn) with
the 3d° orbital configuration possesses a massive magnetic moment of
3up at diluted guest-atom concentrations.?® This might be useful for
comprehensive investigations of the innovative behavior of graphene
through chemical modification methods. In this chapter, we focus on
5d transition metals as guest atoms for the substitution process in
graphene.

The substitution systems of tungsten (W), osmium (Os), irid-
ium (Ir), and platinum (Pt) are investigated under the theory of
hybridization in the chemical bonds, which is seldom discussed in
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the literature. 5d transition metal-substituted graphene compounds
are systematically examined using first-principles analyses in
combination with spin interaction and the crucial chemical relations
of 7, o, sp?, and sp® for planar and buckling structures. The current
work shows highly non-uniform structures under the diverse C—C,
W-C, Os-C, Ir-C, and Pt—C chemical bonds. Furthermore, several
rich characteristics come into existence, such as the strongly ruined or
modified Dirac cone on the band energy; the semimetal, semiconduct-
ing, or metallic behaviors; magnetic configurations; and optical spec-
tra. Theoretical calculations are significantly tested by experimental
investigations, such as scanning tunneling microscopy/transmission
electron microscopy (STM/TEM)?! for geometric structures, angle-
resolved photoemission spectroscopy (ARPES)?4726 for wave-vector-
dependent energy bands, scanning tunneling spectroscopy (STS) for
van Hove singularities, the superconductor quantum interference
device (SQUID) for magnetic behaviors, and optical spectroscopies
for optical properties.

7.2. Computational Techniques

The investigations for the featured optimal structures, electronic
characteristics, magnetic configurations, and optical properties of 5d
transition metal-substituted enriched graphene structures are based
on the density functional theory (DFT)?" using the Vienna Ab-initio
Simulation Package (VASP). The important exchange-correlation
energy is calculated using the generalized gradient approximation®®
and the Perdew Burke Ernzernhof functional,?® while the ion-
electron interaction is calculated by the projected augmented wave
(PAW) approach.?? In this model, we also add 15A in the z-direction
to neglect the interaction in this direction. The k-point meshes are
applied on a wave-vector basis using the Monkhorst—Pack scheme as
7 x 7 x 1 for optimal structures and 15 x 15 x 1 for other physical
and chemical behaviors. The energy of 10~%eV is utilized for two
consecutive steps to check the convergence. Moreover, the limit for
the Hellmann-Feynman force of each atom is likely less than 0.01
eV-A~" in the relaxational process.
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7.3. Optimal Stability

Owing to their high atomic numbers, the 5d transition group
elements show complicated electron configurations, as depicted in
Fig. 7.1. Therefore, after substituting W, Os, Ir, or Pt into graphene,
these structures come into existence with unique characteristics
(Fig. 7.2(a) and 7.2(b) and Table 7.1). The modulation of chem-
ical bonds creates highly non-uniform structures which are totally
different from those of pristine graphene. T'wo mainstream chemical
interactions cover C—-C and C-M, where M denotes the guest-atom
substitution, including W, Os, Ir, and Pt. It is noted that W and
Ir represent magnetic properties, so the spin-dependent many and
single particles need to be taken into account in the numerical
calculations. The geometric structures are considered in a 1:31 con-
centration ratio for the four guest-atom-substituted graphenes, while
the 1:49 case is considered for W and Os. The higher concentrations,
for example, 1:18 and 1:8, might be difficult to form in this structure
due to the heavy atomic number of 5d transition metals. Pristine
graphene presents a well-known C—C chemical length of 1.42 A, while
the substituted modification displays a slight modulation of 1.40-
1.43 for the specific W, Os, Ir, and Pt atoms, as shown in Table 7.1.
Furthermore, the stable structures present buckling, which mainly
appears at the substituting position of the guest atoms. The wide
difference spread ranging from 1.60 (Ir) to 1.75 (Os). These unusual
features might play a substantial role in fundamentally determining
the essential properties of modulated systems, which might refer
to the contribution of sp? hybridization instead of the well-defined
identification of o0 and 7 bonds in graphene. The observation of
C-C and C-M fluctuation and buckling behavior might predict a
rich and complicated charge density, which leads to an interesting
understanding of other electronic and optical properties.

7.4. Wave Vector-independent Band Characteristics

Rich band structures for 2D systems reveal rich and unique electronic
features. In our model analyses, we use the supercell atoms of
4 x4 (31 C atoms and 1 impure atom) and 5 x 5 (49 C atoms
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Fig. 7.1. The ground-state orbital configurations of W, Os, Ir, Pt, and C.

(a)

(b)

Fig. 7.2. Geometric structures of 5d transition metal-substituted graphene:
(a) 1:31 and (b) 1:49.
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Table 7.1. Optimal structures with diverse features: chemical bonds, height,
total energy, magnetic moment, and band gap.

Height Magnetic

Concentration C-M C-C (h) Eoq moment FE,

C 1:31 (4 x 4) — 1.42 — —298.02 — 0

Pristine  1:49 (5x5)  — 1.42 — 46566  — 0
W 1:31 (4 x 4) 1.94 1.42-143 1.73 —294.28 1.51 0.30
1:49 (5 x 5) 1.95 1.42-1.43 1.72 —462.02 —1.51 0.21
Os 1:31 (4 x 4) 1.89 1.42-1.44 1.65 —293.52 0 0.40
1:49 (5 x b) 1.89 1.42-1.43 1.75 —461.23 0 0.34
Ir 1:32 (4 x 4) 1.90 1.41-144 1.60 —291.91 0.56 0.04
Pt 1:32 (4 x 4) 1.93 1.40-1.43 1.64 —288.97 0 0.22

and 1 impure atom) so that the zone folding effect can be applied
with the K-path of I'M-K-I' (Fig. 7.3(a)). The eventual Dirac
cone at the K point (Fig. 7.3(b)) demonstrates the significant
role of 2p, hybridization (7w bands) for pristine graphene. Many
parabolic dispersions come into existence frequently, and the specific
saddle point appears at M points. Additionally, the crossing/non-
crossing features result from the orthogonal of the o(sp?-sp?) and 7
bands. The substitution configurations produce plenty of subbands
because of the large atomic numbers in the supercell and the diverse
single and multi-hybridizations, as shown in Figs. 7.3(c)-7.3(h). In
most available cases with low concentrations, the transition metal-
dominated strong free electrons or holes are near the Fermi level,
leading to the distortion of Dirac cones in substitution systems.
A typical feature of four atoms in 5d transition is that there exists
strongly asymmetric behavior between the occupied hole bands and
unoccupied electron bands. This phenomenon illustrates complicated
hopping integrals and energy in phenomenological models, which
present strong interaction of atom-dependent orbitals. The dramatic
change in band structures is clearly visible in the W, Os, Ir, and Pt
atoms. Remarkably, the spin-split band characteristics with spin up
and spin down, are shown by the black and dashed-red lines for W
and Ir in Figs. 7.3(c) and 7.3(g), respectively. It is noted that the
magnetic moment with a value of 1.51 creates strong splitting near
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(a) (b)

(c) (d)

(e) (f)

Fig. 7.3. (a) The first Brillouin zone under the zone folding effect, and the
band structures along with the high symmetric point for 1:31 concentration of
(b) pristine graphene, (¢) W with spin up and spin down, (d) C dominance in
W-substituted graphene, (¢) W dominance in W-substituted graphene, (f) Os
and its dominance, (g) Ir, and (h) Pt.



246  Chemical Modifications of Graphene-Like Materials

(2) (h)

Fig. 7.3. (Continued)

the Fermi level (Ep= 0), while in the deeper energy range, undis-
tinguished spin separations are observed. The band structures are
sensitive to the kind of guest atom and the M (W, Os, Ir, or Pt)
concentration. The case of 1:31 for W, Os, and Pt presents a narrow
bandgap semiconductor of 0.3, 0.4, and 0.22 eV, respectively, while
Ir demonstrates a 0.04 eV semi-metal gap. These gaps are measured
from the highest occupied states to the lowest unoccupied states,
for example, W:C (3.23%) possesses a direct bandgap at the K
point with unique ferromagnetic spin configurations (Fig. 7.3(c)).
A similar phenomenon can be observed with 1:49 of W- and Os-
substituted graphene, with an increasing number of subbands based
on the Moiré superlattice unit cell. Transition metals dominate in the
range of —6.0 to 2.0 eV, as indicated by the blue circles, and C atoms
have higher arrangements in the whole energy band of —15.0 to 5.0
eV, as indicated in deep-purple color, but not near the Fermi level
(Fig. 7.3(d)). Apparently, the complicated orbital hybridizations of
transition metal-C essentially determine the chemical interactions
between them. The co-dominance of (W, Os, Ir, or Pt) and C
is located at —6.0 < E“¢ < 2.0 eV, revealing the interaction of
W-C, Os—C, Ir-C, and Pt—C. Remarkably, there exist interesting
flat bands near the Fermi level at —0.4 and 0.3 eV, which might be
related to the C 2p, orbitals, rather than C 2p, and 2p, (detailed
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in the DOS sections). Moreover, the energy bandwidths are quite
large up to 2.0 eV, which will strongly modify the diverse energy
range, along with the high-symmetry points I'-M-K- I'. The non-
monotonous wave-vector-dependent behaviors appear between two
high-symmetric points, with the band-edge states frequently created
in the energy bands.

For experimental measurements, ARPES is a useful technique to
measure the wave-vector dependence of the valence bands close to the
Fermi level for non-magnetic structures, while spin-polarized ARPES
is used for examining the magnetic moment bands of nanomaterials.

7.5. Rich Atom- and Orbital-decomposed van Hove
Singularities

The significant densities of states (DOSs) play a substantial role
in the comprehensive understanding of the electronic properties of
substituted systems, as shown in Figs. 7.4(a)- 7.4(f). The chemical
bonds of W-C, Os—C, Ir-C, Pt—C, and C—C can be demonstrated by
the atom, orbital, and spin DOSs with critical orbital hybridizations.
In general, DOSs might come into existence in diverse forms, such as
asymmetric V-shapes, specific delta-function-like distinctive peaks,
and logarithmic structures, which are associated with the band
structures. In comparison with the pristine case, the Dirac cone in
the band structure will be slightly modified, leading to a change in
the V-shape in the case of substitutions of 5d transition metals at
low concentrations of 3.23% and 1.96%. The various band-edge states
result in diverse van Hove singularities for all available configurations.
In the energy range of —1.1 to 1.1 eV, the C-2p, (light-green line)
and M-(6s, 5d,2_,2, 5duy, 5dyz, 5dsz, 5d,2) (solid yellow, green, red,
dashed pink, purple, blue, respectively) show strong contributions.
The common 5d orbitals appear in the DOSs of impure atoms at
identical positions with diverse intensities, as shown in Figs. 7.5(a)—
7.5(d) and Figs. 7.6(a) and 7.6(b). The spin-decomposed DOSs of W
in Figs. 7.5(a) and 7.6(a) depict the different peak positions in spin
up and spin down, which exhibit the strong split-spin configurations
of ferromagnetic structures. In these cases, the van Hove singularities
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(a) (b)

(c) (d)

Fig. 7.4. Wave vector-independent band structures along with the high-
symmetric point for 1:49 concentration of (a) pristine graphene, (b) W with
spin up and spin down, (c) W dominance in W-substituted graphene, and
(d) Os dominance in Os-substituted graphene.

are extended over the entire energy spectrum, but they seem to be
difficult to classify as pure 7 or ¢ bonds (sp?>-sp?). As a result,
the C-C bonds are caused by the mixing of (sp?-sp?) and (sp>-
sp?)of 2s, 2p,, 2py, and 2p.. The essential chemical bonds of C-W

are originated from (2s, 2p;, 2py, 2pz) — (6s, 5d,2_y2, 5day, 5dy.,
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Fig. 7.5. The atom and orbital densities of states for M-substituted systems with
1:31 concentration for (a) W, (b) Os, (c) Ir, and (d) Pt.
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Fig. 7.6. The atom and orbital densities of states for M-substituted systems with
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5dyz, 5d,2). It should be pointed out that the mixing of six-orbital
hybridizations of 5d transition metals and four-orbital hybridizations
of carbon might appear at identical overlapping positions, leading to
the creation of physical and chemical interactions. Regarding the
spin-split energy, the ferromagnetic properties are mainly featured
by the energy bands and the van Hove singularities about the Fermi
level. The DOSs of Ir also possess magnetic properties, but 5d,2
contributes higher intensities in comparison to W—guest atoms with
5d,2_,2 and 5dgy. For Os and Pt, the spin-up and spin-down
states might simultaneously exist, which might destroy the magnetic
properties in these materials. On the other hand, the mixing of six
orbitals (6s, 5d,2_,2, 5dzy,5dy., 5d;., 5d,2) extends to the occupied
states as deep as —10 eV, while Os shows less participation in the
lower energy range.

From an experimental perspective, van Hove singularities are
popularly identified using STS or SP-STS. The principal methods for
these techniques involve measuring the differential (d/ /dV'), which is
proportional to the DOS. To date, a few successful experiments have
been conducted for identifying the van Hove singularities of graphene
nanoribbons, few-layer graphene systems (monolayer graphene, AA-
AB-, and ABC-stacked graphites, and 2D trilayer graphene sys-
tems in AAA, ABA, ABC, and AAB stackings). Additionally,
high-resolution spin-polarized spectroscopies are available to deter-
mine the spin-split magnetic properties and the DOS structures near
the Fermi level.

7.6. Spatial Charge Densities and Spin Configurations

W-, Os-, Ir-, and Pt-substituted graphenes exhibit specific charge
distribution properties. It is noted that the isolated carbon atoms
reveal the contributions of four activated orbitals, including (2s,
2Dz, 2py, and 2p,) by the spherical-like shape. In Fig. 7.7(a), the
appearance of the red core of 2s in red color might partially take
part in the chemical interaction of C-C or C-M atoms (where M
is W, Os, Ir, or Pt), while the yellow-green region is classified
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(d)

Fig. 7.7. Charge density for the M-substituted carbon system with 1:31
concentration: (a) isolated M, (b) C, (c) top view, and (d) side view.

(a)

(b)

Fig. 7.8. Charge density for M-substituted carbon system with 1:49 concentra-
tion: (a) top view and (b) side view.

as (2pgz, 2py, 2p.) orbitals. Figure 7.7(b) illustrates the isolated
transition metal atom, comprising the W, Os, Ir, or Pt guest atoms.
The red core is specific to the 6s orbital, while the yellow-green region
describes the contribution of M-(5d,2_,2, 5dgy,5dy., 5dsz, 5d,2).
Figures 7.7(c) and 7.7(d) and Figs. 7.8(a) and 7.8(b) show the charge
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densities of the substitution systems, which belong to the 1:31 and
1:49 concentration cases, respectively. The chemical bondings of C-C
and C—M determine the shape change of the charge density based on
the contribution of diverse hybridization, resulting from C (2s, 2p,,
2py, 2pz) — C (2s, 2pa, 2py, 2p2) / C (2p2) — C (2pz) / C(2s, 2py,
2py) — C (2s, 2pg, 2py), and C (2s, 2ps, 2py, 2p.) — M (5d,2
5dgy, 5dyz, 5dyz, 5d,2).

The ferromagnetic properties take place in the W and Ir, which
are revealed in the spin-density distribution shown in Figs.7.9(a)—
7.9(c) and Figs. 7.10(a)-7.10(c). In general, there exist two kinds
of spin configurations, comprising the Hubbard and Heisenberg
models. It is interesting that the W and Ir spin moments belong
to the latter, which presents the contributions of both spin up
and spin down. Figures 7.9(a)-7.9(c) and Figs. 7.10(a)-7.10(c) show
the spin configurations for two concentrations of 1:31 and 1:49,

—y2

(a) (b)

(c)

Fig. 7.9. Spin configuration for 1:31 M-substituted graphene: (a) whole system,
(b) spin up, and (c) spin down.
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(b)
(a)

Fig. 7.10. Spin configuration for 1:49 M-substituted graphene: (a) whole system,
(b) spin up, and (c) spin down.

indicated by yellow and cyan, respectively, for spin-up and spin-down
configurations. The impure guest atoms (the blue atom) show the
spin-up (1:31 case) or spin-down (1:49) density in the positive
half-plane of z > 0. The spin distributions present highly asymmetric
characteristics, which play a substantial role in determining the
net magnetic moments of the ferromagnetic systems. The spin-
split magnetic moments near the Fermi level in the valence band
might be due to compatible spin-up contributions of 2p, and
(5dy2_y2, Bdgy,5dyz, 5dgz, 5d.2). Remarkably, the absolute values
of spin up and spin down are listed in Tables 7.2, 7.3, and 7.4
based on the distribution of the magnitude of the spin moment
in each case. The dominance of spin up is more likely stronger
in the 1:31 case than in the 1:49 one for W. The total magnetic
moments are 1:52 (1:31) and —1.51 (1:49) for W and 0.56 for Ir,
which are helpful for crucial magnetic applications and engineering
integrations.
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Table 7.2. List of magnetizations of 1:31 W.

# of ion of Ion s P

1 0.002 0.028 —0.001 0.029
2 0.006 0.054 —0.001 0.059
3 0.006 0.057 —0.001 0.061
4 0.002 0.029 —0.001 0.03
5 0.002 0.039 —0.001 0.041
6 0.006 0.054 —0.002 0.058
7 0.006 0.057 —0.001 0.061
8 0.002 0.044 —0.001 0.045
9 0.002 0.045 —0.001 0.046
10 0.006 0.046 —0.001 0.05
11 0.006 0.046 —0.001 0.05
12 0.002 0.024 —0.001 0.025
13 0.002 0.04 —0.001 0.042
14 0.002 0.029 —0.001 0.03
15 0.002 0.024 —0.001 0.024
16 —0.001 —0.021 0.002 —0.021
17 —0.002 —0.025 0.002 —0.024
18 —0.007 —0.054 0.008 —0.053
19 —0.002 —0.023 0.002 —0.023
20 —0.002 —0.019 0.002 —0.018
21 —0.002 —0.019 0.002 —0.018
22 —0.007 —0.057 0.008 —0.057
23 —0.007 —0.057 0.008 —0.056
24 —0.002 —0.018 0.002 —0.018
25 —0.002 —0.02 0.002 —0.019
26 —0.002 —0.019 0.002 —0.018
27 —0.002 —0.025 0.002 —0.026
28 —0.001 —0.017 0.001 —0.017
29 —0.002 —0.018 0.002 —0.017
30 —0.002 —0.018 0.002 —0.018
31 —0.001 —0.018 0.001 —0.018
32 0.027 —0.004 1.267 1.29

Total 0.03 0.18 1.3 1.52
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Table 7.3. List of magnetizations of 1:49 W.

# of TIon s P

1 —0.001 —0.015 0.001 —0.015
2 —0.001 —0.018 0.001 —0.019
3 —0.005 —0.043 0.001 —0.047
4 —0.005 —0.039 0.001 —0.043
5 —0.001 —0.015 0.001 —0.016
6 —0.001 —0.017 0.001 —0.017
7 —0.001 —0.018 0.001 —0.019
8 —0.005 —0.049 0.001 —0.053
9 —0.006 —0.043 0.001 —0.047
10 —0.002 —0.032 0.001 —0.033
11 —0.001 —0.026 0.001 —0.027
12 —0.002 —0.035 0.001 —0.036
13 —0.005 —0.055 0.001 —0.059
14 —0.005 —0.053 0.001 —0.057
15 —0.001 —0.024 0.001 —0.024
16 —0.001 —0.028 0.001 —0.028
17 —0.001 —0.026 0.001 —0.027
18 —0.001 —0.023 0.001 —0.023
19 —0.001 —0.022 0.001 —0.023
20 —0.001 —0.017 0.001 —0.018
21 —0.001 —0.02 0.001 —0.02
22 —0.002 —0.023 0.001 —0.024
23 —0.001 —0.017 0.001 —0.017
24 —0.001 —0.017 0.001 —0.017
25 0.001 0.013 —0.001 0.013
26 0.001 0.012 —0.001 0.012
27 0.002 0.022 —0.002 0.022
28 0.007 0.056 —0.008 0.055
29 0.002 0.023 —0.001 0.023
30 0.001 0.014 —0.001 0.014
31 0.001 0.012 —0.001 0.012
32 0.001 0.014 —0.002 0.013
33 0.007 0.052 —0.008 0.051
34 0.007 0.053 —0.008 0.053
35 0.001 0.015 —0.002 0.014
36 0.001 0.013 —0.001 0.013
37 0.001 0.013 —0.001 0.013
38 0.001 0.014 —0.002 0.013
39 0.002 0.02 —0.002 0.02

(Continued)
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Table 7.3. (Continued)

# of Ton s P
40 0.001 0.012 —0.001 0.012
41 0.001 0.012 —0.001 0.011
42 0.001 0.014 —0.001 0.014
43 0.001 0.012 —0.001 0.012
44 0.001 0.011 —0.001 0.011
45 0.001 0.013 —0.001 0.013
46 0.001 0.013 —0.001 0.014
47 0.001 0.015 —0.001 0.014
48 0.001 0.014 —0.001 0.014
49 0.001 0.013 —0.001 0.014
50 —0.026 0.004 —1.253 —1.275
Total —0.03 —0.20 —1.28 —1.51

Table 7.4. List of magnetizations of 1:31 Ir.

# of Ton s P

1 —0.001 —0.012 0.002 —0.012
2 —0.001 —0.014 0.002 —0.014
3 —0.001 —0.014 0.002 —0.014
4 —0.001 —0.013 0.002 —0.012
5 —0.001 —0.01 0.001 —0.009
6 —0.001 —0.014 0.002 —0.013
7 —0.001 —0.014 0.002 —0.013
8 —0.001 —0.01 0.001 —0.01
9 —0.001 —0.01 0.001 —0.01
10 —0.001 —0.013 0.002 —0.013
11 —0.001 —0.014 0.002 —0.013
12 —0.001 —0.01 0.001 —0.01
13 —0.001 —0.01 0.001 —0.01
14 —0.001 —0.009 0.001 —0.009
15 —0.001 —0.012 0.002 —0.012
16 0.002 0.044 —0.001 0.045
17 0.003 0.038 —0.001 0.04
18 0.003 0.04 —0.001 0.042
19 0.003 0.03 —0.001 0.032
20 0.001 0.017 0 0.018
21 0.001 0.015 0 0.016
22 0.003 0.058 —0.001 0.06
23 0.003 0.053 —0.001 0.055
24 0.001 0.011 —0.001 0.011

(Continued)
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Table 7.4. (Continued)

# of Ton s P
25 0.001 0.02 —0.001 0.021
26 0.001 0.013 0 0.013
27 0.002 0.045 —0.001 0.047
28 0.002 0.019 —0.001 0.02
29 0.001 0.011 —0.001 0.012
30 0.001 0.014 0 0.015
31 0.002 0.028 —0.001 0.029
32 0.019 0.04 0.198 0.257
Total 0.03 0.32 0.21 0.56

7.7. Optical Properties

The optical properties of condensed-matter systems can be fully
examined through dielectric functions, absorption, energy loss func-
tion (ELF), and reflectivity index. Among them, the dielectric
functions are specific to the screening abilities, which are mainly
caused by the incident electromagnetic waves. In this case, the energy
and kinetic energy need to be conserved, while dielectric functions
also need to satisfy the Pauli exclusion principle, the square root of
dipole moments, and joint DOS. In general, the imaginary dielectric
function can be identified by the formula

7T€2 O N
(@) = 255 [ ossllile - BIAPHE)

a m2w2 BZ
x(1— f(E)8(E; — E; — w)d®k.

It is noted that the complex dielectric functions include imag-
inary and real parts in Figs. 7.11(a) and 7.11(b) and have strong
combinations using the K—K relation. This is calculated by the
integration in the range of —oo to oo with the principal value
e1(w) =1+ %P fooo DZ:EQ_(:}; dw. In this system, xzz and yy overlap

with each other (shown in red color), and the zz direction is shown
in blue. Nine prominent peaks come into existence in the imaginary
part, which are denoted by P1, P2, P3, P4, P5, P6, P7, P8, and P9.
The transitions are marked at the band structures in Fig.7.11(c),
which is based on the flat band or band-edge state. In this case,
P1 might be created due to the inner transitions of the valence or
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(a) (c)

Fig. 7.11. Complex dielectric function: (a) Imaginary part e2(w) and (b) real
part €1(w).

Table 7.5. Physical peaks along with band transitions, orbitals, and spins.

Peak Energy Band

numbers  (eV)  transitions Orbitals and spins

P1 0.252 — —

P2 1.134 K W (1)-(5d,2_y2, 5day, 5dyz, 5dzz) — W (1)
(5d,2_y2, 5day, 5dyz, 5daz)

P3 1.617 M W (1)-(5d,2_y2, 5day, 5dyz, 5dzz) — W (1)
(5d12_y2, 5dzy, 5dyz, 5dmz)

P4 2.185 r W (1)-(5d,2_ 2, 5day, 5dyz, 5dzz) — W (1)
(5d,2_y2, 5day, 5dyz, 5daz)

P5 2.563 r-M W (1)-(5dsz, 5dz2) = W (1) (6s)

P6 3.907 r-M W (1)-(5dz2) =W (1) (5d,2_,2, 5day)

p7 4.369 r-M W (1)-(5dz2) = W (}) (5d,2_y2, 5day,
5dyz, 5dez)

P8 4.789 r W (1) (5d,2_ 2, 5day, 5dyz, 5dzz) — W (1)
(5d,2_y2, 5day, 5dyz, 5daz)

P9 9.83 K-T C (1/4) (2s, 2pa, 2py, 2p=) — C () (2s,

2p17 2py ) 2pz)

conduction bands. Table 7.5 lists the specific peaks associated with
their band positions and joint van Hove singularities. For instance,
at the energy of 1.134 eV, the transition occurs at the K point and
is classified as W (1)-(5d,2 5dgy, 5dyz, 5dszz) — W (1)-(5d,2

—y2) —y2
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5dgy, 5dy., 5ds;), where W (1) and W () illustrate spin up and spin
down, respectively. Similar analysis can be done for other peaks that
appear in the imaginary part.

Other optical characteristics provide a full understanding of the
substituted system. The ELF is known as the Coulomb excitation
under the collective pictures, as shown in Fig.7.12(a). This physical
quantity results in the plasmon modes in the diverse energy range.
For the zz case, the highest peak is observed at 5.21 eV, which
is known as the plasmon mode. In general, the ELF can be

€2 (w)

directly calculated by ELF = e EwInt which is mainly specific

to the screening response abilities. Other collective modes come
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Fig. 7.12. Optical properties: (a) energy loss function, (b) reflectance, and
(c) absorbance.
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into existence due to the diverse valence and conduction subbands.
The reflectance and absorbance are presented in Figs. 7.12(b) and
7.12(c). At low frequencies, this reflectance has a larger value than
at higher frequencies, which might be due to the declination of
an electromagnetic wave in the forbidden frequency range. Both
reflectance and absorption are inversely proportional to the decay
rate, thus leading to the appearance of the diverse peak. The
reflectivity coefficient occurs with a value smaller than 1 because
it is calculated using the ratio of the incident light flux and the
outgoing component. These optical properties can be thoroughly
tested through high-resolution spectroscopies.

7.8. Concluding Remarks and Future Perspectives

The extensive optimal stabilities and the electronic, magnetic, and
optical properties of 5d transition metal-substituted graphene have
been comprehensively investigated using first-principles simulations.
The crucial chemical bonds of C-C, C-M (with M denoting W,
Os, Ir, or Pt) are mainly determined by (2s, 2ps, 2py, 2p.)-( 2s,
2Pz, 2py, 2p2) and (2s, 2pg, 2py, 2pz)-( 6s, 5dy2_y2, 5dey, 5dy.,
5dyz, 5d,2). It is important to know that when we substitute the
5d guest atoms into the host atoms, a strong buckling is created
due to hybridized characteristics. The spin configurations dominate
in W- and Ir-based chemical modification systems, which belong
to the Heisenberg model. The magnetic moments of W-(1:31), W-
(1:49), and Ir-(1:31) are 1.52, —1.51, and 0.56, respectively. We
also investigated the optical properties of W, including complex
dielectric functions, absorption spectra, reflectance, and energy loss
functions. The significant combination of the prominent peaks of
the imaginary part, the band transitions, the joint DOSs, and
spin configurations is clearly identified in this book chapter. We
can use this strategy for chemical modifications of other group
elements in the periodic table. Furthermore, many low-dimensional
condensed-matter systems, especially the critical determination of
prominent peaks in the optical spectra, can be systematically
investigated.
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CHAPTER 8

SUBSTITUTIONS OF 4F RARE-EARTH
ELEMENTS INTO GRAPHENE

Nguyen Thanh Tuan and Ming-Fa Lin

Department of Physics, National Cheng Kung University, Tainan, Taiwan

Abstract

This study investigates the electronic and magnetic properties of 4f-rare
earth metal substitutions in graphene monolayers using first-principles
calculations. The incorporation of rare earth metals into the graphene
lattice modifies its electronic structure and introduces a significant
bandgap, enabling potential semiconductor device applications. The
presence of 4f electrons leads to localized magnetic moments, offering
possibilities for spintronic applications. Hybridized states between the
carbon atoms and 4f orbitals generate unique electronic and magnetic
phenomena, including magnetic anisotropy and spin polarization. This
research provides insights into the design of graphene-based materials
with tailored functionalities, facilitating their implementation in future
electronic and spintronic devices.

Keywords: Graphene monolayer, 4f rare-earth metals, substitutions.

Each element in the periodic table exhibits a unique atomic
configuration. The properties of these elements enable them to play
critical roles in the basic and applied sciences. The various chemical
bindings found in these elements decide both the structures of
well-defined and irregular crystals. According to current scientific
research, the concise orbital hybridization mechanisms and the
ferromagnetic, antiferromagnetic, or non-magnetic spin configura-
tions are closely related to the following three types of active

267
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orbitals, which corresponds to atomic configurations: (1) (s, pz, Py,
p.) orbitals about Group-I-Group-VIII condensed-matter systems,
(2) (d,2, dy2_y2, dyy, dyz, dg.) orbitals of transition-metal atoms
(e.g., Sc, Ti, Fe, Co, Ni, Cu, Ag, and Au with 3d or 4d orbitals, and
(3) (f,s, f,.2, fyZQ, foyzs fz(x2_y2), fm(x2_3y2), fy(3x2—y2)) orbitals
of rare-earth metal atoms (e.g., La, Ce, Pr, Sm, Eu, Gd, Yb,
and Lu with 4f orbitals). Generally, the rich single- or multi-
orbital hybridizations, which create whole condensed-matter sys-
tems, mainly cover the pure and impure bindings for sp3-sp3, sp3—
dd, sp3-1{7, d°-d°®, d° {7, and f"{7. Besides, the reduced orbital
mixings could generate the diversified high-symmetry crystal, such
as s-s (e.g., Group-I elements: alkali metals), s-sp® (Group I, alkali
metal-based compounds, such as hydrogenated graphene,! silicene,?
germanene,® tinene,* and plumbene®), p,—p., and (s, p, Py, Dz) —
(S, Pz, Py, Pz) (e.g., graphene-related systems); similarly, we have
s—d°, s, p-d®, and p{’. In addition, the former might create
prominent spin configurations of ferromagnetism or antiferromag-
netism, where the d® and 7 orbitals play a major role. Obviously, the
strong relationships between charges/spins and composite quantum
quasi-particles have been successfully showed in previously published
books, and they will be greatly expanded in the current and near-
future studies.

Specifically, the four active orbitals (2s, 2p,, 2p,, 2p.) present
in carbon atoms are capable of forming a number of graphene-
related 3D,% 2D,7 or 1D® materials through sp?-dominated chemical
bindings, such as the 3D AA-° AB-,'0 or ABC-!'! stacked bulk
graphite, 2D layered graphene systems with AAA,'2 ABA,!13 ABC,4
or AAB' stacking configurations, and 1D coaxial carbon nanotubes

16 graphene nanoribbons

in the presence of rotation symmetries,
under the finite-width quantum confinements and the chiral,'” achiral
open edges, carbon fullerenes with closed surfaces, carbon disks, and
carbon chains,'® rings,'® or tori."® Most importantly, the low-energy
quasi-particle behaviors have been identified as being driven by the
carbon-2p, orbitals because of their almost perpendicularities with
the deeper-energy o-electronic states of (2s, 2p;, 2py, 2p;). These
features have simultaneously led to great progress through first-

principles simulations, phenomenological models, and experimental
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observation, including the largely diversified phenomena pertaining
to many physical properties, such as geometric, electronic, magnetic,
Coulomb excitation and decay, optical, transport, mechanical, and
thermal properties. Furthermore, highly non-uniform and anisotropic
orbital-mixing environments are clearly exhibited by the above-
mentioned materials; therefore, chemical modifications could be
a very powerful technique for creating rich and unique com-
posite quasi-particles. Besides, the following efficient modulations
have been achieved through state-of-the-art experimental synthe-
ses: (I) chemisorption (e.g., alkalizations,?’ hydrogenations,?! oxi-
dizations,?? and halogenations?®); (II) substitutions (SiC,?* GeC,?
and SnC?®); (III) intercalations,?” de-intercalations,?® (donor- or
acceptor-type graphite intercalation compounds), decorations (pla-
nar, curved, folded, or scrolled graphene nanoribbons?); (V) bilayer
composites (C-BN/ -Si/ ~Ge/ -Sn/ ~Pb);*® and (VI) unusual
heterojunctions.?! Importantly, the diversified chemical bindings,
corresponding to the host—host, host—guest, and guest—guest bonds,
are expected to exhibit a lot of unique quasi-particle behaviors
through delicate examinations.

For the rare-earth elements, there are seven kinds of active
f orbitals that can exhibit unique quasi-particle phenomena.
Many well-known compounds are synthesized with these elements,
including high-temperature superconductors, notably quaternary
YbBaCuO compounds with a critical temperature of ~90 K.3?
Fermion compounds with massive low-temperature heat capacities
are also a prominent example (the ratio of the effective and bare
mass is ~1000 in Cug/ CeAls/ CeCusSiz/ YbAlz/ UBey3/ UPt3.3335
Besides that, there are intermetallic systems, high-performance
materials for ion-based batteries (such as the quaternary LiLaTiO4
electrolyte compound3®). These above-mentioned mainstream mate-
rials have been successfully synthesized in experimental laboratories
and are able to provide outstanding platforms for fully exploring
unusual scientific phenomena, the most prominent inconsistency is
the magnetic field configuration, so many critical devices are built
up and down magnet/ super-high magnetic trains in transports and
SQUID for measurements. These are produced by seven kinds of
f'multi-orbital hybridizations and their rich configurations, which
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lead to the above-mentioned quasi-particle behaviors. Interestingly,
the composite quasi-particle behaviors are expected to emerge after
chemical absorptions, decorations, heterojunctions, superpositions,
or substitutions, even when these properties are combined with
other elements. In a specific way, the rare-earth adatoms can
exhibit effective adsorption,3” absorption,® such as oxidization? and
hydrogenations® on/in graphene systems; on the other hand, C-C,
C-R, and R-R bonds (R: rare-earth elements) play an important
role in explaining essential properties, such as crystal symmetry, the
features of energy band structure, the merged van Hove singularities,
the covalent charge density distribution, the net magnetic moment
within a primitive unit cell, the unusual spin-up and/or spin-
down arrangements, and optical transitions with excitonic effects.
The VASP simulation package*!' is very useful for calculations and
establishing the phenomenological models of material systems based
on the density function theory,*? specifically, the reliable parameters
of the orbital and spin dependence in the Hubbard-like tight-binding
model.*3

La- and Gd-enriched quasi-particle behaviors are created through
chemical absorptions, adsorptions, or substitutions on monolayer
graphene, mainly owing to the very complicated chemical bonding,
such as C-C, C-La/C-Gd, and La-La/Gd-Gd bonds. The first-
principles simulations are available for thoroughly examining the
concise orbital mixings and spin configurations. Besides, the calcu-
lated results are consistent with one another under a unified quasi-
particle framework, as clearly illustrated in previously published
books. They consist of the optimal absorbed structures with hollow,
bridge, or top sides and C—C, C-La/C—Gd, and La-La/Gd—Gd bond
lengths; the featured energy band structure and wave functions of,
say, the semiconductor or metal type; the existence or disappearance
of the well-defined m and o bands; the modification, distortion,
or absence of the Dirac cone structures; the host- and guest-atom
dominances at specific energies; the spatial charge density distribu-
tions of the observable variations on the (x, z)/(y, z)/(x, y) planes
through the host-guest bonds with C-2p, and La-d® or C-2p, and
Gd-f"; the atom-, orbital-, and spin-projected van Hove singularities
with many merged structures from the significant orbital couplings;
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the modulate spin configurations shown through ferromagnetic or
antiferromagnetic arrangements on the guest and/or honeycomb
lattices; and the prominent absorption spectra of the dielectric
function, energy loss function, reflectance, and absorption coefficient,
with close relationships between photons and the dominating orbitals
of the initial and final states in the presence of excitonic effects.

8.1. La- and Gd-adatom Substitutions in Graphene
Monolayer

A graphene monolayer has a hexagonal lattice structure. The size
of the unit cell is 2.46 A, and the bonding length of C-C in the
lattice is 1.42 A;** therefore, the graphene structure is a planar sheet
with sp? hybridization of the carbon atoms (Figs. 8.1(a) and 8.1(b)).
The calculations pertaining to the graphene structure and the La-
and Gd-adatom substitutions in graphene sheets are based on the
density functional theory (DFT) and performed through the VASP
simulation package®® via first principles.*® For this chapter, the
rare-earth atoms substituted in graphene are La and Gd, both of
which exhibit strong magnetism, which is a characteristic feature of
rear-earth metal elements. The substitutions are performed for two
concentrations, 1:32 and 1:50, in the supercells of graphene. With
the increase in radius, the structure of pristine graphene undergoes
a significant change that is exhibited through a change in lattice
parameters and bond lengths.

For the first case of La-atom substitution in a graphene sheet, the
results are shown in Table 8.1 and Figs. 8.1(c)-8.1(f). The absorption
of the large-size La atoms into the graphene structure at different
concentrations leads to a change in the lattice constant of the hexag-
onal lattice and the C—C bond lengths. In the 1:32 concentration
case, the lattice parameter is 10.24 A, the bond length of La-C is
2.02 A, and that of C—C is in the range of 1.37-1.48 A, and there is no
buckling in this case; therefore, the o and m bondings are orthogonal.
Besides, the sp? hybridization prevails due to the post-substitution
graphene remaining in the planar form. Similarly, for the 1:50
concentration case, the substitutions in the graphene structure show
differences in size compared to the graphene monolayer: the lattice
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(a)

(b)

(c)

(d)

Fig. 8.1. (a) Top view and (b) side view of graphene monolayer. (c) Top view and
(d) side view of La-atom-substituted graphene with La:C = 1:32. (e) Top view
and (f) side view of La-atom-substituted graphene with La:C = 1:50. (g) Top
view and (h) side view of Gd-atom-substituted graphene with Gd:C = 1:32.
(i) Top view and (j) side view of Gd-atom-substituted graphene with Gd:C =
1:50.
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Fig. 8.1. (Continued)
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Fig. 8.1. (Continued)

Table 8.1. Geometric structure data after optimization of graphene and
rare-earth atom substituted in graphene.

Bond Bond
Lattice lengths lengths
parameters Buckle (C-C) (&) (R-C) (A)

Graphene 2.46 0 1.42
La—Graphene 1:32 10.24 0 1.37-1.48 2.02 A
La—Graphene 1:50 12.63 0 1.37-1.46 2.01 A
Gd—Graphene 1:32 10.22 0 1.38-1.48 1.98 A
Gd—Graphene 1:50 12.58 0 1.37-1.46 1.91A

parameter increases to 12.63 A, as with the 1:32 case; the structure
of pristine graphene is also significantly changed, with the La—C
bond length becoming 2.01 Aand the C-C bond length becoming
1.37-1.46 A. In general, the carbon atoms near the La atoms tend
to be pushed away due to the size of the rare-earth element
atoms, which are much larger than that of the carbon atoms.
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Thus, the pristine structure of graphene is strongly influenced by the
La atoms.

For the case of Gd atoms, the hexagonal structure of the supercell
is maintained for both concentrations, but the pristine structure of
graphene is changed. After substitution, the planar sheet remains
flat without the buckling effect. Therefore, the n- and o-bonds
are orthogonal; this structure is usually relatively sturdy for flat
structures, such as in graphene. However, the o-bonds generally vary
in strength, corresponding to the bond lengths of C-C according to
their positions in the lattice. The Gd-atom substitution in graphene
corresponds to a 4 x 4 supercell without a buckled structure. The
C-C bond lengths are in the range of 1.38-1.48 A, and the Gd-C
bond length is 1.98 A. The nearest carbon atoms to the Gd atom
are pushed away, resulting in the distribution of carbon atoms and a
significant alteration of the length of the C—C bond. Besides, in the
case of a 5 x 5 supercell of graphene substituted with Gd atoms,
the C-C bond lengths are in the range of 1.37-1.46 A, and the
Gd-C bond length is 1.91 A. Also, the weak and strong C—C bonds
are different depending on their bond lengths due to the large size
of rare-earth atoms, resulting in a significant change from pristine
graphene (Figs. 8.1(g)-8.1(j)).

8.2. Featured Band Structures

Graphene has a planar structure with a hexagonal unit cell, leading
to the reciprocal lattice also having a hexagonal structure; therefore,
the band energy is plotted based on the high-symmetry points,
I', M, and K.*" Besides, the high-symmetry structure, the band
diagram features a linear isotropic Dirac cone around the K point.*®
In particular, the conduction and valence bands of this material
coincide with the Fermi level at the K point, which shows that the
bandgap of a graphene monolayer is zero, thus causing it to behave
as a zero-gap semiconductor. For the valence band, the 7w-band is
constructed from the 2p, orbital that builds the m-bonds in graphene.
The o-band is built from three o-bands, namely 2s, 2p,, and 2p,.
The 7 and o bands exhibit crossing behavior because the graphene
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monolayer has a planar sheet structure. The group velocity is zero
at the M point, which is a critical point for the band-edge state, due
to the strong Van Hove singularity at this point (Fig. 8.2(a)).

After substituting the rare-earth La atom in the graphene
monolayer, the hexagonal lattice structure remains the same, but
the lattice parameter and bond length of C—C increase because the
rare-earth atoms are bigger than the C atoms and the buckling of

(a)

Spin-Up
- = = Spin-Down

ESY (V)

-10 4 ———
-12 ﬁ

T M K T

Fig. 8.2. Quasi-particle band structure of (a) graphene, (b) La atoms substituted
in graphene — La:C = 1:32, (¢) C-atom-dominated energy spectrum — La:C = 1:32,
(d) La-atom-dominated energy spectrum — La:C = 1:32, (e) La atoms substituted
in graphene — La:C = 1:50, (f) C-atom-dominated energy spectrum — La:C = 1:50,
(g) La~atom-dominated energy spectrum — La:C = 1:50, (h) Gd-atoms substituted
in graphene — Gd:C = 1:32, (i) C-atom-dominate energy spectrum — Gd:C = 1:32,
(j) Gd-atom dominate energy spectrum — Gd:C = 1:32, (k) Gd-atom-substituted
in graphene — Gd:C = 1:50, (1) C-atom-dominated energy spectrum — Gd:C =
1:50, and (m) Gd-atom-dominate energy spectrum — Gd:C = 1:50.
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Fig. 8.2. (Continued)
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Fig. 8.2. (Continued)

the layer is zero; therefore, the o- and m-binding are orthogonal, and
they remain well defined and exhibit crossing behavior. However, the
C—C bond length in different materials has different strengths and
weaknesses corresponding to the bond length. After substituting the
La atom, there appear many energy subbands over a large range
of the band structure because of the contributions of electrons in
the 6s and 5d orbitals of the La atom. The o-bands undergo many
modifications due to chemical modification. With the large diameter
and the complexity of the distribution of electrons and orbitals,
the La atoms are substituted in graphene, leading to the breaking
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of Dirac cones at the K points and causing the band structure of
this material to be significantly changed compared to the energy
band of pristine graphene. That means the graphene monolayer
becomes metallic after substitution with La atoms. Besides, because
La is a rare-earth element, magnetization is considered one of the
outstanding properties of this element. This leads to the splitting of
the bands, with the red color denoting spin up and the blue color
spin down. Significant splitting around the Fermi level occurs due to
the principal domination of the La atoms around this region and the
lead zone. Additionally, for the 1:32 concentration case, the energy
spectrum dominated by the quasi-particle band structure of the C
atoms shows clearly the dominance of the 2s orbital over a wide
range from —18 to —11 eV, the 2p, and 2p, orbitals from —12 to
—4 eV, and the 2p, orbital from —6 to 6 eV in the valence band.
These orbitals support the building of the o- and w-bonding. With
La atoms, their quasi-particle band structure dominates the energy
spectrum, with the 5d and 6s orbitals significantly dominating the
distribution in the conduction band because La is a rare-earth metal
that has a complex electronic configuration. For the 1:50 case, the
energy spectrum dominated by the quasi-particle band structure of
the C atoms clearly exhibits the dominance of the 2s orbital over
a wide range from —18 to —11 eV , the 2p, and 2p, orbitals from
—12 to —4 eV, and the 2p, orbital from —6 to 6 eV in the valence
band. These orbitals support the building of the o- and w-bondings.
Also, the quasi-particle band structure of the La atoms in the energy
band of the 5d and 6s orbitals is significantly distributed in the
conduction band in the range of 3-5 eV and around the Fermi level
(Fig. 8.2(b)-8.2(g)).

For the Gd-atom substitution in a graphene monolayer, due to
the contribution of orbitals (5d,2, 5d,2_y2, 5dgy, 5dy., 5ds.) and
(4f 13, 4Af, .2, 4fyzz, IS . 4fz(z2_y2), 4fx(z2_3y2), 4fy(3z2_y2)) of the
rare-earth element, many subbands are formed, which are clearly
exhibited in the band structure. Also, the supercells with hexagonal
lattice that are characteristic of graphene remain the same, although
the Gd atom is substituted, so the band energy of Gd—graphene is
still plotted along the high-symmetry points, I', M, and K in the
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first Brillouin zone, as in the graphene monolayer. Because Gd is a
magnetic element, there are two colored lines in the band diagram,
with the red color corresponding to the spin-up and the blue color to
the spin down of the electrons in the atom. The metallic feature is
clearly demonstrated through the breaking of the Dirac cone due to
the large diameter and the major contribution of the orbitals in the 4f
and 5d subshells of the Gd atom. There are three o-bands constructed
by the 2s, 2p,, and 2p, orbitals of the C atom in the material, which
form o-bonding in the graphene sheet. Besides, the m-band belongs to
the 2p, orbital of the C atom, which builds the w-bonding. Because
the planar structure of graphene is preserved, the 7- and o-bands
exhibit crossing behavior. With the 1:32 concentration, in the C
atom, the energy spectrum dominated by the quasi-particle band
structure of carbon elements exhibits the contribution of the orbitals
of the C atoms in the material: 2s in the range from —12 to —5
eV, 2p, and 2p, from —11 to 4 eV, 2p. from —6 to 6 eV in the
energy band. Moreover, the orbitals (5d,2, 5d,2_,2, 5dzy, 5dy., 5ds.)
and (4f s, 4f 2, Af, o, Ay, 4022y, 4fx(r2—3y2)’ 4fy(3x2—y2)) of
Gd also contribute significantly the around Fermi level in the range
of —2 to 2 eV. Also, for the 1:50 concentration, the domination of
the C atoms in the energy band also distribute in the depths of the
energy range for orbital 2s, because which is deeper than the orbital
2ps, 2py and 2p, outermost of atom. For the 2p, and 2p, orbitals,
the domination is in the range of —12 to —4 eV, for the 2p, orbital,
it is the range of —8 to 6 eV. Besides, the dominance of Gd also
contributes significantly around the Fermi level in the range of —4
to 2 eV (Fig. 8.2(h)-8.2(m)).

8.3. Charge and Spin-density Distributions

For the La-atom substituted graphene monolayer in the 1:32 con-
centration case, the multi-orbital hybridizations in the C—C bonds
are directly revealed in the spatial charge density distributions. The
m- and o- bonds of the carbon atoms and La-C bonds are shown
clearly in the top and side views. The top view reveals a significant
hybridization of the 2s and (2ps, 2p,) orbitals, which form sp?
hybridization and construct the o-bonds. The o-bonds, denoted by
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red triangles, showed a weakening of the bond after being substituted,
which was caused by the lengthening of the graphene sheet because
La has a large atom. Besides, the overlap of the orbitals C-p, and
La-(5d 2, 5d,2_,2, 5dgy, 5dyz, 5ds.) creates a very weak metallic C—
La bond. For the same concentration, the charge density distribution
of the Gd-atom-substituted graphene monolayer also clearly exhibits
the same results. In general, the change in lattice parameters after
rare-earth atoms are substituted into the pristine graphene sheet
leads to strengthening or weakening depending on the change in
the o-bond. On the other hand, there is overlapping of the orbitals
C-2p. and Gd-6s-(5d,2, 5dy2_y2, 5dgy, 5dy., 5ds.) — (4fys, 4f, .2,
Af 2, Ay, A2y, 4fx(z2_3y2), 4fy(3z2_y2)). This causes the
metallic bonds to be very weak compared to the C—C bonds, making
the starting material transform from a zero-gap semiconductor to
metallic (Figs. 8.3(a)-8.3(f)).

For the concentration of 1:50, the substitution in graphene mono-
layer with the lanthanum element also exhibits similar results. The
top and side views of charge density distributions clearly show the m-
and o-bonds of carbon, which characterize the monolayer graphene
structure. The sp? hybridization is formed by the characteristic
hybridization of the orbitals of the C atom, i.e., 2s with 2p;, 2p,
orbitals, which is presented in the top view of the charge distribution
picture. Besides, the o-bonds produced by sp? hybridization, denoted
by the green area between the carbon and lanthanum atoms, are very
weak compared to the o-bonds of graphene monolayer due to the
fact that lanthanum is a rare-earth element with a very large size.
Also, the side view of the charge density picture also clearly shows
significant weakening of the o-bond as well as the formation of the
carbon—lanthanum metallic bond made by the overlap of the orbitals
C-2p. and La-6s-(5d 2, 5d,2_,2, 5dyy, 5dy., 5ds.). Also, in the Gd-
atom-substituted graphene monolayer in the 1:50 concentration case,
similar to the other concentration case, the o-bonds of the C atoms
in the graphene sheet change significantly after the Gd atom is
substituted due to the low charge density between the C atoms.
Besides, the lattice parameter of graphene after substitution with
rare-earth atoms changes, leading to corresponding changes in the
o-bonds. Moreover, the Gd—C bonding is also constructed by the
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(d)

Fig. 8.3. Charge density of graphene (a) top view and (b) side view. Charge
density of La atoms substituted in graphene single-side — La:C = 1:32: (c) top
view and (d) side view. Charge density of La atoms substituted in graphene single-
side: (e) top view and (f) side view. Charge density of Gd atoms substituted in
graphene single-side — Gd:C = 1:32: (g) top view and (h) side view. Charge density
of Gd atoms substituted in graphene single-side — Gd:C = 1:50: (i) top view and
(j) side view.
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Fig. 8.3. (Continued)
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Fig. 8.3. (Continued)

overlap of the orbitals C-2p, and Gd-6s-(5d,2, 5d,2_,2, 5dgy, 5dyz,
5dyz) —(4 s, A o2, A0, Aoy, AF (22, 4fz(:v2—3y2)7 4fy(3x2—y2))’
with these interactions between the orbitals resulting in metallic Gd—
C bonds (Figs. 8.3(g)-8.3(j)).

8.4. Van Hove Singularities

The energy-dependent density of states?” is closely related to the
state number between E and E + dFE for the closed wave-vector
surfaces, specific even points for system material in 3D, 2D, or
1D, or constant-energy loops. The calculation formulas are mainly
determined by the inverse of group velocities; therefore, the crit-
ical points in band structures clearly exhibit the well-known van
Hove singularities because of the zero- or singular-group velocities.
Generally, such points cover the maximum, minimum, or saddle
points, such as the Dirac points of linearly particular valence and
conduction bands. Their singular behaviors are very sensitive to
changes in the band-edge states and dimensionalities. The current
theoretical predictions of the analytic energy dependencies of van
Hove singularities clearly present it to be v/ E,?® constant plateaus,®®
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delta-function-like structures,”? In|E|,>® V-valley,’* or LE,E’?’ and

delta functions correspond to the characteristic form as being 3D,
2D, or 1D parabolic,?® linear,? constant-energy loop,®” flat energy
bands,”® flat and 0D discrete states,'® V-shaped,’® partially flat
energy dispersions,’ or saddle points.®! The low-dimensional van
Hove singularities®? could be directly verified using the high-precision
STS measurements, except for those of 3D materials.®® It is inevitable
that all band-edge states have an important relationship with many
of the essential properties.

The featured van Hove singularities of rare-earth atoms
substituted in a graphene monolayer, as clearly illustrated in
Figs. 8.4(a)-8.4(m), are available for determining the concise pictures
of the orbital hybridizations of the C—C bonds. For the La atoms
substituted in a graphene monolayer with a 1:32 concentration, the
dominance of the orbitals of La and C atoms is clearly shown, with
the orbitals of the C atom supporting in the valence band and the La
atom supporting in the conduction band. Generally, the V-shape of
the Dirac cone in this material is broken, which is different from that
in the band structure of graphene. Besides, the density of states shows
an asymmetry between spin up and spin down at a certain point. As
in the graphene monolayer, the 2p, orbital contributes mainly to the
conduction band and partly to the valence band. Around the Fermi
level, the 2p, and 2p, orbitals are not symmetric due to the influence
of the La atoms that show strong magnetism. In addition, the support
of the d orbitals of the La atoms is asymmetric around the zero point
of energy. The dominance of the 6s orbital is very weak because
this subshell lies deep in the atom. Generally, for the C atom, the
projected density of state primarily ranges from a deep energy level
to —4 eV for the orbital 2s, —12 to —4 eV for the orbitals 2p,
and 2p,, and —6 to 6 eV for the orbital 2p.. Besides, the orbitals
(5d,2, 5dy2_y2, 5dgy, 5dyz, 5ds.) and 6s of the La atom dominate in
the conduction band and partly in the valence band, which clearly
present the metallic properties. Similarly, for the 1:50 concentration,
the density of state asymmetry occurs around the Fermi level, and
the Dirac cone is broken due to the influence of the La atom after
substitution. Also, the support of the C atom in the valence band
range is mainly from the 2s orbital, ranging from a deep energy level
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to —4, 2p, and 2p, from —12 to —4 eV, and —6 to 6 eV for 2p..
The domination of the La atom support is specific to the conduction
band, which shows the properties of the metallic rare-earth elements.

For the van Hove singularities of Gd-atom substituted graphene
monolayer with the 1:32 concentration, the density of states is
significantly different from that of pristine graphene. The Dirac cone
is broken, there is asymmetry around the Fermi level pool, and there
is a significant contribution of the Ga atoms in the conduction band.
The step function from parabolic bands because of the contribution
of the orbitals from the carbon atoms. Besides, with the special

(a)

Fig. 8.4. Density of states of (a) graphene, (b) La atoms substituted in
graphene — La:C = 1:32, (¢) the C-(2s, 2ps, 2py, 2p-) dominance — La:C =
1:32, (d) the La-6s-(5d,2, 5d,2_,2, 5day, 5dy=, 5d:-) dominance — La:C = 1:32,
(e) La atoms substituted in graphene — La:C = 1:50, (f) the C-(2s, 2ps, 2py,
2p.) dominance — La:C = 1:50, (j) the La-6s-(5d,2, 5d,2_,2, 5dsy, 5dyz, 5dsz)
dominance — La:C = 1:50, (h) Gd atoms substituted in graphene — Gd:C =
1:32, (i) the C-(2s, 2pe, 2py, 2p-) dominance — Gd:C = 1:50, (j) the Gd-6s-
(5d,2, 5d,2_y2, 5day, 5dyz, 5des )-(4f s, 4F 2, 4F, 2, 4fey 2, A2 y2y, 4fm(z2,3y2),
4f (3,2 y2)) dominance — Gd:C = 1:32, (k) Gd atoms substituted in graphene —
Gd:C = 1:50, (1) the C-(2s, 2ps, 2py, 2p-) dominances — Gd:C = 1:50, and (m)
the Gd-6s-(5d,2, 5d,2_,2, 5day, 5dyz, 5dez)-(4f s, 4f, 2, 4f 2, 4ey., Af 2y,

A, (12 _gy2y, 4f (3,2 _,2)) dominance — Gd:C = 1:50.
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(b)

(c)

Fig. 8.4. (Continued)
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(d)
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Fig. 8.4. (Continued)
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Fig. 8.4. (Continued)



292  Chemical Modifications of Graphene-Like Materials

(i)

Fig. 8.4. (Continued)
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Fig. 8.4. (Continued)
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(m)

Fig. 8.4. (Continued)
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properties of rare-earth elements, the density of states of the Gd
atom splits into spin up and spin down in the diagram, which are
asymmetric around the Fermi level. Additionally, Gd is a rare-earth
metal with many orbitals in the atom: (5d,2, 5d,2_,2, 5day, 5dyz,
5dy.) and (4f s, 4f 0, A o, Afy., AE (2o, 4fz(:c2—3y2)’ 4fy(3x2—y2))’
so the main contribution of the Gd atom is in the conduction band
for spin up and in the valence band for spin down. For the C atom,
the projected density of states is in a deep energy range for the
orbital 2s, from —12 to —4 eV for the orbitals 2p, and 2p,, and from
—6 to 6 eV for the distribution of the orbital 2p, in the density of
states diagram. Besides, the 1:50 concentration of the Gd atom in the
graphene layer also exhibits the support of the orbitals of atoms in
the material. Similarly, the support of the C atom is in a deep energy
range for the orbital 2s, from —12 to —4 eV for the contributions of
the orbitals 2p, and 2p,, and a large area from the valence band to
the conductor band for the orbital 2p,.

8.5. Spin-density Distributions

The carbon atoms in graphene have a non-magnetic character-
istic. However, after substituting rare-earth elements, spin dis-
tribution occurs due to the influence of the rare-earth elements
(Figs. 8.5(a)-8.5(d)). In the case of La atoms substituted in a
graphene monolayer, the spin density is distributed mainly at the
La element; besides, the carbon atoms around La also have a
relatively small spin-density distribution. The higher the rare-earth
concentration in graphene, the more distributed the spin density.
Spin splitting is also clearly exhibited through the band structure
and density of states. For the case of the gadolinium atoms, the spin-
density distributions also present similar results for band structure
and density of states, which show strong magnetism of this material
through the splitting of spin up and spin down after substituting
the rare-earth element. Moreover, spin-density distributions also
appear around the C atoms in a graphene sheet because of the
strong hybridization between the orbitals of Gadolinium atoms after
substitution, although C is essentially a non-magnetic, non-metallic
element. The magnetic moments of the orbitals are detailed in
Tables 8.2(a)-8.2(d).
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(a)

(b)

(d)

Fig. 8.5. Spin density distributions of La-atoms substituted in graphene: (a)
La:C = 1:32, (b) La:C = 1:50, (¢) Gd:C = 1:32, and Gd:C = 1:50.

Z
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Table 8.2. Magnetic moment (B) of La atom substituted
in graphene with (a) La:C = 1:32 and (b) La:C = 1:50 and
that of Gd atom substituted in graphene with (¢) Gd:C =
1:32 and (d) Gd:C = 1:50.

(a)
# of ion s P d f Total
1 0.000 —0.001  0.000 0.000 —0.001
2 0.001 0.008  0.000  0.000 0.009
3 0.000 —0.002 0.000 0.000 —0.002
4 0.002 0.008  0.000  0.000 0.009
5 0.002 0.009  0.000  0.000 0.011
6 0.002 0.007  0.000  0.000 0.009
7 0.000 —0.003 0.000 0.000 —0.003
8 0.000 —0.002 0.000 0.000 —0.002
9 0.002 0.003  0.000  0.000 0.005
10 0.002 0.004  0.000  0.000 0.005
11 0.001 0.007  0.000  0.000 0.008
12 0.000 0.000  0.000  0.000 0.000
13 0.002 0.005  0.000  0.000 0.008
14 0.002 0.007  0.000  0.000 0.010
15 0.000 0.000 0.000 0.000 —0.001
16 0.000 0.001  0.000  0.000 0.000
17 0.003 0.015  0.000  0.000 0.018
18 0.004 0.017  0.000  0.000 0.021
19 0.000 0.001  0.000  0.000 0.001
20 0.000 0.009  0.000  0.000 0.008
21 0.004 0.019  0.000  0.000 0.023
22 0.000 0.001  0.000  0.000 0.000
23 0.004 0.020  0.000  0.000 0.024
24 0.011 0.178  0.000  0.000 0.189
25 0.011 0.187  0.000  0.000 0.198
26 0.003 0.014  0.000  0.000 0.018
27 0.003 0.013  0.000  0.000 0.016
28 0.000 0.007  0.000  0.000 0.007
29 0.010 0.160  0.000  0.000 0.170
30 0.000 0.007  0.000  0.000 0.007
31 0.000 0.000 0.000 0.000 —0.001
La 0.003 0.060 0.380 0.062 0.505
Total 0.074 0.757 0.380  0.062 1.273

(Continued)
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Table 8.2. (Continued)

(b)
# of ion s P d f Total
1 0.000 0.000  0.000  0.000 0.000
2 0.001 0.003  0.000  0.000 0.004
3 0.000 —0.001  0.000 0.000 —0.001
4 0.001 0.004  0.000  0.000 0.004
5 0.000 0.000  0.000  0.000 0.000
6 0.000 —0.001 0.000 0.000 —0.001
7 0.001 0.004  0.000  0.000 0.005
8 0.000 —0.001 0.000 0.000 —0.001
9 0.000 —0.001 0.000 0.000 —0.001
10 0.001 0.004  0.000  0.000 0.005
11 0.002 0.006  0.000  0.000 0.009
12 0.002 0.006  0.000  0.000 0.008
13 0.001  —0.002 0.000 0.000 —0.001
14 0.000 —0.001 0.000 0.000 —0.001
15 0.000 —0.002 0.000 0.000 —0.001
16 0.002 0.003  0.000  0.000 0.005
17 0.002 0.004  0.000  0.000 0.005
18 0.001 0.004  0.000  0.000 0.005
19 0.001 0.004  0.000  0.000 0.004
20 0.000 0.000  0.000  0.000 0.000
21 0.002 0.004  0.000  0.000 0.007
22 0.002 0.005  0.000  0.000 0.008
23 0.000 0.000  0.000  0.000 0.000
24 0.000 0.000  0.000  0.000 0.000
25 0.000 0.000  0.000  0.000 0.000
26 0.003 0.013  0.000  0.000 0.017
27 0.004 0.014  0.000  0.000 0.018
28 0.000 0.000  0.000  0.000 0.000
29 0.000 —0.001 0.000 0.000 —0.001
30 0.000 0.001  0.000  0.000 0.001
31 0.001 0.003  0.000  0.000 0.003
32 0.000 0.000  0.000  0.000 0.000
33 0.001 0.003  0.000  0.000 0.004
34 0.000 0.000  0.000  0.000 0.000
35 0.000 0.010 0.000  0.000 0.010
36 0.004 0.015  0.000  0.000 0.019
37 0.000 0.001  0.000  0.000 0.001
38 0.000 0.001  0.000  0.000 0.001
39 0.004 0.015  0.000  0.000 0.020

(Continued)
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Table 8.2. (Continued)

(b)
# of ion s P d f Total
40 0.011 0.181  0.000 0.000 0.192
41 0.012 0.189  0.000 0.000 0.200
42 0.004 0.013  0.000 0.000 0.017
43 0.001 0.003  0.000 0.000 0.003
44 0.003 0.013  0.000 0.000 0.016
45 0.000 0.007  0.000  0.000 0.007
46 0.011 0.164 0.000 0.000 0.175
47 0.000 0.008 0.000 0.000 0.008
48 0.000 0.001  0.000 0.000 0.001
49 0.000 0.001  0.000 0.000 0.001
La 0.003 0.065 0.392 0.062 0.522
Total 0.080 0.760 0.392 0.062 1.294
()
# of ion s ) d f Total
1 0.000 0.002  0.000 0.000 0.002
2 0.000 —0.004 0.000 0.000 —0.004
3 0.000 0.004 0.000 0.000 0.004
4 —0.001 —0.004 0.000 0.000 —0.005
5 —0.001 —0.007 0.000 0.000 —0.008
6 0.000 —0.006 0.000 0.000 —0.007
7 0.000 0.003  0.000 0.000 0.003
8 0.000 0.003  0.000 0.000 0.003
9 0.001 0.001  0.000 0.000 0.001
10 0.001 —0.001 0.000 0.000 0.000
11 0.000 —0.004 0.000 0.000 —0.004
12 0.001 0.002 0.000 0.000 0.003
13 0.000 0.000 0.000 0.000 —0.001
14 —0.001 —0.003 0.000 0.000 —0.004
15 0.001 0.002 0.000 0.000 0.003
16 0.000 0.000 0.000 0.000 0.000
17 —0.001 —0.009 0.000 0.000 —0.010
18 —0.002 —0.011 0.000 0.000 —0.013
19 0.000 0.000 0.000 0.000 0.000
20 0.002 —0.003 0.000 0.000 —0.001

(Continued)
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Table 8.2. (Continued)

()
# of ion s P d f Total
21 —0.002 —0.014 0.000 0.000 —0.017
22 0.000 0.000 0.000 0.000 —0.001
23 —0.003 —0.015 0.000 0.000 —0.018
24 —0.009 —0.123 0.000 0.000 —0.132
25 —0.009 —0.138 0.000 0.000 —0.147
26 —0.001 —0.011 0.000 0.000 —0.011
27 0.000 —0.008 0.000 0.000 —0.009
28 0.002 —0.002 0.000 0.000 0.001
29 —0.008 —0.084 0.000 0.000 —0.092
30 0.002 —0.002 0.000 0.000 0.000
31 0.000 0.001 0.000 0.000 0.001
Gd 0.035 —0.040 —0.132 6.551 6.415
Total 0.006 —0.471 —0.132 6.551 5.955
(d)
# of ion s ) d f Total
1 0.000 —0.002 0.000 0.000 —0.002
2 0.000 —0.001 0.000 0.000 —0.001
3 0.000 —0.003 0.000 0.000 —0.003
4 0.000 —0.002 0.000 0.000 —0.001
5 0.000 —0.003 0.000 0.000 —0.003
6 0.000 —0.003 0.000 0.000 —0.003
7 0.000 —0.003 0.000 0.000 —0.003
8 0.000 —0.005 0.000 0.000 —0.005
9 0.000 —0.006 0.000 0.000 —0.006
10 0.000 —0.002 0.000 0.000 —0.002
11 0.000 —0.008 0.000 0.000 —0.008
12 0.000 —0.006 0.000 0.000 —0.007
13 0.000 —0.004 0.000 0.000 —0.004
14 0.000 —0.002 0.000 0.000 —0.002
15 0.000 —0.006 0.000 0.000 —0.006
16 —0.001 —0.002 0.000 0.000 —0.002
17 —0.001 —0.003 0.000 0.000 —0.003
18 0.000 —0.002 0.000 0.000 —0.002
19 0.000 —0.002 0.000 0.000 —0.002
20 0.000 —0.002 0.000 0.000 —0.003

(Continued)
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Table 8.2. (Continued)

(d)
# of ion s P d f Total
21 0.000 —0.002 0.000 0.000 —0.002
22 0.000 —0.004 0.000 0.000 —0.003
23 0.000 —0.003 0.000 0.000 —0.003
24 0.000 —0.001 0.000 0.000 —0.001
25 0.000 —0.001 0.000 0.000 —0.001
26 0.001 0.001  0.000 0.000 0.002
27 0.001 0.003  0.000 0.000 0.004
28 0.000 —0.001 0.000 0.000 —0.001
29 0.000 0.001  0.000 0.000 0.001
30 0.000 —0.001 0.000 0.000 —0.001
31 0.000 0.001  0.000 0.000 0.001
32 0.000 0.000  0.000 0.000 0.000
33 0.000 0.001  0.000 0.000 0.001
34 0.000 0.000  0.000 0.000 0.000
35 0.000 0.000  0.000 0.000 0.001
36 0.001 0.004  0.000 0.000 0.004
37 0.000 0.000  0.000 0.000 0.000
38 0.000 0.000  0.000 0.000 0.000
39 0.001 0.004  0.000 0.000 0.005
40 0.004 0.038  0.000 0.000 0.042
41 0.004 0.040  0.000 0.000 0.044
42 0.000 0.002  0.000 0.000 0.003
43 0.000 0.001  0.000 0.000 0.001
44 0.000 0.001  0.000 0.000 0.002
45 0.001 0.000  0.000 0.000 0.001
46 0.004 0.034  0.000 0.000 0.038
47 0.001 —0.001 0.000 0.000 0.000
48 0.000 0.000  0.000 0.000 0.000
49 0.000 —0.001 0.000 0.000 —0.001
Gd 0.007 0.008 0.045 —1.640 —1.579
Total 0.024 0.060 0.045 —1.640 —1.511
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Abstract

Graphene is a popular, truly two-dimensional material, possessing a
cone-like energy structure near the Fermi level, and is treated as a
gapless semiconductor. Its unique properties have motivated researchers
to find applications for it. The gapless feature limits the development of
graphene nanoelectronics. Making one-dimensional strips of graphene
nanoribbons (GNRs) could be one of the more promising routes for
modulating the electronic and optical properties of graphene. These
properties are highly sensitive to the edge and width of the nanoribbons.
The tunability of electronic and optical properties further implies the
possibility of applying GNRs. However, the dangling bonds at ribbon
edges remain an open issue in GNR systems. Various passivation
techniques that could change the physical properties at the ribbon edge
are available. This work considers 5d transition-metal elements as guest
atoms at the edges. The geometric structure, energy bands, density of
states, charge distribution, and optical transitions are discussed.

Keywords: Graphene nanorribons, 5d transition-metal elements,
decoration.
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9.1. Introduction

A new scientific frontier has arrived since the discovery of graphene.
This material has sparked excitement among both fundamental scien-
tists and applied technology engineers for many reasons. Graphene
is the first truly two-dimensional material,»? showing a cone-like
energy spectrum near the Fermi energy, and it is treated as a gapless
semiconductor. The unique electronic structure of graphene results in
many fascinating essential properties, such as high carrier mobility at
room temperature (>200,000 cm?/Vs),?® superior thermoconductiv-
ity (3,000-5,000 W/mK),>6 high transparency to incident light over
a wide range of wavelength (97.7%),”® and high modulus (~1 TPa)
and tensile strength (~130 GPa).? Due to its superior electronic,
thermal, mechanical, and optical properties, graphene is perceived
as an important potential candidate for synthesizing next-generation
electronic and optical devices.

The gapless feature results in a low on/off ratio in graphene-
based field-effect transistors (FETSs) and limits the development of
graphene nanoelectronics. One of the best possible approaches to
tuning electronic and optical properties is making one-dimensional
(1D) strips of graphene, i.e., graphene nanoribbons (GNRs).!%!1
There is a tremendous variety of fabrication routes for GNR pro-
duction, including both bottom-up and top-down schemes. From a
geometric point of view, graphene cutting seems to be an intuitive
route to fabricating GNRs, and the other available routes include the
lithographic patterning and etching of graphene,'? 19
16-18 oxidation cutting of graphene, and
metal-catalyzed cutting of graphene.'®1%21-26 Ap interesting route
is carbon nanotube (CNT) unzipping since a CNT can be treated
as a folded or zipped GNR.2” The available routes for the reverse
process include chemical attack,?®2 laser irradiation,®® plasma
etching,313? metal-catalyzed cutting,®3* hydrogen treatment and
annealing,?® intercalation and exfoliation,3%37 electrochemical unzip-
ping,3® sonochemical unzipping,®” 4% unzipping functionalized CNTs
using scanning tunneling microscope (STM) tips,*! and electrical

unwrapping using transmission electron microscopy (TEM).4*? Other
43-45

sonochemical

breaking of graphene, 19,20

routes include chemical vapor deposition (CVD) and chemical
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synthesis.?64% The former involves piecewise linking of molecular
precursor monomers, and the latter is much more compatible with
the current semiconductor industry.

The electronic and optical properties of GNRs are dominated by
the ribbon width and the edge orientation. Zigzag GNRs (ZGNRs)
exhibit partial flat subbands near the Fermi level, with peculiar edge
states localized at the ribbon edges,>®®! and the energy gaps of
armchair GNRs (AGNRs) scale inversely with the ribbon width.??:53
The former have been identified from the STM images,”>5® and the
latter have been confirmed by electric conductance'? '® and tunneling
current measurements.'* Moreover, the edge-dependent absorption
selection rules of GNRs have been predicted, i.e., |An| = odd for
ZGNRs and An = 0 for AGNRs, where n is the subband index.?6°8
These fundamental properties can be enriched by external fields, such
as magnetic and electric fields.

A uniform static magnetic field perpendicular to the ribbon
plane can accumulate the neighboring electronic states, inducing
the highly degenerate Landau levels (LLs) with quantized cyclotron
orbits.?® The competition between the lateral confinement and the
magnetic confinement enriches the magneto-electronic structures,
e.g., partial dispersion-less quasi-Landau levels (QLLs), 1D parabolic
subbands, and partial flat subbands.6%:61 Meanwhile, the magneto-
optical spectra exhibit many symmetric and asymmetric absorption
peaks. The symmetric absorption peaks result from the inter-
QLL transitions and obey the magneto-optical selection rule of
|Am| = 1, where m is an integer. However, the asymmetric
absorption peaks originate from the transitions among parabolic
subbands and abide by the edge-dependent selection rules.'® A
transverse static electric field generates extra potential energy in
GNRs, i.e., the charge carriers experience different site energies.%? 63
The electronic and optical properties are drastically modified.
The different potential energies in GNRs restrict the formation
of Landau orbits, and the QLLs would tilt, become oscillatory,
or exhibit crossings and anticrossings. Moreover, the inter-QLL
optical transitions will be severely changed or even destroyed
entirely.1064,65
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The edge-decorated GNRs, which cover the transition-metal
guest adatoms, represent an interesting research strategy due to the
availability of highly diversified orbital hybridizations and spin con-
figurations. The 10 active orbitals of 5d can dominate the significant
compounds, with special functionalities. However, investigations on
the concise quasi-particle mechanisms are almost absent in previous
studies. These can be achieved using 1D transition metal-decorated
GNRs, including the armchair and zigzag systems. The d orbitals
are enriched by the spin-up and spin-down configurations. Their
probability distributions are characterized by the 6s and 5d orbitals,
which include dgy, dy., d.2, dz., and d,2 and are enriched by the
spin-up and spin-down configurations. The spatial electron density,
which mainly arises from the linear superposition of 6s and 5d
orbitals, is very sensitive to the chemical environment. In this work,
the guest adatoms, tantalum (Ta-73) and tungsten (W-74), exhibit
strong reactions with dangling carbon bonds at two open edges of
ZGNRs and AGNRs. The pristine systems are predicted to display,
respectively, ferromagnetic and antiferromagnetic spin configurations
on the same sides and across the ribbon center and fully non-
magnetic properties. How to modulate and diversify the magnetic
behavior through transition-metal decorations is a very interesting
research question worth pursuing.

9.2. Geometric Structures for Transition
Metal-decorated Graphene Nanoribbon

The atomic numbers of Ta-73 and W-74, which belong to the group
of transition-metal elements, are chosen for their unusual quasi-
particles. All VASP calculations are performed with delicate analyses
to achieve concise pictures of physics, chemistry, and material science.
The VASP simulations are well suited for fully exploring the unusual
quantum quasi-particles of Ta- and W-decorated 1D armchair and
zigzag GNRs. After significant decorations, their critical roles in
all essential properties are thoroughly examined and identified from
consistent results. We establish an important framework to develop
a unified correlation incorporating multi-orbital hybridizations, spin
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configurations, crystal structures, electronic properties, and optical
properties. We find that there are no buckling structures in the Ta-
and W-decorated lattices formed via the C—Ta and C-W bonds, as
seen in Fig. 9.1

The armchair and zigzag GNRs are good candidates for edge dec-
oration because of their unsaturated bonds. The widths of armchair
(Na) and zigzag (Nz) GNRs are, respectively, determined by the

(a) (b)

Fig. 9.1. The geometric structure of (a) Ta- and (b) W-decorated armchair
systems as well as (c) Ta- and (d) W-decorated zigzag systems. The brown, yellow,
and gray balls represent the carbon (C), tantalum (Ta), and tungsten (W) atoms,
respectively. The label numbers denote the mth dimer and zigzag lines.
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number of dimer lines and zigzag lines along the periodic direction,
i.e., the z-direction. In our case, Ny and Ny are, respectively, 10
and 5. The C—C bond length is 1.42 A in graphene, but it possesses
fluctuations within the 1.42-1.48 A range in GNRs; the further away
the carbon atoms are from the edge, the lesser the fluctuations in
the bond lengths.% This results in a highly non-uniform physical
environment and thus sensitive changes to the 2p.—2p. hopping
integrals. The edge structures are totally different before and after
the chemical Ta and W decorations. The non-uniform edge structures
appear on both armchair and zigzag GNRs. In the former, the Ta—Ta
and W-W bond lengths are, respectively, 4.31 and 4.28 A; the C-Ta
and C—-W bond lengths are, respectively, 2.03 and 1.95 A. Moreover,
the fluctuations in the C—C bond lengths are reduced to a small range
of 1.40-1.43 A. These reflect the fact that the structures become more
stable due to the edge decorations. The C—W bonds seem stronger
than the C-Ta ones. For the zigzag cases, the Ta—Ta and W-W
bond lengths are, respectively, 2.43 and 2.34 A. The C-Ta and C-W
bond lengths are, respectively, 2.27 and 2.33 A. The C-Ta bond
lengths are shorter than the C—W ones, which indicates that the C—
Ta bonds are more stable in the zigzag systems, probably due to
interactions between the W atoms.

9.3. Energy Band Structures and Density of States

There are a lot of differences between graphene, few-layered
graphene, graphene-related intercalation compounds, and GNR sys-
tems. It was known that there is a pair of partial flat valence and
conduction bands. Such electronic wave functions are localized near
the open zigzag edges. Therefore, they belong to the edge localization
states, with almost vanishing group velocities. Bandgaps decline as
ribbon widths grow. However, previous studies have shown that the
armchair systems possess three different energy bands with respect
to different groups of N, where Ny = 31, 31 + 1, or 3] + 2 and
I is a positive integer. In our work, the low-lying energy bands, as
clearly illustrated in Fig. 9.2, indicate the dramatic changes after
the edge decorations of transition-metal atoms. There are much
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(a) (b) (c)

(d) (e) ()

Fig. 9.2. (a) The spin-splitting energy band structures of Ta-decorated AGNRs,
where spin up and spin down are indicated by blue and red curves, respectively.
(b) The spin-up band structure of Ta-decorated AGNRs, where the red and
blue circles indicate the Ta- and C-atom-dominated states, respectively. (¢) The
spin-down band structure of Ta-decorated AGNRs. (d) The spin-splitting energy
band structures of W-decorated AGNRs. (e) The spin-up band structure of
W-decorated AGNRs, where the red and blue circles indicate W- and C-atom-
dominated states, respectively. (f) The spin-down band structure of W-decorated
AGNRs. The corresponding results for (g)—(i) Ta-decorated ZGNRs and (j)—(1)
W-decorated ZGNRs.

more subbands, and they are either dominated by C, W, or Ta
atoms or co-dominated by C-Ta or C-W. The asymmetric valence
and conduction energy subbands are greatly enhanced through the
close partnerships of the guest—host and host—host interactions.
The band-edge states exhibit apparent changes in their numbers,
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Fig. 9.2. (Continued)

energies, critical points, and curvatures. Moreover, the energy band
structures can exhibit spin-split behavior, which is mainly attributed
to the 5d orbitals of the transition-metal guest atoms, where their
splitting energies should be comparable to the on-site spin-dependent
Coulomb interactions. Most of the bands which do not cross the
Fermi energy (EF), are either fully occupied or fully unoccupied.
So, the net contributions of their magnetic moments are almost
zero. However, there are a few bands across the Ep level, and they
dominate the magnetic properties. The magnetic momenta of spin-
up and spin-down states make distinct contributions to the net
magnetic moment. That is to say, the edge-decorated GNRs possess
net magnetic momenta not equal to zero when the spin-split energy
bands are in different occupied states, e.g., the spin-up energy band
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is fully occupied but the spin-down one is just partially occupied. In
both the armchair and zigzag GNRs, the orbitals of carbon atoms-
(2s, 2pg, 2py, 2p.) are slightly changed, but the spin-split bands of
Ta atoms-(6s, 5dzy, 5dyz, 5d.2, 5d,., 5d,2) are apparently separated
from each other within —2.0 to 2.0 eV in the armchair system.
So is the case with the W atoms. The spin-split orbitals of the
carbon atoms remain in similar states to each other in the armchair
and zigzag systems, but the spin-split bands near Er of W atoms
are very different between the spin-up and spin-down cases. First-
principles simulations can be performed to predict the characteristics
of the edge-decorated GNRs. To establish a complete quasi-particle
framework, the calculated predictions need to be examined by
conducting experiments, such as ARPES, which can determine the
subband-dependent and spin-dependent Fermi momenta.

There exist highly symmetric points in the energy—wave-vector
space, which are called critical points, and they represent the van
Hove singularities. For 1D systems, such as GNRs, the density of
states can be obtained from the constant energy surface. Figure 9.3
displays the energy-dependent density of states obtained from the
atom- and orbital-decomposed spin-split contributions, which include
the C and Ta atoms in the armchair system (Figs. 9.3(a) and
9.3(b), respectively) and in the zigzag system (Figs. 9.3(c) and
9.3(d), respectively); the same is shown for the C and W atoms
in the armchair system (Figs. 9.4(a) and 9.4(b), respectively) and
in the zigzag system (Figs. 9.4(c) and 9.4(d), respectively). In the
armchair systems, C-(2s, 2p;, 2p,) exist at £ < 2.5 eV, within
—0.8 < F < —0.4 eV, and within 0.3 < F < 0.4 eV. There exist
spin-split structures mainly on C-2p, within —1 < F < 1 eV; in
the zigzag systems, C-(2s, 2p,, 2p,) appears at £ < —3.5 eV and
within —2.4 < E < 4.2 €V, and the splitting of C-2p, is apparent
within —1 < E < 1 eV. However, in the armchair systems, the spin-
split orbitals of Ta and W atoms exist within a wide range of —1.8
< E < 4 €V; in the zigzag systems, the spin-split orbitals of Ta
and W atoms exist within —1.5 < E < 5 eV. According to the
van Hove singularities, C-2p, and Ta-5d co-dominate weakly within
-5 < F < —4 eV and -3 eV < E < —2 eV and co-dominate
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(a) (b)

Fig. 9.3. The partial density of states of (a) C and (b) Ta atoms in AGNR
systems, and the partial density of states of (¢) C and (d) Ta atoms in ZGNR
systems. The dashed line indicates Er = 0.

strongly at —0.8, 0.5, and 0.6 eV for the armchair case, and these
reveal the existence of C—Ta bonding. Similar to the Ta-decorated
case, the C-2p, and W-5d strongly co-dominate at —0.9, —0.1, 0.3,
and —1 eV.
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(a) (b)

(c) (d)

Fig. 9.4. The partial density of states of (a) C and (b) W atoms in AGNR
systems, and the partial density of states of (¢) C and (d) W atoms in ZGNR
systems. The dashed line indicates Er = 0.

In the zigzag system, there are many van Hove singularities near
the Fermi level, and the C-2p, and Ta-5d co-dominate within —1
< E <1eVand at 2 eV; the Ta-5d dominates at —0.8 and 1.4 eV; and
the Ta-6s dominate at 0.2 and 1.7 eV. These reveal that C-C, C-W,
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or C-Ta and W-W or Ta-Ta must coexist in the edge-decorated
GNRs. However, the van Hove singularities of W-6s orbitals appear
much strongly within 1 < F < 2 eV. This might be caused by
unsaturated W-6s orbitals, in which one of the electrons in 6s will be
transferred to the 5d orbitals to achieve the half-filled constructions
of 5d. Also, owing to lattice symmetry, the guest atoms are much
closer to each other than in the armchair case. Thus, the W atoms
will interact with not only the C atoms but also the nearest W atoms
to form metallic bonding. In the W decorations of zigzag systems,
the flat bands at 1.6 and 1.9 eV are dominated by W-6s, which is in
good agreement with the van Hove singularity density of states; in
the armchair case, the flat bands exist at 1.6 and 2.6 eV, which is
again in agreement with the van Hove singularities. According to the
energy band structures and density of states, we find the coexistence
of the multi-orbital hybridizations of C-C, C-W, C-Ta, W-W, and
Ta~Ta, which correspond to (2s, 2ps, 2py, 2p2) — (2, 2D, 2Dy, 2D2),
(2s, 2pz, 2py, 2p2) — (68, 5dgy, 5dy-, 5d,2, 5daz, 5d,2), (25, 2D, 2Dy,
2p.) — (68, bday, 5dyz, 5d,2, 5daz, 5d,2), (68, 5day, 5dy., 5d,2, 5d,2,
5d,2) — (6s, bdgy, 5dy., 5d,2, 5d,., bd,2), and (6s, 5dy, 5d,., 5d,2,
5dg., 5d,2) — (6s, 5dyy, 5dy., 5d.2, 5d,., 5d,2), respectively. The
orbital hybridization of C—C also covers 2p, — 2p, near the Fermi
level.

9.4. Charge Distributions, Charge Variations, and
Optical Properties

The edge decorations cause a non-uniform chemical environment in
the Ta- and W-decorated GNRs. The spatial charge distributions and
variations in the 1D edge-decorated systems are shown in Fig. 9.5.
The C, Ta, and W atoms exhibit a spherical probability distribution.
The red and green—yellow regions in the spatial charge distributions,
respectively, represent the 2s and (2p,, 2py, 2p.) orbitals of the C
atoms; the red and green—yellow regions also indicate the 6s and
(5day, 5dyz, 5d,2, 5dsz, 5d,2) orbitals of the Ta or W atoms. The
calculated results display that the C—C bonding corresponding to
the red region is very strong, and there exists weak but significant
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Fig. 9.5. The spatial charge distribution of (a) Ta-decorated AGNRs,
(b) W-decorated AGNRs, (c¢) Ta-decorated ZGNRs, and (d) W-decorated
ZGNRs. The charge variations in (e) Ta-decorated AGNRs, (f) W-decorated
AGNRs, (g) Ta-decorated ZGNRs, and (h) W-decorated ZGNRs.

bonding on the edged atoms, which are covered by the green region.
This reveals that the W and Ta atoms form orbital hybridization
mainly with the 2p, of the nearby carbon atoms. Very interestingly,
the charge variations show the differences between the armchair
and zigzag systems. In the zigzag system, the light-yellow regions
exist between the guest atoms after decoration, but seldom in the
armchair systems. That is to say, the metallic bonding is more
apparent in the zigzag edge in the zigzag systems. However, the red
region between the carbon atom and the guest atom is wider in the
armchair systems than in the zigzag systems, and this reveals that
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the carbon—metal bonding is stronger in the armchair systems. These
special distributions are caused by the geometric structures; in other
words, the guest atoms are far away from each other in the armchair
GNRs, but close to each other in the zigzag ones. This complicated
mixing of orbital hybridizations is in agreement with the energy band
structures and van Hove singularities of the density of states.

We use the orbital-projected net magnetic moments to analyze
the distributions of the density of spin, as seen in Fig. 9.6. The
transition-metal atoms can make great contributions to the ferro-
magnetic spin configurations at the edges due to their 5d orbitals.
The spin-up and spin-down states are represented, respectively, by
the blue and red regions in Fig. 9.6. The results display a very weak
spin-down (red region) in the Ta- and W-decorated AGNRs and in
W-decorated ZGNRs. However, there exist almost spin-up states in
the Ta-decorated zigzag systems, which correspond to the van Hove
singularities in the spin-split density of states. Combining with the
calculated energy band structures and densities of states, the spin
interactions might appear between the guest atoms; in other words,
the interactions of (5dgy, 5dy., 5d.2, 5d,., 5d,2) — (5dgy, 5dy., 5d,2,
5d,z, bd,2) exist even though their bond lengths are longer than the
guest—carbon bond lengths.

Our work shows the optical properties with the imaginary
part of the dielectric function, which represent the photon—electron
couplings under the requirements of momentum and energy con-
servations and the spin-dependent Pauli exclusion principle. In the
armchair systems of Ta and W decorations, there exists a threshold
peak in the imaginary part of the dielectric function, which arises
from the part of 5d orbitals about the complicated initial and final
states. The pure m-electronic excitations, which possess comparable
spin-up and spin-down contributions, come to exist as the second
absorption peak at 1.2 and 1 eV for Ta- and W-decorated systems,
respectively, as seen in Fig. 9.7. The other prominent absorption
peaks belong to the composite quasi-particle pictures, in which
they consist of the superposition of C-2p., C-(2s, 2p,, 2py, 2p:),
C-(2s, 2ps, 2py), and parts of the Ta and W orbitals. These unusual
atom-, orbital-, and spin-dominated optical quasi-particles clearly
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(a) (b)

Fig. 9.6. The spatial spin distributions of (a) Ta- and (b) W-decorated AGNRs
and (c) Ta- and (b) W-decorated ZGNRs. The spin-up states and spin-down
states are indicated by blue and red colors, respectively.



322 Chemical Modifications of Graphene-Like Materials

(a)

Fig. 9.7. The imaginary part of the dielectric function of (a) Ta- and
(b) W-decorated AGNRs.

illustrate diversified excitation phenomena, thus demonstrating the
successful development of an enlarged framework. The composite
quasi-particles are well characterized by their intrinsic properties,
further illustrating an enlarged framework in combination with those
described in the other chapters. The high-precision optical measure-
ments of absorption and transmission spectroscopies are available for
observing the rich single-particle and collective excitations. It is very
interesting and important to investigate these properties through
experiments in the future.
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9.5. Concluding Remarks

The first-principles calculations with VASP are very useful and suc-
cessful in investigating the quasi-particles via geometric structures,
charge distributions and variations, spin-split energy band structures
and density of states, and spatial spin distributions. The transition-
metal atoms, which possess 5d orbitals, make great contributions
to the compounds in low-lying energies, such as a number of
merged structures of the atom-, orbital- and spin-projected van Hove
singularities, the atom- and orbital-decomposed magnetic moments,
the Ta-/W-induced spin arrangements, and the spin-enriched optical
transitions in dielectric functions. The critical properties of the
transition metal-edged decorations mainly arise from the orbital
hybridizations of host—guest, host—host, and guest—guest atoms. That
is to say, the bonding of C—Ta, C-W, Ta—Ta, W-W, and C—C arise
from (2s, 2ps, 2py, 2p2) — (6s, 5dyy, 5dy2, 5d,2, 5d,., 5d,2), (25, 2p,,
2py, 2p.) — (6s, 5dyy, 5dy., 5d.2, 5dyz, 5d,2), (68, 5dyy, 5dy., 5d.2,
5d,., 5d,2) — (68, 5dyy, 5dyz, 5d,2, 5dyz, 5d,2), (68, 5dyy, 5dy., 5d,2,
5d,., bd,2) — (6s, bdgy, 5dyz, 5d,2, 5dsz, 5d,2), and (2s, 2pg, 2py,
2p.) — (2s, 2ps, 2py, 2p:), respectively. In addition, the bonding
of C-C covers 2p,—2p,. Moreover, according to the spatial spin
distributions, the interaction of spin just appears between transition-
metal atoms, be it in armchair or zigzag systems. Based on the
calculated results, the C-2p, and five 5d orbitals almost co-dominate
the physical and chemical properties of transition metal-decorated
GNRs within the low-lying energy. In summary, the quasi-particle
properties, including spin-split orbitals and optical properties, have
been seldom studied in the past years. It is very difficult to fully and
accurately investigate the transition metal-based compounds due to
their five complicated 5d orbitals: (5d,y, 5dy., 5d,2, 5d,, 5d,2). For
further exploration and construction of the full framework of quasi-
particles, it is worthwhile to combine first-principles simulations
with phenomenological models and experimental methods, such as
high-resolution angle-resolved photoemission spectroscopy (ARPES)
and spin-polarized scanning tunneling spectroscopy (STS), in the
future.
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The commercialization of electric vehicles (EVs) worldwide%7 69

has resulted in the mass production of lithium-ion (Li-ion) bat-
teries. The retired power batteries of EVs have largely increased,
causing resource waste threats. Recycling and utilization of such

retired batteries have been suggested,” 72

since many retired power
batteries still possess about 80% of their initial capacity.”™ 7" They
can be repurposed once again, serving as battery modules in energy
storage systems.”®®? Governments have noticed this serious problem
and are prepared to launch policies to deal with the recovery and
reuse of repurposed batteries.®? 87 The discovery of graphene and
more low-dimensional materials (such as 1D finite-width GNRs
discussed in this work)®®® has led scientists to believe that these
materials can be potential additives in battery materials to improve
battery performance and overcome the recycling problems of Li-ion

batteries.
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DECORATION OF GRAPHENE
NANORIBBONS WITH
5F RARE-EARTH ELEMENTS

Vo Khuong Dien and Ming-Fa Lin

Department of Physics, National Cheng Kung University, Tainan, Taiwan

Abstract

This study explores the decoration of graphene nanoribbons with 5f rare-
earth elements and investigates their impact on the electronic, magnetic,
and optical properties. Using first-principles calculations, we demon-
strate that the incorporation of 5f elements induces significant changes
in the nanoribbons’ electronic structure, leading to localized electronic
states within the bandgap. The presence of 5f electrons also introduces
magnetic moments, while the hybridization between carbon atoms and
5f orbitals gives rise to unique electronic and magnetic phenomena.
Additionally, we examine the optical properties, including absorption
and emission spectra, providing insights into potential optoelectronic
applications. This research advances our understanding of the design
and development of graphene nanoribbon-based materials with tailored
electronic, magnetic, and optical functionalities.

Keywords: Graphene nanorribons, 5f rare-earth elements, decorations.

The carbon atom, with an atomic number of 6, has four active
orbitals of (2s, 2ps, 2py, 2p;) in any material. Two fully occupied
1s orbitals only present very deep-energy dispersionless states.
The current experimental methods can successfully synthesize the
following types of pure element crystals: (1) 3D sp®-diamond
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with a giant bandgap,'3' layered semi-metallic sp?-graphite in
AB (Bernal’®"®) and ABC stacking (rhombohedral!®2!), few-layer
semi-metallic/narrow-gap graphene systems with various stacking

and layer numbers,???* 1D middle-/small-gap graphene nanorib-
5,6,25,26 27-29

34-36

metallic/narrow-/middle-gap carbon nanotubes,

0D carbon tori,?03!
37,38

bons,
carbon onions,?? 33 C60-related fullerenes,
carbon chains, carbon rings,” 4% and carbon disks.*"42 There
exist strong relations among the featured crystal symmetries, and
so the composite quantum do quasiparticles. For example, a pla-
nar and finite-size graphene nanoribbon could be cut from a 2D
graphene along the longitudinal direction by chemical methods.*3 44
Its m-electronic states are sampled from those of monolayer graphene
under an open boundary condition, which is similar to those of
a single-walled carbon nanotube with a periodic one. More inter-
estingly, with two open edges, even with hydrogen passivation,
the observable bond-length fluctuations frequently emerge in all
graphene nanoribbons.*> Such intrinsic behaviors are predicted to
result in small bandgaps (the metal-semiconductor transitions in
armchair and zigzag systems),*®47 as clearly illustrated by the
first-principles calculations®?® and the tight-binding model.#8-%° In
addition to the planar carbon-honeycomb lattices, there also exist
the curved,® 52 folded,?® and scrolled structures.’® A lot of dangling
bonds in open edges and surface morphologies can provide an
outstanding platform for creating diverse quasi-particle phenomena
through chemical modifications (as detailed in Section 2.1) and
physical perturbations (Section 2.2).

Strong chemical modifications consist of adsorptions,'!'%® dec-
orations,”®® substitutions,’”® intercalations/de-intercalations,'? %
and heterojunctions.®’ The current scientific researches show that 1D
graphene nanoribbons are outstanding candidates for fully exploring
free conduction electrons due to their interlayer metallic bonds
and the close relations among the ferromagnetic, antiferromagnetic,
and non-magnetic spin configurations. A planar carbon-honeycomb
crystal clearly exhibits perpendicular ¢ and 7 bondings, of which
the former and the latter are, respectively, responsible for the deep-
and low-energy quasi-particle phenomena. The interlayer 2p,—2p.
orbital hybridizations and the van der Waals interactions dominate
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the layered structures with the well-behaved AAA 1 AB 62 ABC,53
and AAB?* stackings. The guest-adatom adsorptions correspond
to the alkalized,'? hydrogenated,?® oxidized,* and halogenated®
graphene nanoribbons. According to the 1D metallic model,% 66
the free carrier density is just proportional to the magnitude of
the Fermi momentum. The delicate first-principles simulations can
determine the 1D Fermi surfaces very accurately and then identify
a linear behavior between the alkali-atom concentration and the
transferred electron density. This is valid for any alkali adatoms
under the various adsorption cases of adatom concentrations and
arrangements.?% %7 However, such examinations cannot be realized
in 2D alkalized monolayer graphene systems because of the highly
complicated evaluation of conduction electron density.®” Moreover,
the ferromagnetic configurations, which frequently emerge in zigzag
graphene nanoribbons, are very sensitive to the alkali positions and
concentrations. The predicted magnetic properties could be verified
by spin-polarized scanning tunneling spectroscopy (STS).%%:% Two
open-edge boundaries are very suitable for the decorated address
based on the delicate first-principles simulations.® %% After various
guest-atom decorations, the curved graphene nanoribbons clearly
present three types of stable crystal structures: (1) a closed carbon
nanotube with a hybridized adatom line (detailed in Section 2.1.4),
(2) a highly curved system,”! and (3) a planar one.” The third
type might have non-closed, hexagonal, pentagonal, or heptagonal
structures without/with buckling. The strong partnerships between
carbon—carbon and carbon-intercalant bonds should be responsible
for all quasi-particle behaviors. Their orbital hybridizations and spin
configurations need to be thoroughly examined through the VASP
simulations within a unified framework.

The open-edge decorations of graphene nanoribbons, which cover
the rare-earth metal guest adatoms, will be an excellent research
strategy because of the very complicated orbital hybridizations and
spin configurations. This is helpful in developing a broader and wider
quasi-particle framework, compared to those described in previously
published books.?*6%:67 The 14 active orbitals of 4f/5f can dominate
the significant compounds, with special functionalities, e.g., high-
temperature superconductors,’®?! intermetallic systems,’>"® and
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the heavy Fermi compounds.” " However, the concise quasi-particle
mechanisms are almost absent in the previous studies. They will be
achieved using 1D rare-earth metal-decorated graphene nanoribbons.
Their probability distributions are characterized by the coordinate-
dependent cubic powers: (I) fys, (II) f,.2, (III) f .2, (IV) fgy.,
(V) £o@2—y2y, (VI) f02_y2), and (VII) f(2_3,2), which are enriched
by the spin-up and spin-down configurations. The total electron
density, which mainly comes from the linear superposition of 4f/5f
orbitals, will be very sensitive to the chemical environment. In this
work, the guest adatoms exhibit strong reactions with dangling
carbon bonds at the two open edges of the zigzag/armchair graphene
nanoribbons. The pristine systems are predicted to display, respec-
tively, the ferromagnetic and antiferromagnetic spin configurations
on the same sides and the fully non-magnetic properties across the
ribbon center.?647 How to modulate and diversify the magnetic
behaviors through the rare-earth metal decorations should be a very
interesting research topic. The atomic numbers of Np-93 and Pu-94,
which belong to the group of radiative elements, are chosen for their
unusual quasi-particles. All VASP calculations are performed under
delicate analyses to achieve the concise pictures of physics, chemistry,
and material science.

In this work, the VASP simulations are well suited for fully
exploring the unusual quantum quasi-particles of Pd-/Pu-decorated
1D armchair and zigzag graphene nanoribbons (Figs. 10.1(a)-
10.1(f)). After significant decorations, their critical roles in all
essential properties are thoroughly examined and identified from
consistent results. The strong partnerships among the multi-orbital
hybridizations, spin configurations, crystal structures, electronic
properties, and optical transitions are successfully established
under a unified framework. Whether there exist closed polygons
with/without bucking is understood from the featured C-Pd/C-
Pu bonds. The magnetic configurations might be dependent on the
rare-earth metal adatoms, the open zigzag edges, and/or the strong
relationships between them. This should be thoroughly explored
using the atom-, orbital-, and spin-decomposed magnetic moments,
van Hove singularities, and the spatial spin-density distributions.
Concise pictures under a highly non-uniform environment are
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(a) (b)

(e) ()

Fig. 10.1. The optimal 1D crystal structures for (a) armchair graphene nanorib-
bon (Na = 8), (b) zigzag one (Nz = 6), (c)/(d) Np-/Pu-decorated armchair
compounds, and (e)/(f) zigzag partners.
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obtained by examining the unusual crystal structures, the featured
band structures, the very complicated charge densities, and the rich
density of states. The drastic orbital deformations of C-[2s, 2p,, 2py,
2p.] and Pd-/Pu-5f orbitals, and the merged van Hove singularities
are available for distinguishing the active orbitals in C-Pd/C—Pu
bonds. The calculated optical properties, dielectric functions, and
energy loss spectra can provide a useful platform for understanding
the single-particle excitations and plasmon modes. The quantum
quasi-particles, corresponding to the prominent absorption peaks,
will be well characterized by the complicated hybridization orbitals
of the initial and final states. Of course, the existence of stable
excitons should be checked in detail for the semiconducting systems.
The simultaneous progress in the phenomenological models and
experimental observations is one of the focuses of the study.

10.1. Np/Pu Decoration of Armchair and Zigzag
Graphene Nanoribbons

Achiral armchair and zigzag graphene nanoribbons are outstanding
candidates for showing the diversified crystal phases after edge
decorations, as clearly illustrated in Figs. 10.1(a)-10.1(f). Na = 8 and
Nz = 6 (Figs. 10.1(a) and 10.1(b)), which, respectively, correspond
to the dimer and zigzag line numbers along the transverse direction,
are chosen for a model study. The C-C bond lengths present the
observable fluctuations within the 1.24-1.43 A or 1.42-1.48 A range
or in pristine Na = 8/Nz = 6 graphene nanoribbons in the absence
of edge decorations. The dangling bonds become shorter in an active
environment compared with those at the ribbon center. This results
in a highly non-uniform physical environment and thus sensitive
changes in 2p,—2p, hopping integrals. According to the delicate
first-principles simulations®®47 and the tight-binding model,’® the
Na = 3I + 2 (where I is an integer) armchair systems are 1D
metals/small-gap semiconductors under the uniform/non-uniform
cases (Fig. 10.2(a)). Furthermore, all zigzag nanoribbons display
the metal-semiconductor transitions near the zone boundary since
the partially flat valence and conduction energy subbands change
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(a) (b)
(c) (d)
(e) ()

Fig. 10.2. The featured band structures with atom dominances for (a) armchair,
(b) zigzag graphene nanoribbons, (c¢) and (d)/(e) and (f) Np-/Pu-decorated
armchair compounds, and (g) and (h)/(i) and (j) zigzag partners, in which the
blue and red dots represent the atom-decomposed contributions.
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Table 10.1. The C-C, Np-Np/Pu—Pu, and C—Np/C—Pu bond lengths for: arm-
chair graphene nanoribbon, zigzag one, Pd-/Pu-decorated armchair compounds,
and zigzag partners.

Armchair nanoribbon

Np decoration Pu decoration

C-C (A) Np-Np (A) C-Np c-C Pu—Pu C-Pu
Zigzag nanoribbon

c-C Np—Np C—Np c-C Pu—Pu C—Pu

from the degenerate state into splitting configurations (the gapless
to gapped status). The edge structures are totally different before
and after the chemical Np/Pu decorations. A non-uniform pentagon
appears in an armchair edge (Figs. 10.1(c) and 10.1(d)), in which
the Np-Np/Pu-Pu and C-Np/C-Pu bond lengths (Table 10.1) are,
respectively, 4.28 A/4.29 A and 2.42 A/2.39 A. Furthermore, the
non-uniform C-C bond lengths are obviously reduced to 1.41-1.44 A.
These reflect more stable structures due to the edge passivations, in
which the C—Pu bond is stronger than the C—Np one. In addition,
the hydrogen passivation, which is frequently utilized for stabilizing
samples,” only shows an open structure because of the very short
C-H bonds.

The theoretical predictions of the planar crystal structures
are very suitable for examination through high-resolution scanning
tunneling microscopy (STM)"" and reflection low-energy electron
diffraction (RLEED).”™®™ However, the X-ray diffraction patterns
cannot realize the surface morphology because the responses are
too weak. Tunneling electron microscopy (TEM)®’ can observe
the side-view geometries, e.g., the interlayer /intertube distance® 33
and the buckled /folded /scrolled /curved structures.®* The direction
combinations of STM-, RLEED-, and TEM-STS are very powerful in
testing the close relationships between the geometric and electronic
properties, covering the very successful observations of few-layer
graphene systems with the distinct stacking configurations and layer
numbers, single-/double-walled carbon nanotubes/carbon nanotube
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bundles, and armchair/zigzag/chiral graphene nanoribbons. Most of
the layered graphenes are identified as being semi-metals sensitive to
the weak valence and conduction overlaps. Through the simultaneous
progress in experimental and theoretical researches, three types of
(m,n) single-walled carbon nanotubes have been identified (details
in Ref. [3]): (I) metals with m = n, (II) narrow-gap semiconductors
with 2m + n = 3I, and (III) middle-gap ones for others. Moreover,
all graphene nanoribbons are semiconductors, and their band-gap
magnitudes decline with an increase in width. Three types of
variation approaches are clearly revealed in Na = 31 + 2, 3] + 1,
and 31 armchair nanoribbons, where the first and second /third types,
respectively, belong to narrow- and middle-gap semiconductors.?® In
this work, reliable high-precision measurements are made for explor-
ing the free conduction electrons near the Fermi level (discussed later
under the section on the density of states; Fig. 10.5).

10.2. Unusual 1D Band Structures and
Wave Functions

Pristine and decorated graphene nanoribbons present the featured
band structures and wave functions, compared to those of car-

23,85 and graphite

bon nanotubes,?”?? few-layer graphene systems,
materials.®® An armchair graphene nanoribbon, as clearly shown
in Fig. 10.2(a), for Na = 8, displays a number of 1D valence
and conduction energy subbands, directly reflecting the active
carbon-2pz orbitals in a unit cell, The other main features include
the indirect gap with the highest/lowest occupied/unoccupied
valence/conduction state at the I'-zone boundary of E; ~ 0.71€V,
the high asymmetry of hole and electron spectra about the Fermi
level, the strong energy dispersions in the parabolic, partially flat,
and linear forms, the subband anticrossings/crossings/no-crossings,
and the many band-edge states with zero-group velocities (van Hove
singularities). The different open edges have very strong effects on
the low-lying energy spectra. Any zigzag system (Fig 10.2(b) for
Nz = 6) exhibits a pair of partially flat valence and conduction
subbands, in which their splitting energy determines the bandgaps.
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Such electronic wave functions are localized near the open zigzag
edges; they belong to the edge localization states with almost
vanishing group velocities. Bandgaps decline as ribbon widths grow.
Furthermore, there are three types of approaches in armchair systems
according to the open boundary condition: (I) narrow gap for Na =
31 + 2 and (IT)/(I11) middle-gap semiconductors for Na = 31 + 1 or
31. Such bandgaps could be examined using direct combinations of
STS and STM observations, as illustrated for single-walled carbon
nanotubes/carbon nanotube bundles.®” The theoretical predictions
of the occupied valence energy spectra have been successfully veri-
fied using high-resolution angle-resolved photoemission spectroscopy
(ARPES)®® because of the well-defined 1D momentum transfer in a
planar honeycomb crystal. However, the ARPES measurements on
carbon nanotubes have been scarcely performed until now, mainly
owing to their prominent deformations along the nanotube axis.
The low-lying band structures, as clearly illustrated in
Figs. 10.2(c)-10.2(f), exhibit the dramatic transformations after
edge decorations with rare-earth metal adatoms. There are more
1D energy subbands because of the active Np-/Pu—carbon multi-
orbital hybridizations (discussed later under the section on the
density of states). Each subband is dominated by C or Np/Pu, or
co-dominated by (C, Np)/*(C, Pu) (the red and blue circles denoting
host and guest atoms, respectively). The asymmetric valence and
conduction energy subbands are greatly enhanced through the close
partnerships between guest—host and host—host interactions. The
drastic changes in the band-edge states include their numbers,
energies, critical points, and curvatures. The 1D energy subbands
might exhibit spin-split behaviors, mainly owing to the 5f orbitals
of the rare-earth metal guest atoms, where their splitting energies
should be comparable to the on-site spin-dependent Coulomb inter-
actions (the Hubbard-like Hamiltonians®®). Most of them belong to
the fully occupied/unoccupied valence/conduction states; therefore,
their contributions to the net magnetic moment are almost zero.
Only a few of the energy subbands, which cross or are close to
FEr, dominate the magnetic properties. That is to say, the Fermi
momenta of the spin-up and spin-down configurations represent
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opposite contributions to the net magnetic moment. Furthermore,
these dominating free carrier densities would induce an observable
spin current under a small bias voltage. The 1D rare-earth metal
edge-decorated graphene nanoribbons are expected to create unusual
spintronics. More interestingly, the semiconductor—metal transitions
emerge in all rare-earth metal-decorated systems, indicating the
frequent generations of metallic interaction bonds (discussed in the
section dealing with spatial charge density distributions).

The first-principles predictions, which are conducted on pris-
tine and rare-earth metal edge-decorated graphene nanoribbons,
behave like narrow- or middle-gap semiconductors and ferromagnetic
metals. The former have been successfully verified using the high-
resolution ARPES measurements for a few outstanding samples, but
in the absence of width-dependent bandgaps.”’ The spin-polarized
ARPES observations are available for determining subband- and
spin-dependent Fermi momenta (kp). This is very useful for eval-
uating the 1D free carrier densities (7/kp) and thus exploring
their quasi-particle transport properties (spintronics). Establishing
strong relationships between the tight-binding model and the first-
principles simulations becomes very difficult under rare-earth metal-
decoration cases because of the complicated orbital hybridization and
ferromagnetic spin configurations. For example, reliable parameters
for the very rich hopping integrals between the active C-4 and
R-7 orbitals would be very difficult to achieve. This open issue is
under current investigation. Similar viewpoints could be generalized
to transition-metal decoration cases. The diversified quasi-particle
phenomena of geometric, electronic, and optical properties are
obviously revealed in the modulation strategy. The scientific studies
described in Chapters 9 and 10 clearly present a wider quasi-particle
framework.

10.3. Highly Anisotropic Charge/Spin-density
Distributions

Interestingly, highly non-uniform chemical and physical environ-
ments are clearly revealed in 1D pristine and edge-decorated
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(a) (b)

Fig. 10.3. The 2D charge density distributions in (a) armchair graphene
nanoribbon, (b) zigzag one, (¢)/(d) Nd-/Pu-decorated armchair compounds, and
(e)/(f) zigzag partners.

graphene nanoribbons, as shown in Figs. 10.3(a)-10.3(f). The iso-
lated carbon and Np/Pu atoms exhibit spherical probability distri-
butions. Both exhibit radius-dependent red and yellow /green regions,
respectively, corresponding to the 2s and (2p,, 2py, 2p.) orbitals and
the 7s and seven 5f ones. These isotropic charge densities represent
the total change after the generation of a planar carbon-honeycomb
crystal. Two neighboring carbon atoms are strongly bound together
by the o bondings of (2s, 2p,, 2p,) orbitals (the dog-bone-like
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heavy red region). This is responsible for the stable structures of
layered graphene systems.®” Furthermore, the o and 7 bondings are
perpendicular to each other in the absence of non-planar structures.
Of course, the charge densities are different for the edge and other
carbon atoms because of the open edges. After prominent edge
decorations, the saturated guest—host bonds can create the very
rich multi-orbital hybridizations, more strongly in the nearest-or,
even, second-nearest-neighbor C—C bonds. The atomic interactions,
which are associated with the edge-dependent closed pentagon, play a
critical role in the diverse quasi-particle phenomena. Specifically, the
edge C-Np/C-Pu bonds clearly illustrate (2s, 2p,, 2py, 2p.) — (f;3,
.2, fyzg, (IV) foyz, (V) fz(x2_y2), fm(x2_y2), fm(x2_3y2)), which has not
been reported in the previously published works. Such complicated
orbital mixings are thoroughly assisted by merged structures of van
Hove singularities (as shown in Fig. 10.5).

The spatial spin-density distributions (Figs. 10.4(a)-10.4(e)) are
fully assisted by the atom- and orbital-projected net magnetic
moments (Table 10.2). The rare-earth metal guest atoms make
very large contributions to the ferromagnetic spin configurations
at the two edge structures (the very large red regions, e.g.,
3.949 pp/5.318 pup in the Na = 8 decorated armchair graphene
nanoribbons, and 3.949 up/5.318 up in the Nz = 6 zigzag ones).
The opposite is true for the host carbon atoms, whose region is
roughly smaller than 0.2%. All of them display the very weak
spin-down distributions under the Pu decoration (the enlarged blue
dots). However, both spin up and spin down are mixed together
in the Np case. Obviously, the extremely magnetic configurations
frequently emerge because of the rare-earth metal edge decorations.
The Np-Np/Pu-Pu magnetic interactions should be much stronger
than those in the neighboring Np—C/Pu—C bonds, even if their bond-
length ratio is roughly equal to two. Such information is very useful in
establishing the spin-based ferromagnetic Hamiltonians with reliable
parameters and thus expanding the quasi-particle framework. These
unusual quasi-particle behaviors could be directly examined by the
SQUID /neutron scatterings on the net magnetic moments®!92 and
the spin-polarized STM of the spin-related surface morphologies.?® %4
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(a)

(b) (c)

Fig. 10.4. The 2D spin configurations for (a) zigzag graphene nanoribbon,
(b)/(c) Nd-/Pu-decorated armchair compounds, and (d)/(e) zigzag partners.

10.4. Rich van Hove Singularities

The critical points originate in the energy—wave-vector space,
corresponding to the band-edge states,”>? display the irregular
group velocities, and thus account for the frequency-dependent
van Hove singularities. According to the density-of-states definition,
the 3D/2D/1D magnitudes are associated with the constant-energy
surface/loop /point integration of the inverse of group velocity, except
for the delta-function-like peaks due to the 0D discrete states (e.g.,
0D quantum dots). Generally, the 1D graphene-nanoribbon-related
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Table 10.2. The atom- and orbital-decomposed magnetic moment (ug) for (a) Np
or (b) Pu edge-decorated armchair/zigzag graphene nanoribbons.

Atom Orbital
(a)

C1 S pz pY pz 5fy(3z2 — y?) Sfryz 5fyz?  5fz3  5frz?
C2 —0.0005 —0.0021 —0.0026 —0.0029

C3 —0.0005 —0.0021 —0.0026 —0.0029

C4 0.0005 0.0008 —0.0003 0.0002

C5 0.0005 0.0008 —0.0003 0.0002

C6 0.0001  0.0000 0.0000 0.0005

c7 0.0001  0.0000 0.0000 0.0005

C8 0.0000  0.0000 0.0000 —0.0001

C9 0.0000  0.0000 0.0000 —0.0001

C10 0.0000  0.0000 0.0000 —0.0001
Cl11 0.0000 0.0000 0.0000 —0.0001
C12 0.0001  0.0000 0.0000 0.0005
C13 0.0001  0.0000 0.0000 0.0005
Cl4 0.0005  0.0008 —0.0003 0.0002
C15 0.0005 0.0008 —0.0003 0.0002
C16  —0.0005 —0.0021 —0.0026 —0.0029

Npl 0.9860 0.0234 0.7748 1.0011 0.1996
Np2 0.9860 0.0234 0.7733 1.0011 0.2010
(b)

C1 s pT Py pz 5fy(3x2 — y?) Sfryz 5fyz? 523 5frz?

C2 0.0000 —0.0008 —0.0017 —0.0027
C3 0.0000 —0.0008 —0.0017 —0.0027
C4 0.0004  0.0007 —0.0002  0.0000
Cbh 0.0004  0.0007 —0.0002  0.0000
C6 0.0001 0.0001  0.0000 0.0003
C7 0.0001 0.0001  0.0000 0.0003
C8 0.0000 0.0000  0.0000 —0.0001
C9 0.0000 0.0000  0.0000 —0.0001
C10 0.0000 0.0000  0.0000 —0.0001
Cl11 0.0000 0.0000  0.0000 —0.0001
C12 0.0001 0.0001  0.0000 0.0003
C13 0.0001 0.0001  0.0000 0.0003
Cl4 0.0004 0.0007 —0.0002  0.0000
C15 0.0004  0.0007 —0.0002  0.0000
C16 0.0000 —0.0008 —0.0017 —0.0027
Pul 0.7061 0.9662 0.4168 0.9593 0.9778
Pu2 0.7054 0.9662 0.4168 0.9592 0.9778
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systems display three kinds of energy dispersions with distinct
van Hove singularities: (I) the asymmetric divergent peaks in the
inverse of square-root form, with their intensities proportional to
the square root of the effective mass for the parabolic energy
subbands; (II) the unusual plateau structures through the inverse
relations between intensities and group velocities due to the linear
valence or conduction energy subbands; and (III) the delta-function-
like symmetric peaks arising from the partially flat dispersions.
The spin degeneracy and spin split, respectively, were revealed in
pristine and rare-earth metal-decorated graphene nanoribbons. The
first-principles calculations are, respectively, examined using the
non-polarized and spin-polarized STS measurements. This will be
very useful in understanding the important differences between the
covalent and metallic bonds. The rare-earth metal atoms would be
outstanding candidates for chemical modifications and very helpful
in establishing a grander quasi-particle framework, mainly owing to
their active 14 5f/4f orbitals.

More interestingly, Fig. 10.5 clearly illustrates the energy-
dependent density of states through the atom- and orbital-
decomposed spin-split contributions for: (a) armchair and (b) zigzag
graphene nanoribbons as well as (¢) & (d)/(e) & (f) for Np-/Pu-
decorated armchair compounds, and (g) & (h)/(i) & (j) zigzag
partners. The main features of van Hove singularities are easily
modulated by the host and guest atoms. A pristine graphene nanorib-
bon can display a number of strongly asymmetric peaks across the
Fermi level of E, mainly owing to the 1D parabolic energy subbands.
Any system with bandgaps is without free carriers at the Fermi
level because of the complicated chemical and physical environments
(Fig. 10.2(a)). Most importantly, the 2p,-(the red curve) and (2s,
2p,, 2py)-orbital peaks (coffee, green, and blue curves), respectively,
appear within the energy ranges of |[E“V| < 8.0 eV and —20.0 <
EY < =21 ¢eV/0, 3 < E%Y < 2.1 eV/6.50 < E“Y < 8.00 eV.
Also, the van Hove singularities of the latter come to exist at the
same frequencies but under different intensities, even for 2p, and
2p, orbitals (the destruction of (x, y) plane symmetry). The highest
occupied valence states and the lowest unoccupied conduction ones,
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(a) (b)

(c)

Fig. 10.5. The energy-dependent density of states with the atom- and orbital-
decomposed spin-split contributions for (a) armchair graphene nanoribbons, (b)
zigzag ones, (c) and (d)/(e) and (f) for Np-/Pu-decorated armchair compounds,
and (g) and (h)/(i) and (j) zigzag partners.
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(d)

Fig. 10.5. (Continued)

which account for a bandgap, respectively, arise from the 2p, and
(2psz, 2py) orbitals, These results are totally different from those
obtained for few-layer graphene systems and carbon nanotubes.
Most of the m and o electronic van Hove singularities do not
present the prominent mergences, clearly indicating the perpendicu-
lar chemical bondings on a planar honeycomb crystal. The number,
frequency, and intensity of van Hove singularities [Refs] show the
obvious changes after the rare-earth metal edge decorations, espe-
cially for their dominant energy region of 3.50 < F%" < 4.00 eV. The
significant 14-5f orbitals about (5f;s, 5f,.2, 5f .2, 5fuys, B, (p2_y2),
5 fa(a?—y2)s Hz(a2_3,2)) reveal the comparable contributions. Further-
more, there exist important differences between the spin-up (the solid
curves) and spin-down (the dashed curve) van Hove singularities. As
to the spin-split C-(2s, 2ps, 2py, 2p;), it also displays observable
differences, in which the C-2p, orbitals have the Fermi-surface band
properties. This further illustrates the metallic bondings of C-Np/
C—Pu and Np-Np/Pu-Pu at the edge boundaries. From the merged
van Hove singularities, the multi-orbital hybridizations of C-Np/C—
Pu, Np-Np/Pu—Pu and C-C bonds, respectively, exhibit (2s, 2p,,
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2py, 2pz) — (5f:c37 f:cz27 5fyz27 5f:cyZ7 5fz(z2—y2)7 5fz(:c2—y2)7 5fz(:c2—3y2))7
(5fy3, Bfyu2, Bfy.2, Bfyye, 5 (22— y2) Dlp@2—y2)s 5fz(x2_3y2)) — (5f,3,
5fm22, 5fy227 5fmyz, 5fz(x2_y2), 5fm(x2_y2), 5fm(x2_3y2)), and (28, 2pm,
2py) — (2s, 2ps, 2py) and 2p,—2p.. Of course, the ferromagnetic
spin configurations are driven by the rare-earth metal atoms. All
the concise pictures are very useful in the further development of an
expanded quasi-particle framework.

The high-resolution STS measurements are rather powerful
for observing the van Hove singularities of 2D/1D/0D systems, in
which the quantum currents are greatly enhanced by the gate volt-

97,98

ages. These observations have been very successful in verifying the
geometry-dominated electronic properties in graphene-related mate-
rials through direct combinations with STM/TEM/RLEED.-1%0
For example, stacking configurations and layer numbers are responsi-
ble for the semi-metallic or small-gap behaviors in layered graphene
systems. There are three types of single-walled carbon nanotubes:
(I) 1D metals for (m, m) armchair nanotubes, (II) narrow-gap
semiconductors for non-armchair (m,n) systems with 2m + n =
31 (where I is an integer), and (III) middle-gap semiconductors
in the other cases. Armchair graphene nanoribbons possess three
types of bang gaps; (I) narrow gaps for Na = 3I 4+ 2 and
(IT) /(III) middle gaps under 31/3I + 1. But for zigzag ones, their
bandgaps obviously decline with an increase in the ribbon width. The
STS/spin-STS examinations of the boundary, quantum-confinement,
and decoration effects are mainly focused on the finite bandgap/a 1D
gapless metal before/after Np-/Pu-rare-earth metal intercalations,
the drastic changes of van Hove singularities across the Fermi level,
the important differences between the spin-up and spin-down density
of states at the specific energy ranges, and the ferromagnetic metals
dominated by the Np/Pu guest atoms. These phenomena are very
helpful in reliably establishing the interaction parameters of the
critical Hamiltonians. The phenomenological models are very difficult
to achieve in an analytic form because of the rather complicated
band structures (Fig. 10.2) and density of states (Fig. 10.5). How to
induce simultaneous progress among these three approaches remains
an open issue (detailed in Chapter 19).
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10.5. Unique Optical Transitions

The electromagnetic waves are useful in creating the vertical elec-
tronic excitations within the distinct energy regions according to
the strengths of chemical bondings, generating the atom-/orbital-/
spin-dependent single-particle electron—hole excitations and distinct
plasmon modes and thus developing the composite quasi-particles
under a grander framework (detailed in several books®%60:101) Each
absorption structure, which appears in the bare response function
(the imaginary part of the dielectric function), mainly arises from
the joint van Hove singularities due to the initial and final band-
edge states and the finite vertical transition probabilities associated
with the electric dipole moments. After all the charge screenings,
the screened response function (the energy loss functions; Refs) will
display the prominent plasmon peaks coexistent with the electron—
hole pairs under the obvious Landau dampings. The electromagnetic-
and Coulomb-field perturbations are fully assisted by the finite-width
quantum confinements and open/decorated edges. These critical
factors are responsible for the featured quasi-particle behaviors of
optical transitions, covering the threshold absorption frequency (the
optical gap or the double of the Fermi-level blueshift), the existence
of optical selection rules before and after edge decoration, and
three/two kinds of carrier excitations under the decoration/pristine
cases (free, m, and o electronic excitations). 1D graphene nanoribbons
only possess the valence/conduction energy subbands with the index
numbers as measured from the Fermi level. These cannot serve
as good quantum numbers, and they are totally different from
the discrete angular momenta in cylindrical carbon nanotubes (the
transverse periodic boundary conditions). The edge decoration effects
on selection rules will be investigated in detail. Also, whether the
stable excitons of the excited valence holes and conduction electrons
could exist in narrow- and middle-gap pristine graphene nanoribbons
is worthy of thorough studies. The quantum quasi-particles clearly
illustrate the diversified excitation phenomena, as shown in Fig. 10.6,
for the imaginary-/real-part dielectric functions and energy loss
spectra: (a) and (b) armchair graphene nanoribbons, (c¢) and (d)
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(a)

(b)

Fig. 10.6. The optical properties, dielectric functions, and energy loss spectra
for: (a) armchair graphene nanoribbons, (b) zigzag ones, (¢) and (d)/(e) and
(f) Np-/Pu-decorated armchair compounds, and (g) and (h)/(i) and (j) zigzag
partners.
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zigzag ones, (e) and (f)/(g) and (h) Pd-/Pu-decorated armchair
compounds, and (i) and (j)/(k) and (1) zigzag counterparts. ea(w)
(the solid red curves in Figs. 10.6(a), 10.6(c), 10.6(e), 10.6(g),
10.6(i), and 10.6(k)) represent the photon—electron couplings under
the requirements of momentum and energy conservations, as well
as the spin-dependent Pauli exclusion principle. After sufficiently
strong dipole scatterings, a number of 1D prominent absorption
structures are associated with the joint van Hove singularities.
Through delicate analyses using the VASP simulations, the obtained
significant excitation frequencies and channels through the orbital
hybridization and spin-dependent composite quantum quasi-particles
are thoroughly listed in Table 10.3, covering single-particle/collective
excitations for (a)/(b) armchair graphene nanoribbon, (c)/(d) zigzag
ones, (e)/(f) and (g)/(h) Np- and Pu-decorated armchair compounds
and zigzag counterparts. This table and the effective vertical tran-
sitions in band structure (the colored arrows in Figs. 10.2(a-b),
Figs. 10.2(c-d)/and Figs. 10.2(e-f)) are very helpful for the greatly
enhanced development of the composite quasi-particles since the
atom-, orbital- and spin-related initial and final states are thoroughly
identified from the delicate VASP simulations. As to pristine armchair
(Fig. 10.6(a)) and zigzag systems (Fig. 10.6(c)), their optical exci-
tations could be roughly categorized into three excitation types: the
(I) -, (II) composite o- and 7-, and (III) o-electronic contributions,
where the first and third ones survive at, respectively, lower and higher
than 3.02 and 6.67 eV. Specifically, the second type is associated with
the (2s, 2p,, 2p,)-initial and 2p.-final states, mainly owing to the
dangling bonds. Many prominent peaks mainly come from the valence
and conduction energy subbands due to finite-width effects. However,
it is very difficult to analyze whether the specific selection rules are
present in the various cases since good quantum numbers cannot be
achieved through them. Such excitation frequency ranges are also
revealed in 3D bulk graphite systems, few-layer graphene materials,
and carbon nanotubes. This unique quasi-particle behavior only
reflects the dominating sp? bondings on the planar honeycomb lattices.
As to the threshold absorption frequency, the effective absorption
excitation channel is indicated by a red-colored vertical arrow, clearly
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illustrating a sensitive dependence on the low-lying energy subbands
near the high-symmetry points. Its value might not be equal to an
indirect or direct bandgap. While the charge screening effects are due
to all the energy-dependent carriers. The energy loss function, defined
as [—1/e(w)], can comprehend the coherent charge oscillations in the
different energy ranges (the discrete plasmon modes). The lower- and
higher-intensity plasmon peaks, as clearly shown in Figs. 10.6(b),
10.6(d), 10.6(f), 10.6(h), 10.6(j), and 10.6(1). The former, which is
accompanied by the strong Landau dampings, mainly arise from
a few/or certain valence energy subbands; that is, they are partly
due to the 7-/o-electronic states, as observed in discrete m-plasmon
modes below ~6.0 eV. Both 7 and ¢ plasmon modes due to all the
carriers present strong peaks at ~5.78 and 13.91 eV.

The rich quasi-particle behaviors of single-particle and collective
excitations are drastically changed by the rare-earth metal edge
decorations. All effective excitation channels might be very different,
as might the excitation frequency, intensity, number, and form of
the prominent absorption peaks. Most of the effective excitation
channels are closely related to the spin-up configurations, except for
a few. The threshold excitation frequency at 0.09 eV is non-zero
even for ferromagnetic metals, mainly owing to the rare-earth metal
dominances on the spin-dependent vertical excitations (the red-
colored vertical arrows in the band structures shown in Figs. 10.2(c),
10.2(e), 10.2(g), and 10.2(h) and their values in Tables 10.3(e)-
10.3(h)). For example, the Np-decorated armchair system presents
a threshold peak in the imaginary-prat dielectric function (the red
triangle in Fig. 10.6(e)), mainly arising from a part of the 5f-orbitals
about the initial and final Np-[5f,(3,2_,2), 5fy(z2_3,2), 5f.s, 5f,.2]
states. The pure m-electronic excitations, which possess comparable
spin-up and spin-down contributions, emerge as the second absorp-
tion peak at 0.65 eV (the blue triangle). The other prominent
absorption peaks belong to the composite quasi-particle pictures, in
which they consist of the superposition of C-2p,, C-(2s, 2p., 2py,
2p.)/(2s, 2ps, 2py), and part of the Np-5f orbitals. These unusual
atom-, orbital-, and spin-dominated optical quasi-particles clearly
illustrate the diversified excitation phenomena, which have been
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very successful in developing an enlarged framework. Both 7 and
o plasmon modes, which are partially assisted by the Np/Pu
Sf-orbitals, show obvious changes in their frequencies (6.67 and
14.68 eV for the Np decoration) and intensities, especially for the
latter. That the rare-earth metal atoms can make much contribution
to the low-lying energy subbands through the metallic bondings and
the ferromagnetic spin configurations could be the main reasons.
More interestingly, the spin-split multi-orbital hybridizations have
been thoroughly examined for each prominent absorption channel.
The composite quasi-particles are well characterized by their intrinsic
properties, further illustrating an expanded framework in this book
chapter. The high-precision optical measurements of absorption and
transmission spectroscopies are available for observing the rich single-
particle and collective excitations. The measured optical quantity,
being assisted by the Kramers—Kronig relations under the physical
perturbations and responses (the principle-value integration partner-
ships between the real- and imaginary-part response functions!??),
can clearly illustrate the frequency-dependent dielectric function and
energy loss function. Before and after the rare-earth metal edge
decorations, the main features of the m- and o-electronic vertical
excitations are almost totally changed into those of the composite
quasi-particles associated with the prominent superposition of the
Np-/Pu-5f orbitals. Most of the spin-split absorption peaks arise
from the spin-up configurations. The experimental verifications of the
first theoretical predictions can provide sufficient information about
the charge- and spin-dependent interactions. Notably, the threshold
absorption is also independent of the Fermi-level red- or blueshift.

10.6. Concise Conclusions

The delicate VASP simulations have successfully enlarged the
composite quantum quasi-particles by the spin-up and spin-down
14-5f orbitals of the rare-earth metal guest atoms in the 1D
edge-decorated graphene nanoribbons. The rich and unique multi-
orbital hybridizations and ferromagnetic spin configurations are
fully examined through the quasi-particle properties: the planar



Decoration of Graphene Nanoribbons with 5f Rare-Earth Elements 359

carbon-honeycomb lattices,'% the closed edges of non-uniform pen-
tagons with two long C—R bonds, the featured band structures with
the sensitive atom and spin dominance at distinct energy ranges,
more 1D valence/conduction energy subbands and band-edge states,
the semiconductor—ferromagnetic-metal transitions and the spin-
split Fermi surfaces after the dangling-bond saturations, the disap-
pearance of edge-localized states in zigzag graphene nanoribbons, the
dramatic transformations of the spatial charge density distributions
under the very strong C—R chemical bondings, the magnetic phase
configuration transition between antiferromagnetism and ferromag-
netism in the zigzag systems, a number of merged structures of atom-,
orbital-, and spin-projected van Hove singularities, the atom- and
orbital-decomposed magnetic moments, the Np-/Pu-induced spin
arrangements, and the spin-enriched optical transitions in dielectric
functions of electron—hole pair excitations and energy loss spectra of
plasmon modes.

Most importantly, the critical mechanisms in the C—Pa/C-U,
Pa—Pa/U-U, and C-C bonds, respectively, arise from (2s, 2p,, 2p,,
2pz) - (5f:c37 5fzz27 5fyz27 5fzyz; 5fz(z2—y2)7 5fz(:c2—y2)7 5fz(:c2—3y2))7
(5fys, Bfya2, Bfys2, Blays, Sfoa2_y2), Bym2_y2), Bpp2_s2)) — (5,
5pp22y Blyz2, Bluyz, DL (p2_y2), Bly2_y2), 5fx(x2_3y2)), and (2s, 2p,,
2py) — (2s, 2py, 2py) and 2p.—2p,. Furthermore, the ferromagnetic
spin interactions are only present in Pa—Pa/U-U bondings because of
the extremely localized magnetic moments (Fig. 10.4 and Table 10.2).
Such important mechanisms belong to the Heisenberg-like forms,!04
but not to the Hubbard-like forms.'% Specifically, the threshold
absorption frequency is hardly dependent on the magnitude of the
Fermi level. Each strong absorption peak can be identified to arise
from the initial and final states of the atom- and orbital dominances
of C-(2s, 2pg, 2py, 2p-)/C-2p, and (2s, 2p,, 2p,) and a part of Np-
/Pu-5f orbitals. Many efficient excitation channels are responsible for
the obvious mixing of m and o electronic electron—hole pair excita-
tions and plasmon modes. The spin-split optical quasi-particles are
first revealed in this book chapter by first-principles simulations. The
above-mentioned quasi-particle features should be enough to explore
the orbital-hybridization-created hopping integrals and the on-site
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Coulomb potentials, as well as the spin-related electron—electron
interactions (the Heisenberg-like ones+). It seems to be very difficult
for rare-earth metal-based compounds because of active 14-5f/
14-4f orbitals. Whether the phenomenological models are worthy
of systematic investigation is one of the focuses of the near-future
studies. The chemical decoration effects could be generalized to
the folded/curved/nanoscrolled and few-layer graphene, silicene,
germanene, tinene, and plumbene nanoribbons for developing a
greatly enlarged quasi-particle framework.

The VASP predictions of the geometric, electronic, and opti-
cal properties need to be thoroughly examined through different
experimental observations. The direct combinations of the high-
precision STM/TEM/RLLED and spin-polarized STS are very
powerful for testing the close relationships between the optimal
geometries and the energy-dependent van Hove singularities, such
as bandgaps, semiconductor-metal transitions, strong asymmetric
peaks in the inverse of square-root form due to the band-edge
states, and spin-split energy spacings. The spin-polarized ARPES
is available for making delicate measurements of the quasi-particle
energy spectra and lifetimes below the Fermi level [Refs]. where the
main features of the former include the high asymmetry about the
valence holes and conduction electrons, the spin-split Fermi surfaces,
more energy dispersion relations, and band-edge states. The multi-
Fermi momenta are expected to exhibit the beating phenomena
of the well-known Friedel oscillations in 1D ferromagnetic metals.
The non-polarized /spin-polarized optical transmission spectroscopy
should be suitable for observing the prominent absorption peaks with
the same spin states. Also, the stable/quasi-stable excitons might
emerge in pristine small- or middle-gap semiconductors, but not in
the ferromagnetic metals. The threshold absorption frequency needs
to be examined in detail since it is sensitive to many-body effects
and semiconductor-metal transitions. In summary, the VASP simula-
tions, phenomenological models, and experimental observations have
shown simultaneous progress through the rare-earth metal decoration
of planar graphene nanoribbons and their contributions to a grander
quasi-particle framework.
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CHAPTER 11

HETEROJUNCTIONS OF
MONO-/BILAYER GRAPHENE ON
TRANSITION-METAL SUBSTRATES

Vo Khuong Dien and Ming-Fa Lin

Department of Physics, National Cheng Kung University, Tainan, Taiwan

Abstract

This study explores the electronic and structural properties of het-
erojunctions formed by mono-/bi-layers of graphene on a silver (Ag)
(111) substrate. Using first-principles calculations, we investigate the
influence of the Ag(111) substrate on graphene’s electronic structure and
interfacial properties. Our findings highlight the significant modifications
in the band structure, including the emergence of interface states and a
bandgap opening. We also examine the charge transfer phenomena and
its impact on electrical conductivity and carrier mobility. Additionally,
we investigate the optical properties, such as absorption spectra and
excitonic behavior, offering insights into potential optoelectronic appli-
cations. This research advances our understanding of graphene-silver
heterostructures for the design and development of novel electronic and
optoelectronic devices.

Keywords: Heterojunctions, mono and bilayer graphene, Ag(111).

Each carbon atom has four active orbitals in any condensed-matter

system, including 3D diamonds,'® bulk graphite systems,' layered

21 graphene

24

graphene materials,?® 1D coaxial carbon nanotubes,
nanoribbons,'® 0D carbon onions,?? quantum dots,?® fullerenes,
rings,?> and chains.26The distinct dimensionalities, sp®/sp?/sp
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chemical bondings, stacking configurations, layer numbers, coaxial
cylindrical symmetries, planar/curved/folded/scrolled carbon-based
lattices, open achiral/chiral edges, and finite-size quantum confine-
ments play critical roles in determining the application of these
materials in the basic and applied sciences. Several graphene-related
books have reviewed the successful developments with simultaneous
progress in phenomenological models,?”?® first-principles simula-

14,20 and experimental observations.??>30 These outstanding

tions,
works clearly present the rich chemical environments and the unique
crystal symmetries. The close relationships with optimal geometries
obviously lead to diverse quasi-particle phenomena. A 1D single-
walled carbon nanotube®":32 or a graphene nanoribbon®?3* could
be regarded as a 2D rolled-up graphene in the cylindrical form or
a cut graphitic sheet along the longitudinal direction. The periodic
boundary conditions, which are fully assisted by the curvature effects
of m bondings, can account for three types of carbon nanotubes:
metallic, narrow-, and middle-gap semiconductors. Of course, all
carbon-related systems possess varying active surfaces and open
boundaries, where a lot of dangling bonds exist, arising mainly
from the carbon-2p, orbitals perpendicular to the honeycomb lat-
tice. The chemical modifications are expected to generate a lot
of emergent binary, ternary, or quaternary compounds (detailed
in Sections 2.1-2.5), e.g., heterojunctions (the subsystem compos-
ites, adsorptions, substitutions, intercalations/de-intercalations, and
decorations). Their systematic investigations will greatly diversify
quantum quasi-particles through developed theoretical models and
experimental measurements.

Few-layer graphene systems clearly present diverse quasi-particle
behaviors, as clearly described in the previously published books.% 15
Their hexagonal honeycomb symmetries, highly stable planes, weak,
but important van der Waals interactions, stacking configurations,
layer numbers, and non-magnetic features play critical roles in
various Hamiltonians. The position-dependent carbon—carbon inter-
actions have been thoroughly explored for more than 50 years,
which has resulted in well-characterized formulas that are suit-
able for layered graphene materials3® 36
nanotubes.?” The very successful theoretical predictions on the

and 1D coaxial carbon
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low-energy physical phenomena have been verified through high-
resolution measurements using STS-STM,?? ARPES,*® EELS,*
optical transmission spectroscopy,39 and quantum transport,40
respectively, corresponding to geometry—gap relationships, occupied
energy bands, electron—hole pair excitations and plasmon modes,
prominent absorption structures, and regular/irregular Hall conduc-
tivities. Monolayer graphene displays a linear and isotropic Dirac
cone structure, in which the Fermi momentum is just the Dirac
points. It belongs to a zero-gap semiconductor because it has no
free carriers at Ep. With significant interlayer 2p,—2p, orbital
hybridizations, bilayer and trilayer graphene systems exhibit diversi-
fied band structures and wave functions, e.g., the partially flat, linear,
parabolic, oscillatory, sombrero-shaped, or 1D constant-energy-loop
energy dispersions in the sliding/rotational bilayer materials? 4542 as
well as the trilayer AAA 43 ABA * ABC,% or AAB* stackings. The
above-mentioned band structures and wave functions will become
more complicated after chemical modifications so that the m- and
o-electronic Hamiltons cannot be well characterized through the
concise pictures. This is thoroughly discussed under heterojunctions
in Section 11.2.

The unusual heterojunctions could be regarded as composite
compounds with rich modulations of multi-orbital hybridizations
and ferromagnetic/antiferromagnetic spin configurations. Such out-
standing candidates can provide diverse quasi-particle phenomena
and thus greatly contribute to a grand framework. The current
experimental syntheses clearly show that the 2D Group-IV mate-
rials?6-4® and the binary and ternary semiconductor compounds
of III-VI,* III-V,*° II-VI,°! II-V,%2 and IV-IV®2 have been very
successfully grown on various distinct substrates. These main-
stream materials play critical roles in the industrial development
of functional chips,”® which dominate the world economy.’* Of
course, there also exist plenty of semiconductor-metal® and metal-
16 compounds. Moreover, the composite cathode-electrolyte—
anode materials®” clearly exhibit high-performance ion transport

meta

through the composite boundaries of ion-based batteries during
charging and discharging reactions. Monolayer graphene and bilayer
AB stacking on platinum!! are chosen for a model study. The
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latter is very rarely found in nature.’® Pt, with its five isomers
of Pt190, Pt192) Pt194 Pt196  and Pt!”®, has an atomic number of
78, so that the outermost ten 5d orbitals are fully occupied under
an isolated condition. To realize the sufficiently strong chemical
bindings in condensed-matter systems, its one or two electrons should
be enhanced to 7s and/or 6d/7p for greatly reduced ground-state
energies. Which kinds of orbitals take part in the real multi-orbital
hybridizations and ferromagnetic spin configurations need to be
thoroughly examined from the geometric, electronic, magnetic, and
optical properties.

First-principles calculations, rather than phenomenological mod-
els, are very useful for thoroughly exploring the unusual hetero-
junctions corresponding to graphene-platinum composites, mainly
owing to the rich and unique multi-orbital hybridizations and
ferromagnetic spin configurations associated with transition-metal
substrates. The Moire superlattices, which correspond to the com-
mensurate unit cells of two composite subsystems, are chosen from
the optimal VASP simulations. The crystal structures, covering
the C-C, C-Pt, and Pt—Pt bonds, are clearly visible along the
longitudinal and transverse directions, especially for the observable
bond-length fluctuations close to the boundary. To thoroughly
illustrate the critical mechanisms, the strong relationships are clearly
identified among the unusual chemical/physical environments, the
ferromagnetic/metallic band structures with the sensitive atom and
spin dependences, three specific regions of three different chemi-
cal bondings,®® the strongly spatial modulations of spin-density
arrangements, " a plenty of merged structures from the atom-
/orbital-/spin-decomposed van Hobe singularities, and the single-
particle excitations and plasmon modes associated with the signifi-
cant orbitals and spins of the initial and final states. These quasi-
particle behaviors are consistent with one another in determining
which kinds of four-(s, psz, py, p-), and ten-5d are the dominant
ones. The decisive pictures are very helpful for the development
of unique heterojunction Hamiltonians. Examining the VASP pre-
dictions through high-resolution experimental measurements can
greatly contribute to a grand quasi-particle framework, especially
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those from X-ray diffractions/RLEED,* spin-polarized ARPES,%
and optical reflectance/absorption/transmission spectroscopy.*?

11.1. Unique Heterojunction Crystal Structures

The top and side views of six kinds of heterojunctions, which
correspond to graphene/platinum composites, ! consisting of single-
layer graphene and tri-, four-, or five-layer substrate, are shown in
Figs. 11.1(a) and 11.1(b), Figs. 11.1(c) and 11.1(d), and Figs. 11.1(e)
and 11.1(f), respectively, and their related bilayer AB stacking
composites are shown in Figs.11.1(g) and 11.1(h), Figs. 11.1(i) and
11.1(j), and Figs. 11.1(k) and 11.1(1), respectively. These crystal
structures can provide sufficient physical, chemical, and material
environments for developing diverse quasi-particle phenomena. There
exists the intralayer C—C network. The very strong ¢ bondings with

(a) (b) (2) (h)

Fig. 11.1. The optimal top and side views of graphene/Pt(111) heterojunctions:
(a)/(b) monolayer/trilayer, (c)/(d) monolayer/four-layer, (e)/(f) monolayer /five-
layer, (g)/(h) bilayer AB stacking/trilayer, (i)/(j) bilayer/four-layer, and (k)/(1)
trilayer/five-layer.
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Table 11.1. The observable bond-length fluctuations near the heterojunctions
of graphene—platinum composites: single-layer-/bilayer AB stacking/trilayer/
four-layer /five-layer or AB stacking/trilayer/four-layer /penta-layer.

Pt-Pt Pt-Pt Pt-Pt Pt-Pt
Pt-Pt bond bond in bond bond
bond in the third in the in the
in the second Pt fourth fifth Pt
Cc-C first Pt Pt layer Pt layer
System bonding layer layer layer

AB graphene/ 1.413-1.416 2.840 2.829 2.829 — —
three-layer Pt

AB graphene/ 1.414-1.417 2.836 2.829 2.829 2.827 —
four-layer Pt

AB graphene/ 1.414-1.417 2.836 2.829 2.829 2.828 2.829
five-layer Pt

Pt-Pt Pt-Pt Pt-Pt Pt-Pt Pt-Pt
bond in bond in bond in bond in bond in

c-C 1Pt 2Pt 3Pt 4Pt 5% Pt

System bonding layer layer layer layer layer

Monolayer C/ 1.413-1.416  2.840 2.829 2.829 — —
three-layer Pt

Monolayer C/ 1.414-1.417 2.836 2.829 2.829 2.827 —
four-layer Pt

Monolayer C/ 1.414-1.417 2.836 2.829 2.829 2.828 2.829
five-layer Pt

short C-C bond lengths, listed in Table 11.1 (~1.413-1.416 A), are
responsible for the planar honeycomb structures even close to the
C—Pt heterojunction. The intralayer and interlayer C-2p, orbitals,
respectively, generate the m bondings and van der Waals interactions
(bilayer AB stacking). The C-Pt bonds, which are associated with
the active orbitals of (2s, 2ps, 2py, 2p., 5dy2_y2, 5dy., 5d.z, 5duy)
(thoroughly examined later, detailed in Section 11.6), are longer
than 3.1 A. They play critical roles in mediating the strong spatial
modulations of metallic bonding and magnetic configurations. The
platinum substrate, with Pt—Pt bond lengths in the range of 2.827—
2.840 Acan initiate the free carrier density distribution and the
ferromagnetic spin arrangements. The detailed results are discussed
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in Section 11.3. A primitive unit cell, as clearly shown by a red
dashed curve in Fig. 11.1(a)), consists of eight carbon and Pt atoms
in each layer. There are a number of atoms/active orbitals in the
delicate VASP simulations. Similar studies could be generalized to
the composite heterojunctions of buckled silicene, germanene, tinene,
and plumbene systems, which are frequently revealed to be successful
in sample substrate syntheses.1"%3 The important difference among
them would become an effective modulation strategy.

The  high-resolution = measurements of  STM/TEM/
RLEED? 6465 and RLEED/X-ray® can, respectively, observe the
2D/1D/0D and 3D crystal structures. Scanning tunneling microscopy
consists of a gate-voltage-dependent nanoscale perturbation needle
and a planar or curved surface network. The quantum tunneling
current, which is very weak according to the model predictions,
remains constant at any position during the needle scanning of
the whole morphology. The different heights of a nanoscale device
are responsible for its atomic profiles, e.g., the very successful
STM observations of achiral/chiral hexagons in single-walled carbon
nanotubes made in 1998 and those of open edges in finite-size
graphene nanoribbons.%” Additionally, the STS measurements can
determine the geometry-diversified electronic properties (detailed in
Section 11.4). Concerning tunneling electron microscopy, the elastic
scatterings of an incident electron beam are responsible for the
diffraction pattern, as observed using X-rays. Their measurements
are very useful for the side-view geometric parameters, e.g., the
interlayer /intertube distances in layered graphene systems/coaxial
carbon nanotubes, and the height difference between two buckled
sublattices in silicene, germanene, tinene, and plumbene.

The very high-energy electrons are found to be likely to induce
inelastic scattering events and provide the screened energy loss spec-
tra (the Coulomb-field excitation spectra). The delicate verifications
of the crystal structures of mono- and bilayer AB stackings as well
as the tri-, four-, and five-layer Pt composites clearly illustrate the
position-dependent chemical bonds, reveal the rather active chemical,
physical, and material environments, and thus generate the diverse
quantum quasi-particles.
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11.2. Rich Band Structures and Wave Functions

The graphene-platinum composites, as clearly illustrated in
Figs. 11.2(a)-11.2(n), can exhibit diversified quasi-particle energy
spectra, mainly owing to the hexagonal C-honeycomb crystals, the
zone-folding effects, and the o- and m-covalent bondings/van der
Waals semi-metallic interactions/metallic C-Pt and Pt-Pt charge
distributions. The main features of monolayer graphene, bilayer AB
stacking and compounds are totally different from one another, e.g.,
the perfectly defined/well-behaved /vanishing m-electronic energy
subbands, the transitions among a zero-gap semiconductor, semi-
metal, and metal, the vanishing/band-overlap, the very sensi-
tive atom and orbital dependences for heterojunctions, and the
almost identical o-electronic energy spectra and wave functions.
These significant properties represent an enlarged quasi-particle
framework and require the systematic investigation of the various
heterojunctions.

The pristine monolayer graphene and bilayer AB stacking, as
shown in Figs. 11.2(a)-11.2(h), respectively, belong to a zero-gap
semiconductor and a semi-metal. The concise mechanisms mainly
arise from the three uniform nearest-neighboring 2p.-hopping inte-
grals and the position-dependent interlayer van der Waals interac-
tions. Their electronic states can be well characterized by the w
and o chemical bondings perpendicular to each other. A single-layer
graphene clearly displays the 7 valence subband along the KMI
path with a ~ 7eV width and the o ones of (2p,, 2p,) orbitals
along the I'MK high-symmetry points in the presence of a ~ 7eV
energy difference. The Dirac point, which is initiated from the K/K’
valley (the corner of the first Brillouin zoneR*®), just crosses the
Fermi level and serves as a unique Fermi momentum. As a result,
its density of states vanishes there. Interestingly, their anticrossing
behaviors are absent because of a planar honeycomb crystal. The
small but observable valence and conduction band overlaps emerge
in the bilayer AB stacking, mainly owing to the interlayer van der
Waals interactions. The low-density free valence holes and conduction
electrons, which simultaneously appear in a semi-metallic system,
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(a)

(b) (c)

Fig. 11.2. The featured band structures with C-/Pt-atom dominances for
graphene—platinum composites: (a) monolayer graphene, (b)/(c) monolayer
graphene/trilayer platinum, (d)/(e) monolayer/four-layer, (f)/(g) monolayer/
fiver-layer, (h) bilayer AB stacking, (i)/(j) bilayer/trilayer, (k)/(1) bilayer/four-
layer, and (m)/(n) bilayer/five-layer.
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() (2)

Fig. 11.2. (Continued)
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(k) M

Fig. 11.2. (Continued)

make identical contributions to its low-energy physics, such as the
temperature-dependent Coulomb-field electron—hole pair excitations
and plasmon modes and the geometry-enriched optical absorption
structures. Moreover, there exist two pairs of low-lying parabolic
energy dispersions. Stacking configurations and layer numbers play
critical roles in determining the featured band structure, as shown
by systematic investigations of layered graphenes, carbon nanotubes,
and graphene nanoribbons.

Of course, the chemical modifications of heterojunctions are very
powerful in diversifying their electronic properties. There are more Pt
and C atoms in an enlarged unit cell, where the intra- and interlayer
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C—C bonds, heterojunction C-Pt bonds, metallic Pt-Pt bonds, and
Pt-created ferromagnetic spin configurations play critical roles in
determining the featured band structures. The drastic changes in
energy spectra and wave functions (Figs. 11.2(b)-11.2(g) and Figs.
11.2(i)-11.2(n), respectively, for monolayer graphene and bilayer
AB stacking) encompass: (1) more rich and complicated energy
subbands in the increment platinum layer, (2) the greatly enhanced
asymmetry of valence and conduction states about the Fermi level
(EF = 0), (3) the rather sensitive atom dependences at different
energy ranges, (4) a lot of subbands across Er = 0 under the well-
characterized Fermi momenta (the multi-Fermi surfaces®®), (5) the
almost disappearance of low-lying m-electronic states, and (6) mission
impossible in well observing the o-electronic valence subbands. More
interestingly, the multi-Fermi momenta are able to generate the
beating phenomena associated with the clear superposition of long-
range Friedel oscillations under the charged impurity screenings of
free carriers. Obviously, it is very difficult to obtain a good fit of
such complicated band structures from the tight-binding model. This
directly reflects the unusual superposition of covalent, semi-metallic,
and metallic bondings. All charge-dependent intrinsic interactions
are simultaneously required in achieving the concise pictures of
chemical, physical, and material science. The current and near-future
research needs to evaluate whether the phenomenological models
in graphene-platinum heterojunctions can be effectively developed
under an enlarged quasi-particle framework.

The  angle-resolved  photoemission  spectroscopy  (SP-
ARPES.'6) is available for observing the occupied quasi-particle
energy spectra and lifetimes. When a photon beam with sufficiently
high momentum and kinetic energy is incident on a standard sample,
its coupling with the well-behaved electronic states is characterized
under the conservation of the transferred momentum and energy

Refs Tn general, such bi-

as well as the Pauli exclusion principle.
particle scatterings can simultaneously generate excited valence
holes and conductive electrons. The intermediate quasi-particles
will further experience a lot of elastic and inelastic scatterings

before their arrival at the sample surface. These quantum particles
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are capable of entering an outside free space if their energies are
sufficient to overcome specific work functions. Obviously, the sub-
strate thickness plays a critical role in ensuring meaningful ARPES
measurements.% Successful examinations have been frequently done
for the high-symmetry 2D layered crystals and 1D planar finite-
size nanoribbons, e.g., an isotropic Dirac cone structure in mono-
layer graphene,®® the blueshifted Fermi level of potassium-adsorbed
graphene systems,?*® the strongly modified energy dispersions due
to stacking- and layer-number-enriched van der Waals interactions,
the prominent quantum confinements on the enlarged bandgaps, and
the drastic changes in group velocities. Of course, the high-precision
spin-polarized ARPES measurements are well-suited for observing
the 2D graphene—platinum heterojunctions in terms of the spin-
split multi-separated Femi surfaces, the absence of the Dirac cone
blueshift,®e and the sensitive C and Pt dominances at different
energy ranges. The strong cooperation with the delicate VASP simu-
lations would be very useful in providing more information about the
intralayer covalent C—C, interlayer semi-metallic C-C, and metallic
C-Pt/Pt-Pt bonds.

11.3. Spatial Modulations of Charge Density
Distributions

The spatial charge distributions directly reflect the highly non-
uniform and anisotropic environments, which can be used to
establish the unique Hamiltonians of graphene—platinum composite
heterojunctions. These are clearly illustrated along the longitudinal
and transverse directions for (a)/(b) monolayer graphene, (c)/(d)
monolayer graphene/trilayer platinum, (e)/(f) monolayer /four-layer,
(g)/(h) monolayer/five-layer, (i)/(j) bilayer AB stacking, (k)/(1)
bilayer /trilayer, (m)/(n) bilayer/four-layer, as well as, (0)/p)
bilayer/five-layer. The isolated carbon and platinum atoms only
present the spherical probability distributions, in which the radius-
dependent red and yellow/green regions, respectively, correspond to
2s and (2p,, 2py, 2p.) orbitals as well as 6s/(5s, 5pg, dpy, 5p-) and
eight-5d ones. Also, note that both isolated and bonding platinum
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atoms possess the same atomic configurations in the two occupied
halves of ten-5f orbitals, that is, the fully occupied 6s orbitals do
not play a critical role in the active multi-orbital hybridizations.
The following four kinds of chemical bondings exist in graphene—
platinum heterojunctions.®¢® (I) A planar carbon-honeycomb crystal
(Fig. 11.3(a)) clearly presents two neighboring carbon atoms under
the very strong o bondings of (2s, 2p,, 2p,) orbitals (the dog-bone-
like dark red region). This accounts for the stable structures in the
layered graphene systems.®*® Furthermore, the ¢ and 7 bondings are

(a) (b) ) 6))

Fig. 11.3. The spatial charge density distributions of graphene—platinum
heterojunctions along the longitudinal and transverse directions: (a)/(b)
single-layer graphene, (c)/(d) monolayer graphene/trilayer platinum, (e)/(f)
monolayer /four-layer, (g)/(h) monolayer /fiver-layer, (i)/(j) bilayer AB stacking,
(k)/(1) bilayer/trilayer, (m)/(n) bilayer/four-layer, and (o0)/p) bilayer/five-layer.
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perpendicular to each other in the absence of deformed structures.
(IT) The interlayer 2p,—2p, hybridizations in neighboring graphitic
sheets (Fig. 11.3(j))R®™ are capable of exhibiting semi-metallic
behavior through light but significant charge density extension
along the perpendicular directions. Such interactions, which strongly
depend on stacking configurations and layer numbers, create diverse
quasi-particle phenomena, as described in the previously published
books. RS (III) The mediated C-Pt bonds strongly modulate the
density distributions of free carriers close to the specific heterojunc-
tion. (IV) The metallic Pt-Pt bonds are initiated from the substrate.
The concise pictures of multi-orbital hybridizations cover (i) (2s, 2p,,
2py) — (2s, 2pg, 2py) and 2p,—2p. perpendicular to each other on a
planar carbon-honeycomb crystal, R (ii) van der Waals interactions
of interlayer 2p.—2p, hybridizations, (iii) 2p, — (5d,2, 5d,2_,2, 5dy.,
5d.;, 5dsy) at al heterojunction, and (iv) (5d,2, 5d,2_,2, 5dy.,
5d.z, 5day) — (5d,2, Bdg2_y2, 5dy, 5d.y, 5day) within the metallic
substrate.®*® The multi-orbital hybridizations can determine the
hopping integrals and on-site ionization energies in the tight-binding
model. These features are fully assisted by the ferromagnetic spin
configurations (as noted in the following section), leading to the
diversified quasi-particle phenomena.

11.4. Atom- and Orbital-decomposed Van Hove
Singularities

The energy-dependent density of states (DOS(E)), which cover the
occupied and unoccupied energy spectra across the Fermi level,
exhibit a lot of van Hove singularities corresponding to the critical
points with the irregular/zero-group velocities in the energy—wave-
vector space. Their prominent structures directly reflect the strong
response abilities/charge screenings, being characterized by the
longitudinal-/transverse-field dielectric functions. Their forms are
roughly analytical for 2D/1D/0D condensed-matter systems, but
not for 3D ones. Through delicate calculations and analyses, the 2D
density of states is expressed as the 1D constant-E-loop integration
of the inverse of energy-dependent group velocity. Similar definitions
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(a) (e)

(b) ()

(c) (2)

Fig. 11.4. The atom- and orbital-decomposed density of states for
graphene—platinum composites: (a) pristine monolayer graphene, (b) mono-
layer graphene/trilayer platinum, (c¢) monolayer/four-layer, (d) monolayer/fiver-
layer, (e) bilayer AB stacking, (f) bilayer/trilayer, (g) bilayer/four-layer, and
(h) bilayer/five-layer.
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are presented for other dimensionalities. There are five kinds of
van Hove singularities: (I) a V-shaped structure through the linear
and isotropic Dirac cone, (II) the broadening shoulders under the
parabolic energy dispersions, (III) the logarithmically divergent
peals associated with the saddle points, (IV) the delta-function-
like prominent peaks due to the partially flat energy subbands,Re
and (V) the asymmetric peaks of the inverse of square-root form
from the subband anticrossing behaviors (1D constant-energy loops),
A lot of merged van Hove singularities frequently emerge in few-
layer graphene—platinum composite compounds because of very
complicated multi-orbital hybridizations within the spin-dependent
Pt—Pt, C—Pt, and C-C bonds. Such behaviors, which are fully
assisted by other featured essential properties, are very useful in
determining the concise pictures, thus greatly contributing to a quasi-
particle framework.

The VASP predictions on van Hove singularities could be directly
verified from the high-resolution STS measurements,?’ as successfully
done for 2D layered graphene, 1D graphene nanoribbons, coaxial
carbon nanotubes, and 0D carbon quantum dots, but not for the 3D
materials. Scanning tunneling spectroscopy (STS), an extension of
STM, can measure the energy-dependent density of states through
weak but significant quantum tunneling currents between a nanoscale
probing needle and the sample surface, The position-dependent
quantum currents are collected together under the same gate voltage,
whose first derivative is the differential conductance, R which is
roughly proportional to the average density of states. Then, similar
data are taken at different gates. The resulting sensitive relations
between dI/dV and V correspond to those of D(F). Their prominent
current responses mainly come from van Hove singularities of band-
edge states (Section 10.2). The STS examinations are able to
provide useful information about the metallic, semi-metallic, or
semiconducting property across the Fermi level,R¢® as well as the
numbers energies, irregular forms, and intensities of valence and
conduction van Hove singularities. However, the atom-, orbital-, and
spin-decomposed results are meaningless; that is, the experimental
analyses cannot properly distinguish the separate contributions.
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The concise orbital hybridizations and spin configurations, which are
associated with the C—C, C—Pt, and Pt—Pt bonds, are roughly exam-
ined through the VASP simulations and experimental observations.
Their very strong relationships will be very useful in establishing the
theoretical models from phenomenological viewpoints. This is under
current investigation, though it is difficult to achieve.

11.5. Quantum Quasi-particles in Optical Excitations

Pristine graphene and bilayer graphene clearly exhibit the unusual
optical excitation phenomena, as indicated in Figs. 11.5(a) and
11.5(e). The imaginary part of the frequency-dependent bare
response function I'm [e (w)] shows two prominent absorption struc-
tures at 5.51 and 12.90 eV. The featured results reflect the different
orbital hybridizations of the 2D carbon-honeycomb crystal, with the
first and second peaks, respectively, arising from the inter-m-band
transitions associated with the saddle M-point and the excitations
of the ¢ band from the M point. Such identifications are delicately
made from the orbital-decomposed van Hove singularities; that is,
the initial and/or final states must possess the singular densities
of states. Also, note that the transitions between the m and o
states are totally absent, even though their joint density of states is
significant. This is due to the fact that the 7 and ¢ wave functions are
almost perpendicular to each other in the planar lattice, and thus,
their electric dipole moments vanish under the quantum averages
of the gradient operator. Following the charge screenings of all
valence electrons, the energy loss functions of graphene clearly reveal
the coherent features of the charge oscillations. The 7 plasmon
and the m + o plasmon, respectively, survive at 5.810 and 16.80
eV. Apparently, such energy-dependent plasmons belong to the
quantization modes of the collective excitations of m and all valence
electrons under the long-wavelength limit. Such collective excitations
could coexist with the prominent Landau damping of the excited
electron—hole pairs. These two kinds of quasi-particle excitations
cooperate with each other to present the prominent absorption
coefficient within the frequency range of w < 20 eV.
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Fig. 11.5. The real and imaginary parts of the dielectric functions and
energy loss spectra of graphene—platinum composites: (a) single-layer graphene,
(b) monolayer graphene/trilayer platinum, (¢) monolayer/four-layer, (d) mono-
layer/penta-layer, (e) bilayer AB stacking, (f) bilayer/trilayer, (g) bilayer/four-
layer, and (h) bilayer/penta-layer.
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Concerning the substrate effects, the low-frequency absorption
spectra present a significant change. For example, with the enhance-
ment of the low-frequency absorption spectra due to the intraband
transition of the platinum states, the prominent peaks belonging to
the m — 7*interband transitions are changed. More interestingly, the
higher-frequency peak that belong to the ¢ — o*interband tran-
sitions is almost unchanged since these states remain the same.
Following the charge screening of all carriers, the energy loss function
of graphene on platinum displays two obvious 7 and 7 + o plasmons.
The former is gradually reduced.

11.6. Concise Pictures of Quantum Quasi-particles

The monolayer graphene and bilayer AB stacking/platinum sub-
strate heterojunctions clearly illustrate the diversified quasi-particle
phenomena, making them outstanding candidates for developing a
grander framework. The first-principles calculations, phenomenolog-
ical models, and experiment observations also display the strong
relationships of simultaneous progress. The concise mechanisms are
achieved from (I) the very active crystal environments of the intra-
/interlayer C-C and Pt-Pt bonds as well as the C-Pt bonds, (II)
the atom- and orbital-dominated electronic wave functions, (III) the
unique spatial modulations of charge and spin densities along the
longitudinal and transverse directions, (IV) a plenty of merged van
Hove singularities due to multi-orbital hybridizations in five kinds
of chemical bonds, and (VI) the prominent absorption structures
of the dielectric functions due to the specific orbitals within the
initial and final states as well as the plasmon peaks in the energy
loss spectra. Specifically, the redshift at the Fermi level could be
estimated from the minimum density states close below Ep and
the optical gap. The distinct multi-orbital hybridizations consist of
(1) (2s, 2pg, 2py) — (2s, 2pg, 2p,) and 2p.2p, perpendic-
ular to each other on a planar carbon-honeycomb crystal ke
(2) the interlayer van der Waals interactions of the 2p,—2p,
mixings, (3) 2p, — (5d,2, 5d2_,2, 5dy., 5d.g, 5dgy) for the

carbon—transition-metal heterojunction, and (5d,2, 5d,2_,2, 5d.,
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5.y, 5day) — (5d,2, 5d,e
Refs

_y2, 5dyz, 5d.z, 5dgy) in the metallic
substrate. The metallic bondings mainly arise from the neigh-
boring platinum atoms, exhibit large fluctuations near the unusual
boundary, and then reveal a great decline within the very strong
covalent ¢ bondings of honeycomb lattices. In addition, carbon and
platinum atoms in their heterojunctions, respectively, display (2s,
2Pz, 2Py, 2p2) and (5d,2_y2, 5dyz, 5., 5dsy). Obviously, the above-
mentioned quasi-particle phenomena are very suitable for expanding
a quantum quasi-particle framework since these results have not

Refs and measurements. The deli-

appeared in the previous predictions
cate first-principles studies could be generalized to the various hetero-
junctions, covering semiconductor-semiconductor/semiconductor—
metal /metal-metal composites and the cathode/electrolyte/anode
combined materials of ion-based batteries.Refs/Refs/Refs 1y addition,
the stationary ion transports require a unified theory during the
high-performance operations, where the time-dependent chemical
reactions, the modulations of crystal symmetries, and the well-
characterized elastic/inelastic scatterings®*® should display strong
relationships. (1) The first-principles calculations require further
high-resolution experimental examinations. Few-layer graphenes on
platinum!!! have been successfully grown in laboratories. STM,
TEM, RLEED, or X—rayRefS/ Refs/Refs/Refs oy1d be utilized to observe
the position-dependent chemical bonds in a primitive unit cell,
where the first, second, or third technique and the third or fourth
technique are, respectively, suitable for layered and bulk samples
because of the response strength. The ARPES observations could
be made through a small enough depth since the photon-excited
electronic states experience many inelastic scatterings and should
have sufficient kinetic energy to overcome the surface work function.
Their meaningful measurements of the occupied quasi-particle energy
spectra and lifetimes are applicable only for thin heterojunctions.
The direct combination of STM and STS is very powerful in
examining the prominent relationships between crystal symmetries
and band properties as well as the many strong van Hove singular-
ities across the Fermi level. Their examinations cannot verify the
atom-/orbital-decomposed van Hove singularities. Moreover, optical
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reflectance, absorption, or transmission spectroscopy can measure
the single-particle dielectric functions and many-body energy loss
spectra (electron—hole pairs and plasmonsRefs) and then identify their
strong relationships with the multi-orbitals of the initial and final

states through a strong cooperation with first-principles calculations.

Refs

However, for the phenomenological models, it would be very dif-

ficult to establish reliable parameters pertaining to the complicated

Refs

orbital-dependent hopping integrals and spin-induced modulation

Refs

interactions. The applicability of empirical formulas to atomic

interactions is excellent only for the C—~C bonds,?® but not for the
C-Pt and Pt-Pt ones.
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Abstract

This study investigates the electronic and structural properties of
heterojunctions formed by mono-/bi-layers of graphene on a cerium
oxide (CeOz) substrate. By utilizing first-principles calculations, we
analyze the effects of the CeO2 substrate on graphene’s electronic
structure and interfacial properties. The presence of the CeOs substrate
induces significant modifications in the band structure, including the
formation of interface states and changes in the bandgap. The inter-
facial bonding and lattice matching play crucial roles in determining
the heterojunction’s electronic behavior. Furthermore, we examine the
charge transfer phenomena and its influence on electrical conductivity
and carrier mobility. This research provides insights into the design and
optimization of graphene-based devices on CeO2 substrates for potential
electronic and optoelectronic applications.

Keywords: Heterojuntions, monolayer and bilayers graphene, CeO,.

12.1. Monolayer graphene on CeQO; substrate

Recently, the unique material cerium oxide (CeOs) has become
an important material because of its applications in the chemical
and material fields,! including as catalysts for the elimination of

10-13 12-17

toxic gases, OXygen Sensors, and green energy materials
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in fuel cells. The feature-rich storage and transport properties of
oxygen in CeOqy are related to these applications. Two-dimensional
(2D) nanomaterials have significant advantages for their kinetics
and reactivity, which are potential elements for future nanodevices.
Interestingly, the magnitude of the electronic conductivity of CeOq
largely increases when it becomes a nanocrystalline material.?3 26
CeO4 has been a mainstream material of investigation in recent years,
mainly owing to its wide range of applications. The 5d and 4f orbitals
are critical factors in exploring the multi-hybridization of orbitals
between them and carbon atoms.

Graphene possesses nanoscale thickness and a honeycomb lattice,
which have attracted a lot of theoretical and experimental stud-
ies.?” 36 This unique material exhibits many unusual properties, such
as tunable electronic densities, ultrafast carrier mobility, and Dirac
cone-shaped electronic structures. Graphene-related nanomaterials
promise great potential in next-generation devices, such as high-
frequency FET transistors, ultrafast rechargeable solid batteries,
and large reversible green energy storages.?” 44 Monolayer graphene,
with vanishing density of states at the Fermi level, is a zero-gap
semiconductor, but few-layer graphenes are semi-metals that exhibit
a low free carrier density. Its largely enhanced free carriers and
the opening of its bandgap are critical factors for its potential
applications. The electronic properties of graphene can be modulated
easily through dopants, guest-atom substitutions, heterojunction
interactions, the effect of substrates, layer stacking configurations,
and external electric and magnetic fields. Among these methods, the
substrate effects are the most effective way of dramatically chang-
ing the energy gaps or inducing metal-semiconductor transitions.
Through detailed calculations, the critical orbital hybridizations are
proposed to comprehend the essential physical properties.

A monolayer graphene on a CeOz (100) surface presents rich
geometric and electronic properties, including non-uniform chem-
ical bonding environments, the enhanced buckling of single-layer
graphene, and the significant Ce—C multi-orbital hybridizations.
The substrate effects are fully taken into account by applying the
sufficiently wide bandgap of CeOs. The four-layer substrate of Ce
and O atoms, as clearly illustrated in Fig. 12.1, is utilized in
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Fig. 12.1. The optimal geometric structure of graphene-CeOsz. The brown,
yellow, and red balls, respectively, correspond to the carbon, cerium, and
oxygen atoms.

first-principles calculations and reduced from an eight-layer sub-
strate. The optimal geometry obviously shows that the four-layer
and eight-layer substrates are almost identical in their bond lengths
and bond angles. There exist four, eight, and eight atoms of Ce,
O, and C, respectively, enclosed within an enlarged unit cell, as
shown in Fig. 12.1. The lattice constant in the z- and y-directions is
~5.19 A. The variation in the C-C bond lengths, height differences
between two interlayer sublattices, and interlayer distances between
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two adjacent layers directly come from the above-mentioned mech-
anisms. The most significant C-C/Ce-C/Ce-O bond lengths are
different within an enlarged unit cell, and they are in the ranges of
1.494-1.835/2.727-2.844/2.107-2.678 A. The height difference in the
first-layer carbon atoms is approximately 0.0422 A, where the C
atoms which are close to the top Ce atoms possess the higher inter-
layer distance. This indicates the existence of non-orthogonality in 7
and o bondings for graphene, i.e., the sp? bondings. In broad terms,
the average C-C bonds are larger than those in pristine graphene
systems. A significant fluctuation is revealed in the heterojunction so
that the C—Ce chemical bonds are expected to result in multi-orbital
hybridizations (discussed later for charge density distribution in
Fig. 12.3). Apparently, the feature-rich chemical bondings (the non-
uniform geometric structures) merge in the intralayer and interlayer
atomic interactions related to the specific Moire superlattices. Hence,
this will lead to high barriers for the simulation of this compound
using tight-binding methods. The theoretical predictions on the main
geometric features could be further tested through high-resolution
STM, TEM, and LEED measurements.

The graphene—CeO4y compound exhibits unusual band structures,
as clearly shown in Figs. 12.2(a)-12.2(f). Within a pure zone-
folding effect of the specific 1 x 2 Moire superlattice, graphene—CeQO-
(Fig. 12.2(a)) possesses more energy subbands for a greatly reduced
first Brillouin zone, as shown in Fig. 12.2(a). The black and red
colors represent the spin-up and spin-down states, respectively. It is
clear that the deep energy region exhibits very few spin-splitting
states, while the low-energy region reveals much more significant
spin-splitting bands, especially near the S point. The carbon atom-
dominated states are indicated by the green circles. We can identify
the slightly separated linearly intersecting structures purely due
to the 2p, orbitals of carbon atoms at about —1.0eV along the
'Y direction, as indicated in Fig. 12.2(b). The deeper o valence
subbands are initiated at about F, < —1.60eV near the X point.
With a decrease in state energy, the 2p,—m and [2p,, 2p,|-o valence
bands might be mixed together through the anti-crossing behavior,
where one-third and two-thirds of the electronic valence states are
dominated by the former and the latter, respectively. In particular,
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the deeper valence bands ranging from —6 to —11eV purely come
from the o-band state of carbon (green circle in Fig. 12.2(a)).

The oxygen atom-dominated states present a significant dif-
ference through the rather strong hybridization effects, as clearly
displayed in Figs. 12.2(c) and 12.2(d). A plenty of band-edge states,
such as the extreme and saddle points of the energy—wave-vector
space, are mainly dominated by the oxygen atoms in the range
of —5.0 to 1.0eV. The asymmetric spectra of electron and hole
energy subbands about the Fermi level are mainly originated from
the interlayer interactions between the neighboring Ce—O bonds. On
the other hand, Ce atoms have their atomic contributions mainly
focused in the ranges of 0.4 to 1.5eV and —11.5 to —15.0eV, which
are very different from the previously discussed ones, as shown in
Figs. 12.2(e) and 12.2(f). For the low-lying energy region, the Ce-
dominated bands are located in the range of 0.4 to 1.5eV. Such
bands have much weaker dispersion compared with the previously
discussed C- and O-dominated bands. Similar characteristics could
also be found in the deep energy region of 11.5 to —15.0eV.
Apparently, the original Dirac cone structures of graphene across
the Fermi level are thoroughly destroyed under the C—Ce interlayer
interactions at the heterojunctions. The 7 chemical bondings, which
are continuously extended to about —6.0eV, are largely destroyed
by the significant multi-orbital hybridizations in the C—Ce chemical
bonds. In addition, the initial ¢ valence bands behave similarly;
hence, it is very difficult to redefine the m- and o-band widths under
such band modifications.

The above-mentioned band features predicted through first prin-
ciples are hard to simulate using the tight-binding method. As for the
atom- and orbital-decomposed electronic states, they will be further
examined through the important van Hove singularities, as shown
in Fig. 12.5. Similar atom dominances could be found in the bilayer
case (which is discussed later). There exist close relations between the
complicated band structures and Moire superlattices. Several stable
geometries of CeOy compounds are tested through experimental
examinations. Apparently, the significant zone-folding and strong
substrate effects are directly combined under any conditions, thus
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leading to the geometry-diversified electronic energy spectra. The
ARPES measurements of the whole valence bands might become
very difficult as a result of certain valence subbands having non-
monotonous k-dependences across Er simultaneously, especially for
those of Ce and O due to their large atomic weights.

The spatial charge density presents the changes after the for-
mation of a heterojunction of graphene—CeQO» in Fig. 12.3, enabling

Fig. 12.3. The spatial charge density of graphene—CeOs.
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Fig. 12.4. The spatial spin density of graphene—CeQ2.

us to effectively examine the critical multi-orbital hybridizations in
the C-C, C—Ce, and Ce-Ce chemical bonds. The intralayer and
interlayer atomic interactions should be the critical factors. From
the graphene plane projection, carbon atoms exhibit significant
orbital hybridizations with their nearest-neighboring ones, as clearly
illustrated by the red and yellow regions in the upper panel of
Fig. 12.3. The C—Ce chemical bonds, which cause the buckling of
the graphene honeycomb lattice and creates major deformation of the
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graphene layer, play an important role in the unusual carrier density,
as indicated by the light-blue region between the C and Ce atoms
(bottom panel of Fig. 12.3). Interestingly, the very complicated multi-
orbital hybridizations of C—Ce bonding are further supported by
the (C, Ce)-co-dominant band structure under certain energy ranges
(e.g., from 0.4 to 1.5eV and from 11.5eV to —15.0eV in Fig. 12.2).
Both 7 and ¢ chemical bondings in the Si-honeycomb lattice are
affected /distorted by the substrate effects. Hence, the well-defined =
and o band behaviors are completely absent in the electronic prop-
erties. The well-defined Dirac cone viewpoints would become mean-
ingless when accounting for the CeOs-substrate-related graphene
systems. Specifically, the charge density around the Ce atom center is
quite high, as indicated by the wide and heavy red region, originating
from 12 valence electrons in the first-principles calculations.

The main characteristics of the complicated band structure are
directly reflected in the 2D van Hove singularities, as indicated in
Fig. 12.5. In general, the band-edge states cover the saddle point,
extreme points, and partially flat dispersions. These band-edge states
are able to generate the shoulders, logarithmically symmetric peaks,
square-root asymmetric peaks, and delta-function-like peaks. There
are a huge number of van Hove singularities that describe well the
neighboring special structures, but only the merged and broadening
ones could be observed in the calculated results. Such results include
the contributions of C, Ce, and O atoms, which are indicated,
respectively, by the red, blue, and orange curves in Fig. 12.5(a).
The above-mentioned four kinds of van Hove singularities might
become unique because of the strong zone-folding effects on the great
enhancement of the critical points in the density of states.

Significantly, the density of states is relatively small but possesses
a finite value at the Fermi level, directly indicating the metallic
property. This behavior is similar to those in metal atom-doped
graphene and AB-stacked graphite. In particular, the prominent
two-peak structure near the Fermi level, which corresponds to the
weak dispersion structures, is mainly dominated by cerium atoms
(blue curve in Fig. 12.5(d), ranging from 0 to 2eV). Moreover,
the distribution range of C-2p, exhibits a dip structure at about
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Fig. 12.5. The atom- and orbital-projected density of states of the graphene—
CeO2 system.

—1.1eV (the red curve), and the whole energy range of C-2p,
is much larger than that (~7eV) in monolayer graphene. These
properties are consistent with the linearly intersecting bands and the
absence of the well-defined 7-electronic energy bands and chemical
bonding (Fig. 12.2). Also, a similar phenomenon is revealed in
the o-electronic orbitals, where the 2s and 2p, + 2p, orbitals are



Heterojunctions of Mono-/Bilayer Graphene on Rare-Earth Metal Substrates 407

represented by the purple, blue, and green curves. That is to say,
the (2s, 2p,, 2py, 2p.)-orbitals of carbon atoms make non-negligible
contributions in the energy region of —2.0 to —6.0eV, which need to
be investigated simultaneously. For example, the significant chemical
bondings of C-C, Ce—C, and Ce—O co-dominate the low-energy
multi-peak structures. In particular, at very deep energies, the 5d
orbitals of cerium, the 2s orbitals of oxygen, and the (2s, 2p,,
2p,) orbitals of carbon dominate the energy spectrum from —12 to
—15eV; therefore, the og-electronic bonding of C-C could survive
under the strong CeOs—substrate interactions, as could the Ce-O
bonds. On the other hand, the spin-split states are more significant
in the low-energy region of —3.5 to 0eV, as indicated in Figs. 12.5(d)
and 12.5(f), especially for the 6s, 6p, 5d, and 4f orbitals of cerium.
The above-mentioned van Hove singularities could be further verified
by future experiments.

12.2. AB-stacked bilayer graphene/CeQO5

A bilayer graphene subsystem on CeOs could present plenty of quasi-
stable stacking, where the most stable configuration would be the
AB stacking in the pristine cases, which is chosen as a model for this
study. Its Moire superlattice and lattice constant are almost identical
to those in the monolayer graphene in the CeOs-substrate compound,
as clearly illustrated in Fig. 12.6. In particular, the buckling degree
quickly declines for the second-layer graphene and the others. This
result directly reflects the fact that the second layer of graphene is
very difficult to generate rather strong multi-orbital hybridizations
with a CeOy substrate. There exist the non-uniform C-C/C-Ce/Ce-
Ce bonds, a feature which is similar to that of monolayer graphene—
CeO3 systems. Compared with a monolayer compound (Fig. 12.1),
the buckling degree is slightly decreased in the first graphene layer.
In addition to the optimal geometric structure, the layer number,
stacking configuration, and substrate play important roles in the
electronic properties.

A bilayer AB-stacked graphene—CeQOs compound presents spin-
split valence and conduction bands, as shown in Fig. 12.7. However,
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Fig. 12.6. The optimal geometric structure of AB-stacking bilayer graphene—
CeO2. The brown, yellow, and red balls, respectively, correspond to the carbon,
cerium, and oxygen atoms.

this system is slightly different from the monolayer graphene-
substrate system (Fig. 12.2(b)) in terms of the split spacing,
i.e., a much smaller spin splitting is found. The spin splitting could
be observed in the low-energy range, in which the largest energy
spacing might reach ~0.01eV, but there are no split bands in
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the deeper-energy region below —5.0eV. It is clear that the deep
energy region exhibits very few spin-splitting states, which is similar
to that of monolayer graphene-CeQOs systems. The carbon atom-
dominated states are indicated by the green circles, as shown in
Fig. 12.7(a). Such dominances are extended from —15 to leV.
Specifically, in the energy region ranging from —6 to —11.0eV,
the Ce- and O-dominated bands are absent, as indicated in Figs.
12.7(c) and 12.7(e). This means that the middle-energy bands are
purely dominated by the carbon atoms. On the other hand, the
low-lying valence and conduction bands within the range of —2 <
E%Y < 1eV, which cross the Fermi levels, are capable of creating the
carbon-dominated occupied and unoccupied electronic states with
linearly intersecting dispersions. It is well known that the bilayer
graphene possesses two pairs of linearly intersecting bands, and
this feature persists under the substrate effects, as indicated by the
green circles in Fig. 12.7(b). However, it exhibits anisotropic Fermi
momenta and anti-crossing behavior, which are different from the
pristine graphene bilayer. As for the oxygen-dominated bands, they
mainly exhibit in the range of —5.5 to 1.0eV, a feature similar to
that of previously discussed monolayer systems. The high-resolution
ARPES/SP-ARPES measurements are available for examining the
theoretical predictions of the significant substrate effects on the
electronic energy spectra. To fully understand the substrate effects
on the bilayer AB-stacking system, the multi-orbital hybridizations
in complicated chemical bonds are directly studied from the spatial
charge distributions, as shown in Fig. 12.8. The significant in-plane
orbital hybridizations of carbon, as clearly indicated by the green
and red /yellow colors in the upper panel of Fig. 12.8, are responsible
for the undefined w and o states. Also, complicated multi-orbital
hybridizations of Ce and C atoms are revealed by the significant light-
blue region between the carbon and cerium atoms (bottom panel
of Fig. 12.8), leading to a thorough absence of a modified Dirac
cone in the band structure and a V-shaped van Hove singularity.
Their critical multi-orbital hybridizations are delicately identified
from the atom- and orbital-decomposed density of states or the atom-
dominated band structure.
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Fig. 12.7. Band structures of AB-stacking bilayer graphene-CeO2 with (a)/(b)
carbon-dominated bands (c)(d) oxygen-dominated bands, and (e)/(f) cerium-
dominated bands in the wide-/low-energy region.
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Fig. 12.8. The spatial charge density of AB-stacking bilayer graphene-CeOs.

The ferromagnetic configuration of the bilayer AB graphene—
CeO4 compound is further analyzed based on the spatial spin-density
distribution, as indicated by Fig. 12.9. Significantly, there exists a
spin arrangement around the bottom layer of Ce atoms and the first
layer of C atoms. The spin-up electronic states mainly originate from
the C atoms away from the Ce atoms of the nearest layer, while
the C atoms closest to the Ce atoms exhibit spin-down states of
a larger magnitude. The spin-down magnetic moment also revealed
a much larger value for the bottom layer of Ce. Their 4f orbitals
make prominent contributions to the magnetic phenomena. The
above-mentioned spin arrangement is consistent with the atom- and
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Fig. 12.9. The spatial spin density of AB-stacking bilayer graphene—CeQx.

spin-dominated low-lying occupied and unoccupied states across the
Fermi level (the spin-split energy bands in Fig. 12.7).

The atom-dominated and spin-split band structure directly
reflects the atom-, orbital-, and spin-projected densities of states,
as shown in Fig. 12.10. It is obtained by delicately determining
the critical orbital hybridizations in C-C, C-Ce, and Ce-O bonds,
as well as the ferromagnetic spin configuration. The (2s, 2p, + 2p,,
2p,) and (6s, 6p, 5d, 4f) orbitals arise from the C and Ce atoms,
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respectively, making significant contributions to a lot of van Hobe
singularities. In general, the important difference from the monolayer
system lies in the intensities of carbon-dominated states, which are
almost twice as large. The 2p, states, being another difference, do
not show a V shape across the all-energy region. The spin-split
states are much less significant in the bilayer system, as indicated
by Fig. 12.10(f). Moreover, the 4f orbitals of Ce contribute mostly
to the low-energy prominent peaks, as shown by the red curve in
Fig. 12.10(c), which is a feature similar to that of the monolayer
Systems.
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Abstract

A first-principles study of the structural diversity and optoelectronic
properties of the small penta-graphene (PG) quantum dots (PGQDs) of
various sizes is performed. The stability and optoelectronic properties of
the PGQDs are investigated under the effects of chemical modifications.
PGQDs are edge-functionalized by Si, P, O, and F atoms. Furthermore,
PGQDs are also doped with B and P atoms. An increase in the size of the
PGQDs leads to a decrease in their bandgaps. All edge-functionalized
structures are stable with strong electronic quantization and exhibit
semiconducting properties, except for the P-edge functional structure
(metallic nature). There is a semiconductor-metal transition with some
doped structures. We did not observe absorption peaks in the visible
region for hydrogen-passivated PGQDs. However, some absorption peaks
appear in this region for edge-passivated or doped PGQDs. There are
changes in the electronic properties of PGQD samples containing the
impurities B, P, or BP, which also causes a shift in the peak of the spec-
trum to the visible region from the ultraviolet region of the corresponding
pure sample because of various hybridization effects in PG (sp2 and sp3)
and PGQDs with edge passivation and atom doping. A solid optical
polarization effect occurs with some structures, e.g., H-36-B1P2 and
F-77-36. This represents its significant asymmetry and anisotropy
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compared to the other structures. The enhanced reactivity and the
controllable electronic properties by size change, edge passivation, and
doping make PGQDs ideal for new nanodevice applications.

Keywords: Pentagonal quantum dots, Structural and optoelectronic
properties.

13.1. Introduction

Graphene quantum dots (GQDs) have attracted much attention due
to their unique optoelectronic properties and relevant application.!™
The significant properties of GQDs arise from the electron confine-
ment in the finite-size graphene structures (clusters, fullerenes, etc.)
that lead to the opening of the bandgap and the quantization of
electronic energy. Cutting graphene sheet into small clusters can
create GQDs with various shapes and edges. The bandgap strongly
depends on the size, shape, and edges of the GQDs. Moreover,
magnetic properties are also governed by the edge electron states.*

Recently, two-dimensional (2D) penta-graphene (PG) and its
one-dimensional ribbons (PGNRs) have received considerable atten-
tion because they are semiconductors that can be optimally combined
with graphene and 2D-like materials.>% Its potential applications
have been recently explored, as have the possibilities of func-
tionalization, adsorption, and atomic substitution to modify its
properties.” Some of these modifications may change the semicon-
ducting character of PGs and PGNRs.® ! Another PG derivative
is penta-graphene quantum dots (PGQDs), in which the quantum
confinement and edge morphology can offer additional functional-
ity to PG.'2 Moreover, the surface or the edges of PGQDs can
be chemically functionalized to increase their interactivity, tune
the energy gap, enhance physicochemical capability, and exhibit
new physical properties. These structures have a valuable asym-
metry property.'® Therefore, the study of the structural stabil-
ity as well as the electronic and optical properties of PGQDs
is essential.

In this chapter, we present the electronic and optical properties
of PGQDs using density functional theory (DFT). Our calculations
reveal that the electronic and optical properties of PGQD structures
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depend strongly on their size, morphology, the type of edge functional
atom, and the type of doping atom. The cause of that effect can be
traced back to a variety of atomic orbital hybridizations.

This chapter is organized as follows. We first discuss the geomet-
ric structures of PGQDs and evaluate their stability by calculating
the formation energy. Next, we study their electronic properties
by calculating their electronic band structure and electronic state
density. Finally, we investigate their optical properties using the
complex dielectric functions in the Kubo—-Greenwood form.

13.2. Methodology

From the 2D PG structure, PGQDs with three different sizes
(H-12, H-21, and H-36) and four different morphologies (H-AA-
31, H-SS-35, H-ZA-37, and H-ZZ-36) are generated. Next, H-ZZ-
36 is passivated by silicon (Si), phosphorus (P), oxygen (O), and
fluorine (F). In addition, the structures of ZZ-36 passivated by
alternate edge termination (a combination of two atoms) are also
established. Due to its stability and high symmetry, H-ZZ-36 is
further doped or co-doped with boron (B) and phosphorous (P).
The structures were optimized by CASTEP code!'* within the DFT
method using the generalized gradient approximation (GGA) for the
Perdew-Burker-Ernzerhof (PBE) exchange-correlation functional,'®
with the following conditions: a k-point mesh of 1 x 1 x 1 and a
cutoff energy of 500-1000 eV. To avoid interaction between periodic
images of the structure, a 15 A vacuum region was applied for the
x-, y-, and z-directions of the studied samples. The convergence
precision of energy for the maximum energy change, the maximum
residual force on each atom, the maximum stress, and the maximum
displacement were 10~6 eV /atom, 0.01eV/A, 0.1 GPa, and 0.001 A,
respectively.

The electronic and optical properties of the optimized structures
were performed in the Atomistix ToolKit (ATK) software package
(version 2018) by DFT 1/2 computing with the GGA-PBE function
and a double-zeta polarized basis set.'®1” Such a computational
combination was successfully employed in our recent reports.'®
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In all calculations, we use one k-point (G point), a mesh cutoff energy
of 1000 eV and set the Fermi level to zero (Ep = 0).

The optical properties of the investigated structures are deter-
mined by the complex dielectric function:

e(w) = e1(w) +iea(w), (13.1)

where €1 and €9 are the real and imaginary parts of the dielectric
function, respectively, and w indicates the angular frequency of the
incident photon. The dielectric function is related to the susceptibil-
ity as e(w) = 1+ x(w). The susceptibility, x(w), is calculated using
the Kubo-Greenwood formula:

e’nt f(ER) —f(EBy) .+
iy S E L) 13.2
X](w) ’I’)’LgE()sz - Enm — hw — th X TrmTmns ( 3 )

where 7}, means the 1,7 components of the dipole matrix element
between the n and m states, I' is the broadening, V' is the volume,
f(En/Ey,) is the Fermi function, and FE,, (E,) corresponds to
the eigenvalues of the m(n) states. The extinction coefficient x is

calculated as

2 2
VeErt+es &
K=\ —2=——. 13.3
\/ 2 2 ( )
From the extinction coefficient k, we can calculate the optical
absorption coefficient o of the materials:
20K
a=2" (13.4)
c

Here, ¢ the velocity of light in vacuum.

13.3. Results and Discussion

13.3.1. Effect of size on electronic and optical
properties of PGQD

Figure 13.1 displays the structures after relaxation. It is obvious that
the structural form is almost identical at three different sizes, and
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(a) (b) (©)

Fig. 13.1. Configurations of PGQDs after optimization: The gray- and green-
colored balls represent the sp®- and sp?-hybridized carbon atoms, respectively.

significant variation is observed at the edges. To evaluate the stability
of the structure, the formation energy is determined:

(Etotal — ncEc —nuFEw)
no +ng

Eform = ) (135)

with the total energy for one unit cell being FEiut.. The isolated
energy for one C/H atom is E¢/y, and the number of C and H
atoms is denoted by n¢ and ng, respectively.

The formation energies of the studied PGQDs are shown in
Table 13.1. In all structures, Fg,., values are negative and vary
between —6.48 and —7.22eV, indicating that our PGQDs are
stabilized. As the quantum dot size increases, the formation energy
decreases. Compared with the others, H-36 shows more stability.

Table 13.1 also provides information about the average bond
length of each type of bond in the sample. Specifically, the average

Table 13.1. Formation energy, energy gap, and average bond length of PGQDs.

Formation
energy/ Energy
System atom (eV) gap (eV) Bond lengths (A)
sp?—sp? sp’-—sp> sp?—sp® sp?—edge sp®—edge
H-12 —6,48 4.42 1.342 1.503 1.569 1.092 1.102
H-21 —6,83 3.94 1.345 1.527 1.566 1.092 1.103

H-36 —7,22 3.60 1.346 1.500 1.583 1.091 1.103
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length of each type of bond is determined as the average of all such
bonds in the sample. The average bond length between two sp?-
hybridized carbon atoms, two sp?-hybridized carbon atoms, between
one sp2-hybridized carbon atom and one sp?-hybridized carbon atom,
between one sp?-hybridized carbon atom and an edge hydrogen
atom, and between one sp>-hybridized carbon atom and an edge
hydrogen atom (before and after optimization) are denoted by sp?-
sp?, sp>-sp>, sp?-sp, sp>—edge, and sp>-edge, respectively. From the
optimization parameters in Table 13.1 and Fig. 13.1, we note that
the difference in the bond lengths among the surveyed samples is not
significant. This implies that the quantum dot size does not affect
the average bond lengths of the atoms in the sample.

The band structure of PGQDs with increasing size is presented
in Fig. 13.2. It can be clearly seen that the bandgap gradually
decreases when the sample size increases. In addition, the number
of subbands increases as the sample size increases. This result is
further clarified through the total state density (DOS) and specific
state density (PDOS) graphs depicted in Fig. 13.2. The sample size
increases, and the number of atoms in the system increases; from
the PDOS plots, the contribution of each of the atom types also
increases. This leads to a gradual narrowing of the bandgap in the
band structure.

The static dielectric constant of these structures (e1(0)) of
PGQDs varies from 1.01 to 1.03. This range of values is smaller than
that of the monolayer PG and PGNR.'® 22
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Fig. 13.2. Band structure, the density of state (DOS), and the partial density
of state (PDOS) of hydrogen-passivated PGQDs.
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In Fig. 13.3, the first peak of the real parts £ (w) of the hydrogen-
passivated PGQDs shifts toward the high-energy region, which is
called the blueshift. As the size of the PGQDs increases, this
peak shifts to a lower-energy region. We observe a notable spatial
anisotropy in all three directions for H-21. The anisotropy is almost
negligible in the z- and y- directions for other structures. In Fig. 13.3,
the first peak e3(w) of hydrogen-passivated PGQDs occurs at the
largest energy of 4.5eV. In addition, as the sample size increases,
the first peak 9(w) shifts toward the lower-energy region. The energy
values of the first peak e5(w) of the investigated samples correspond
to the bandgap widths of these samples in Table 13.1.

The absorption coefficient of the different-sized PGQDs is calcu-
lated from the real and imaginary parts of the dielectric function,
which is depicted in Fig. 13.4. In general, the absorption intensity
decreases, and the peak of the spectrum shifts to a lower-energy
region as the quantum dot size increases for all the investigated

(a) (b) (c)

Fig. 13.3. The real and imaginary parts of the dielectric function of hydrogen-
passivated PGQDs.

(a) (b) (c)

Fig. 13.4. The optical absorption spectrum of hydrogen-passivated PGQDs.
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samples. Absorption peaks in the visible region were not observed
for the hydrogen-passivated PGQDs.

13.3.2. Effect of doping on electronic and optical
properties of PGQD

Among the investigated structures, H-36 exhibits the highest sta-
bility due to its lowest formation energy. However, the bandgap of
this structure is still quite large, so the absorption peaks are in
the ultraviolet region. To explore the novel electronic and optical
properties of this structure, H-36 was doped with B and P at the sp?-
and sp?-hybridized carbon atoms, respectively (H-36-B1, H-36-B2,
H-36-P1, and H-36-P2). The above structure is also co-doped with
B and P at the two characteristic carbon positions of the pentagonal
structure (H-36-B1P2 and H-36-B2P1).

Figure 13.5 shows the formation energy of six doped PGQDs.
For the single-doped PGQD, the doped configuration at the sp?-
hybridized carbon atom position exhibits greater stability for B and
P doping. This result is similar to that obtained for the post-optimal
structural morphology. In Figs. 13.5(a) and 13.5(c), it can be clearly
seen that the five penta-ring structure is significantly deformed, while
the stable structure is observed in Figs. 13.5(b) and 13.5(d).

The co-doping for H-36-B1P2 and H-36-B2P1 shows more sta-
bility than single doping when considering the formation energy
and optimized structural morphology. In this case, H-36-B2P1 has
a lower formation energy and a more stable penta-ring structure.
Meanwhile, in H-36-B2P1, the bond lengths around the P atom
change dramatically and increase the buckling of the penta-ring.

In this section, we consider the effect of impurities on the
electronic properties of PGQDs. The band structures of the six
mentioned structures are shown in Fig. 13.6. For single-doped
PGQDs (H-36-B1, H-36-B2, H-36-P1, and H-36-P2), there appears
to be a subband that coincides with the Fermi level. This result
implies a transition from semiconductor to metal, compared to
the pristine structure (H-36). The change is homologous to that
in the B- or N-doped penta-nanoribbon structure. In contrast,
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B and P co-doped PGQDs (H-36-B1P2 and H-36-B2P1) exhibit
semiconductor properties. Specifically, their bandgaps are 1.50 and
1.14 eV, respectively.

The PDOS graph in Fig. 13.6 and the electron localization
function (ELF) in Fig. 13.7 can further clarify the influence of

(a) (c) (e)

(b) (d) ®)

Fig. 13.5. (top) Total and formation energy graphs of PGQDs doped with B, P,
or BP. (bottom) Optimized structures of six investigated PGQD dopings. The
pink- and violet-colored balls represent the B and P atoms, respectively.
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(b) (d) (f)

Fig. 13.6. Band structure, the density of state (DOS), and the partial density
of state (PDOS): (a) H-36-B1, (b) H-36-B2, (c) H-36-P1, (d) H-36-P2, (e) H-36-
B1P2, and (f) H-36-B2P1.

B and P atoms on the electronic properties of PGQDs. For H-36-B1,
H-36-B2, H-36-P1, and H-36-P2, the doping atom creates a state at
the Fermi level that causes the corresponding subband to appear in
the band structure. Conversely, in co-doped PGQD, the states of the
atoms are not found at the Fermi level. In addition, the contribution
from P is more significant than that from B at subbands near the
Fermi level. In Fig. 13.7, we can also observe increasing electron
localization around the B and P atoms.

The optical properties of doped PGQDs are presented in this
section. The absorption coefficient explores the absorption capacity
of the studied structures. To obtain this result, we first determine
the real and imaginary parts of the dielectric function.

In Fig. 13.8, the real and imaginary parts of the dielectric
function of all doped samples are shown. For the single-doped
PGQDs, we observe a significant difference in all three polarizations,
while the real and imaginary parts in the co-doped PGQDs are
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(a) (c) (e)

(b) (d) (f)

Fig. 13.7. The electron localization function of the doped PGQDs.

similar in the y- and z-directions. Specifically, we observe the real
parts of the dielectric function with a similar form and insignificant
differences in the values for H-36-B1 and H-36-B2. A similar result is
obtained from the single-doped sample with P atoms. The maximum
value of £;(w) for them varies from 1.03 to 1.06 in the z- and y-
directions, corresponding to an incident photon energy of about
3.5eV. In addition, we also observe several peaks of €1, with lower
values in the visible region for single-doped samples.
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(e) ()

Fig. 13.8. The real and imaginary parts of the dielectric function: (a) H-36-B1,
(b) H-36-B2, (c) H-36-P1, (d) H-36-P2, (e) H-36-B1P2, and (f) H-36-B2P1.

For co-doped samples (H-36-B1P2 and H-36-B2P1), more peaks
of €1 appear in the incident photon energy range of 1.5-4eV.
In Fig. 13.8, the imaginary parts of the dielectric function eo(w)
of doped PGQDs are also presented. This result will recognize the
optical characteristics similar to the absorption spectrum in Fig. 13.9.
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(a) (b)

(c) (d)

(e) ()

Fig. 13.9. The optical absorption spectrum of (a) H-36-Bl, (b) H-36-B2,
(c) H-36-P1, (d) H-36-P2, (¢) H-36-B1P2, and (f) H-36-B2P1.
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Explicitly, absorption peaks are observed in the ultraviolet and
visible regions. For single-doped PGQDs, the adsorption peaks
ranged from 330 to 650nm, depending on the site and doping
element. For the co-doped samples, the absorption peaks extend from
the ultraviolet to the near-infrared region (310-850 nm).

The obtained results have shown the influence of the doping
element and the doping site on the electronic and optical properties
of PGQDs. The narrowing of the band structure due to doping
makes the transition from the valence to the conduction band of
electrons more sensitive, which can in turn increase the possible
transitions, thereby increasing the number of observed spectral
peaks. In addition, changes in the electronic properties of PGQD
samples containing the impurities B, P, or BP also cause a shift in the
peak of the spectrum to the visible region from the ultraviolet region
of the pure H-36 sample. The obtained results are similar to those
obtained from the investigation of the optical properties of GQDs
through phosphorization or boronization. The absorption peaks of
GQDs through boronization appear at an energy value of 400 nm.
In comparison, phosphorization produces new absorption peaks at a
more extended wavelength range, from 500 to 800 nm.?3 24

13.4. Effect of Passivation on Electronic and Optical
Properties of PGQDs

The edge shape of the H-36 structure is similar to that of the zigzag
graphene nanoribbon. So, this structure is denoted by ZZ-36.

77-36 is passivated by Si, P, O, and F, which are denoted by
Si-27-36, P-77-36, O-Z7-6, and F-ZZ-36, respectively. The param-
eters for optimization, electronic characterization, and absorption
spectra are similar to those mentioned in Section 13.1. However,
the cutoff energy varies from 750 to 1000eV, depending on the
passivation atom.

Figure 13.10 presents the Si-ZZ-36, P-7ZZ7-36, O-7ZZ7-36, and
F-77-36 structures before and after optimization. The stability of
the structures is determined using the binding energy Ep:

E — FEo — FE
EB:( total — NCEc —ng X)’ (13.6)

nc +nx
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Fig. 13.10. Configurations of PGQDs passivated by Si, P, O, and F atoms before
and after optimization: The gray- and green-colored balls represent sp>- and sp?-
hybridized carbon atoms, respectively. The balls in yellow, violet, red, and sky
blue colors represent the Si, P, O, and F atoms, respectively.

with the total energy for one unit cell being FEiut.. The isolated
energies of one C and one X atom are E¢ and Ex, respectively. The
number of C and X atoms is denoted by nc and ny, respectively.
The binding energy values of Si-ZZ-36, P-Z7-36, O-ZZ-36, and
F-77-36 are —5.34, —5.17, —5.96, and —5.24 eV, respectively. In the
above order, the structure passivated by O atoms has the lowest
binding energy, and the structure passivated by P atoms has the
highest binding energy. Similar to the quantum dot structures with
different sizes, the average bond lengths of the four structures, Si-ZZ-
36, P-27-36, O-ZZ-36, and F-ZZ-36, before and after optimization are
presented in Table 13.2. After optimization, the change in the average
bond lengths between the sp3-hybridized carbon atoms with Si, P,
and F atoms (sp>-edge) is significant. Especially for the quantum dot
passivated with the Si and P atoms, this value increases by about 80%
after optimization. In contrast, the average bond lengths between
sp3-hybridized C and O atoms show little difference. This can be
explained by the fact that the atomic radii of Si and P are larger than
those of O and F. The hybridization form also affects the bond length,



434  Chemical Modifications of Graphene-Like Materials

Table 13.2. The average bond lengths of Si-ZZ-36, P-ZZ-36,
0-7ZZ-36, and F-ZZ-36.

Before optimization

Si-ZZ-36 P-7Z7-36 O-ZZ-36 F-ZZ-36

sp’—sp? 1.631 1.631 1.631 1.631
sp’—sp® 1.536 1.536 1.536 1.536
sp>—sp? 1.536 1.536 1.536 1.536
sp’—edge 1.140 1.140 1.140 1.140
sp®—edge 1.140 1.140 1.140 1.140
After optimization
Si-ZZ-36 P-ZZ-36 O0-ZZ-36 F-ZZ-36
sp’—sp? 1.391 1.426 1.914 1.346
sp?—sp® 1.511 1.533 2.072 1.525
sp>—sp? 1.526 1.568 7.176 1.594
sp’—edge 1.098 1.828 1.141 1.331
sp®—edge 2.095 1.947 1.181 1.383

leading to the difference in the average bond lengths between the sp?-
hybridized C atom with the P atom and other cases. In particular,
the effect of the O atom on the average bond lengths of sp?-sp?,
sp?-sp?, and sp3-sp? is huge.

It can be seen that the change in bandgap depends on the
passivation atom. Notably, in the P-ZZ-36 structure (Fig. 13.11),
there are two subbands very close to the Fermi level, making the
bandgap equal to 0.075 eV, which has metallic properties. Since the
P atom belongs to the VA group with five electrons in the outermost
orbit, after bonding with neighboring atoms (C atoms), there is still
one free electron, so the passivation of the PGQD with the P atom
corresponds to the formation of an n-type semiconductor from a pure
semiconductor. However, because the proportion of P atoms in the
P-77-36 structure is huge, the quantum dot passivated with P shows
metallic properties. This is similar to the results obtained with P
doping or P passivation in the PG and PGNRs. 125 Other structures
(Si-ZZ-36, O-7Z7-36, and F-ZZ-36) have semiconductor properties,
with their bandgaps ranging from 0.7 to 3.3eV. The difference in
subbands shifting in the samples can be elucidated by edge orbital
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Fig. 13.11. Band structures of Si-ZZ-36, P-ZZ-36, O-ZZ-36, and F-ZZ-36.

hybridization and charge transfer between PGQDs and edge atoms,
like in GQDs.%6 This result is further clarified by the DOS and PDOS
depicted in Fig. 13.12. The PDOS plot shows the contribution of C
and edge atoms. Specifically, for Si-ZZ-36, P-7Z7-36, and O-ZZ-36,
there are significant contributions of Si, P, and O atoms around the
Fermi level, leading to a dramatic reduction in the bandgap compared
to H-36. Meanwhile, for F-ZZ-36, the contribution of the F atom
around the Fermi level compared to that of the H atom in H-36
has not changed significantly. Therefore, the bandgap of these two
structures is not much different.

The absorption spectra of Si-ZZ-36, O-7ZZ-36, P-7Z7-36, and
F-77-36 are shown in Fig. 13.13. In general, the anisotropy of the
absorption spectrum is acquired in all of the above structures. In
addition, the absorption peaks of the studied structures correspond
to wavelengths in the visible or near-infrared region. Except for the
F-77-36 structure, the absorption peak intensity in the Oy direction
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(a) (b)

(c) (d)

Fig. 13.12. Density of state (DOS) and partial density of state (PSOS):
(a) Si-ZZ-36, (b) P-ZZ-36, (c) O-ZZ-36, and (d) F-ZZ-36.

is superior to the absorption peak intensity in the Ox and Oz
directions. Specifically, for the Si-ZZ-36 structure, the intensity of the
absorption peak in the Oy direction at 1500 nm is about eight times
higher than that in the Ox and Oz directions over the wavelength
range of 800900 nm. Meanwhile, for P-ZZ-36, the spectral peak with
the highest intensity, corresponding to 1000 nm, was observed in
the Oy direction. There are also some additional spectral peaks at
wavelengths corresponding to the visible or near-infrared regions in
this direction. In particular, the PGQD is passivated by O atoms;
the spectral peaks with the most incredible intensity in all three
directions are in the visible light region, with wavelengths of 700, 450,
and 435 nm in the Oz, Oy, and Oz directions, respectively. Compared
with the H-ZZ-36 structure, substituting the H atom with the F atom
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(a) (b)

(c) (d)

Fig. 13.13. Optical absorption spectrum of dielectric function: (a) Si-ZZ-36,
(b) P-7ZZ-36, (¢) O-ZZ-36, and (d) F-ZZ-36.

at the edge causes a minor spectral peak shift. The obtained spectral
peaks are shifted to the higher-energy region, but these peaks are
still within the ultraviolet range.

The above results show a close relationship between the electronic
and optical properties of PGQDs. Obviously, the changes in the
band structure and bandgap of H-ZZ-36 and F-ZZ-36 are not much.
This leads to similarities in the obtained absorption spectra. The
narrowing of the bandgap of F-ZZ-36 compared with H-ZZ-36 leads
to a shift in the absorption peak in the lower-energy region. The
bandgap is very narrow in the structure with a P edge atom, and
some spectral peaks appear in the red-light region or in its vicinity.
This result is similar to that reported by several studies.?”2® For the
0-77Z-36 structure, the semiconductor characteristics are most clearly
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demonstrated by the bandgap of 1.428 eV. The band structure shows
that, in the valence band, the first subband lies in the 0.7-0.8 eV
range, and the next is about 2eV (in the neighborhood of the Fermi
level). The two spectral peaks observed on Oy and Oz correspond to
the transition from these two energy levels to the conduction band.

13.5. Conclusion

In summary, we have applied DFT calculations to systematically
investigate the effect of chemical modification on the structural
stability and optoelectronic properties of PGQDs. We found that
larger PGQDs are thermodynamically more stable than the smaller
ones. For the same system sizes, in the order of increasing absolute
values of formation energies, we can arrange the passivated PGQDs
as follows: P-7Z7-36, F-Z7-36, Si-ZZ-36, and O-ZZ-36. For single-
doped PGQDs, there appears to be a subband that coincides with
the Fermi level. This result implies a transition from semiconductor
to metal, compared to the pristine structure. In contrast, B and
P co-doped PGQDs exhibit semiconductor properties. Specifically,
their bandgaps are 1.50 and 1.14 eV, respectively. Tailoring the opto-
electronic properties of semiconductor QDs is essential to designing
functionalized nanoscale devices.
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Abstract

Graphene quantum dot (GQD), a zero-dimensional material with size
less than 10 nm, is a newly developed member of the graphene family.
GQDs have become highly promising materials in various applications,
including catalysis, bioimaging, energy conversion, and storage, owing to
their unique physicochemical properties, such as excellent photolumines-
cence, biocompatibility, low toxicity, easy fabrication, and edge effect.
Additionally, oxygen-containing functional groups such as —COOH,
—COC-, —OH, —CHO, and —OCH3 play a crucial role in the structure
of GQDs. Oxygen is located in different edges and the basal plane of
GQDs. The unique architecture of oxygen inside the structure of GQDs
and the outstanding properties and performance of GQDs provide a
powerful impetus to use GQDs as a promising material with applicability
in various fields. In this chapter, we describe the possible structure,
application, and critical role of the oxygen-containing functional group
on the essential properties and application of GQDs. Finally, we provide
a brief outlook to point out the issues that need to settle for further
development.

Keywords: GQDs, functional group, oxygen, properties.
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14.1. Introduction

Carbon-based nanomaterials have attracted the attention of the
scientific community. Geim and Novoslov were awarded the 2010
Nobel prize for their research on graphene. Tian et al.! summarized
the entire development of carbon since the 19th century to date
(Fig. 14.1). During the last century, there have been many efforts
to evaluate the contribution of carbon materials, including graphene,
fullerene, carbon nanotubes (CNTSs), graphite, graphene oxide (GO),
reduced graphene oxide (rGO), carbon dots (CDs), graphene quan-
tum dots (GQDs), doped GQDs, graphene oxide quantum dots
(GOQ@Ds), and reduced graphene oxide quantum dots (rGOQDs).!
Graphene, fullerene, CNT, GO, CDs, and GQDs are all important
resource materials for various important applications.

Fig. 14.1. History of carbon material development.?
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GQDs are zero-dimensional carbon-based nanomaterials, which
have recently emerged as excellent fluorescent nanomaterials for
environmental and biological applications because of their unique
properties, such as excellent photoluminescence, tunable bandgap,
good stability, low toxicity, and easy preparation. Moreover, they
show outstanding properties, compared with other carbon materials,
such as the capacity to disperse and solubilize in different solvents.
Figure 14.2 shows the increase in the number of yearly publications
related to the numerous, interesting properties of GQDs.? The
important morphology and structure of GQDs are based on their
method of fabrication.

Actually, most of the structure of GQDs contains three main
elements: C, H, and O. The ratio of these three elements differ on
the basis of the chemical, the method and the precursor used in
the fabrication. The GQDs also have two types of edges, armchair
and zigzag,> which affect their shape, and electronic and optical
properties (Fig. 14.3).4°6

Fig. 14.2. Number of scientific publications and citations per year related to

GQD composites. Data obtained from Web of Science accessed on September

2020 using the words “GQDs composites” .2
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(a) (b) (c)

Fig. 14.3. The shapes of GQDs depending on the type of edge: (a) armchair, (b)
zigzag, and (c) hybrid armchair-zigzag GQDs. The amplified images in (a) and
(b) show the structural details of the armchair and zigzag edges, respectively.?

14.2. Doped GQDs

It has been shown that GQDs have some limitations as a result
of the low quantum yield due to their zero bandgap. Doping with
heteroatom will endow GQDs tuning their properties, including pho-
toluminescence (PL) and bandgap. Among the heteroatom, nitrogen
(N) or sulfur (S) is an attractive dopant due to the tuning of the
physical and chemical properties of GQDs. There are many studies
that have successfully used N atom-doped GQDs. Compared with
other dopant elements, N is a strongly coupled interface and imparts
a relatively high positive-charge density to the adjacent C atoms
in GQDs.” ™ To the best of our knowledge, there are only limited
works that have reported using sulfur-doped GQDs. The main reason
to let sulfur hardly combine inside the framework of GQDs is that
S has an electronegativity of 2.58, larger than C, 2.55, and S atom
is much larger than C. Compared with other heteroatoms, sulfur
(S) atom is markedly larger than carbon (C) atom. Thus, difficulty
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arises from the chemical doping of S atom into the framework of
GQDs. Li et al. prepared S-GQDs through a hydrothermal approach
with fructose and sulfuric acid as source materials and proved that
incorporation of ~1% of S atom into QDs could effectively modify the
electronic structure of S-GQDs by introducing S-related energy levels
between 7 and 7* of C.!® However, S-doped GQDs can significantly
enhance the fluorescence quantum yield of GQDs. In contrast, S has
attractive interaction with some elements, which can create more
active sites.6722

In addition, heteroatom doping may also provide a solution
because the GQDs are likely to process tailored or new photo-
luminescence properties with a heterogeneously hybridized carbon
network. Taking advantage of N and S atom doping in carbon
lattice, hetero-co-doping GQDs also have a great contribution to
enhancing fluorescence quantum yield and improving the efficiency
of different applications (Fig. 14.4).%3 Plenty of works have suc-
cessfully fabricated nitrogen, sulfur co-doped graphene quantum
dots (N,S-GQDs) using various techniques to improve the efficiency
of different applications (Table 14.1).243% Other chemicals and
heteroatom dopants, such as B, P, F, Cl, Na, Nd, Tm, Er atoms,
have also been investigated and can amplify the photoluminescence
and emission energy behavior.3136

Fig. 14.4. Schematic diagram of Hg>" detection using turn-off fluorescence
property of N,S-GQDs and paper-based sensor images in real wastewater
samples.??



Table 14.1. List of reports to fabricate doping GQDs and their applications.

Percentage

Precursor Doping Method doping FLQY Application References
1,3,6-trinitropyrene Hydrothermal 3.5 9.2 Ag™T detection 17
3-Mercaptopropionic acid
1,3,6-trinitropyrene Hydrothermal 1.3 11.6 Pb2*t detection 19
NagS 200°C 10 h
Graphite Electrolysis 4.25 — Fe?t detection 21
Sodium p-toluenesulfonate 3h
GO Sulfur Hydrothermal 5.95 — Fluorescence 22
7ZnS04.7 Ho O
GQDs Hydrothermal 19.53 — Fluorescence 18
Sulfur powder 180°C 12 h
Citric acid Hydrothermal 1.92 — Hydrogen 20
NaHS 170°C 24 h regeneration
Durian Hydrothermal 3.2 79 Bioimage 37
Platinum catalyst 80—140°C
GO Hydrothermal 2.9 — Water splitting 7
NH3 500°C
Lemon juice Pyrolysis 2.63 — 2,4,6-trinitrophenol 14

200°C 20 min detection
Citric acid Hydrothermal — — Nitroaniline 9
Amonia 100°C 1 h detection
Citric acid Nitrogen Autoclave 13.9 — Oxygen reduction 11
Urea 160°C 4 h
Carbon fiber Hydrothermal — — Solar cell 13
Acrylonitrile 2880°C
Citric acid Hydrothermal — — Hg?t and Trypsin 10
Amonia 200°C 3 h detection

(Continued)
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Table 14.1. (Continued)

Percentage

Precursor Doping Method doping FLQY Application References
Orange juice Pyrolysis TNP detection 8

200°C 40 min
Citric acid Hydrothermal 14.5 75.2  Photoluminescence 12
Ethylenediamine 140—190°C, 5—8 h
Citric acid Pyrolysis 3.91%N 74.5  Fe3t detection 24
L-cysteine 200°C 5 min 4.7%N
GO Hydrothermal — — TNP detection 25
Thiourea 200°C 15 h
Citric acid Pyrolysis 3.31%N 67 Cyanine detection 26
L-cysteine 240°C 12 min 3.42%S
GO N,S-co-doped Hydrothermal — 18.6  Photoluminescence 27
Amonia 180°C 12 h
Polythyophene Hydrothermal 3.7%N 2.35  Fe3t detection 28
HNO3 150—180°C 1 h 8.6%S
Glusosamine-HC1 Hydrothermal — 22 Photoelectro- 29
Thiourea 40 min 450 W luminescence
Citric acid Hydrothermal — 71 Photocatalytic 30
Thiourea 160°C 4 h
Citric acid Hydrothermal 8%N 40 Hg?t detection 23
Thiourea 160°C 4 h 1.5%S
Graphite P Electrochemical 7 — Radical scavenging 32
Sodium Phytate
BGO B Hydrothermal 300°C 3.45 — Glucose sensing 31
HNO3 24 h
GQDs Chemical and  Hydrothermal 2%Na — Tuning emission 34
HCI, NH4OH, dopants 85°C 10 min 4%K
BH303, KOH 1-2%B
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14.3. GQD-based Gold Nanocomposite

Nanocomposite is defined as materials including at least one con-
stituent less than 100 nm. Composite materials are now promising
materials in nanotechnology that help overcome the limitation of
monoclinic materials in various applications. Particularly, GQD-
based gold nanocomposites are potential materials due to their broad
range of applications (Table 14.2). Until now, there are not many
studies that successfully fabricated GQD-based gold nanocomposite.
Zhu et al. prepared Au-PDA-GQD for the detection of enzymes in
H,05..%% In addition, Hai et al. successfully fabricated r-GQD-coated
AuNPs for highly sensitive and selective detection of cysteine3
Ting et al. found that GQDs functionalized gold nanoparticles
to detect metal ions.*® Qin et al. reported novel core—shell-like
Au,/Cs/GQDs by using the hydrothermal method.*! Moreover,
Ju et al. successfully fabricated N-GQDs-AuNPs by using a simple
method without adding any reductant agent.*> Anh et al. prepared
gold@S-GQD nanocomposite by simply mixing S-GQDs with AuCl~
at room temperature,43 thus reporting an open new strategy to
fabricate nanocomposite by using carbon source (Fig. 14.5).

Fig. 14.5. Schematic diagram of optical detection of 4-nitrophenol using Au@S-
GQD nanocomposites as the sensing probe.*?



Table 14.2. Fabrication and applications of GQDs-AuNPs nanocomposite.

Reduction Time and Size and

Precursor Nanocomecosite agent Temperature Application shape References
AuCl™ N-GQDs/ N-GQDs 100°C 30 min H20O32 detection 5.2 nm, 42

AuNPs spherical
Cysteamine GQDs-AuNPs NaBHj3 dark, RT 1.5h  Hg*" Cu®" 50 nm, 40
NaBHj3 detection Spherical
EDC, AuCl™
ITO Au-DPA-GQD - RT1h H>0> detection 35 nm, 58
AuNPs spherical
Dopamine
GQDs
Sodium Au,/Ge/GQD Sodium citrate Heating 1.5 h SERS 32—107 nm, 41
citrate Spherical
AuCl™
Gs
AuCl™ AuNPs@r-GQDs  r-GQDs Boiling, 40 min ~ Cysteine 18—21 nm, 39
r-GQDs detection Spherical
S-GQDs Au@S-GQDs S-GQDs Room 4-Nitrophenol 5—17 nm, 43
AuCl™ Temperature detection Spherical
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14.4. Synthesis

Successful methods have been used to fabricate GQDs with tunable
sizes and shapes. These can be divided into two methods: top-down
and bottom-up approaches. Top-down nano-cutting methods involve
neither physical nor chemical disruption of bulk carbon materials.
Conversely, bottom-up methods mainly involve the carbonization of
organic carbon sources from small molecules.

Multiple bulk carbon resources were used as raw materials,
including GO,*»*% graphene,*6 coal,*” graphite,*® and multi-walled
CNTs (MWCNTSs),* to synthesize GQDs (Fig. 14.6). The most
common chemicals used as scissors, including HNO3 or H,SO4/HNO3
mixture, have been utilized to directly cut graphene sheet. The
limitations of GQDs using the top-down technique include low QY
and non-homogeneous size.? Top-down methods normally included
multiple steps via solvothermal and hydrothermal oxidation. In this
method, GQDs are used to obtain oxygen-containing functional
groups, such as hydroxy, epoxy, carbonyl, and ether groups.’

Bottom-up methods have been used to synthesize homogenous
GQDs using small organic molecules, such as citric acid, glucose,
and amino acid. The bonding contained in the organic carbon
sources such as —OH, -COOH, —-C=0 can dehydrate due to the

GO, graphene, graphite, CNT, coal GQDs

Fig. 14.6. Schematic diagram of top-down nano-cutting synthesis of GQDs.
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Fig. 14.7. Scheme of bottom-up synthesis GQDs from organic molecules.

elevated temperature (Fig. 14.7). The homogeneous size and surface
modification of GQDs can be easily controlled by carefully designing
precursors. Several methods have been developed to synthesize
GQDs using bottom-up routes, including solution chemistry and
3:50,51 One of the limitations of bottom-up methods is
the low crystallization of GQDs. Until now, there have been several
reports demonstrating the successful fabrication of GQDs with high
crystallization using green carbon source and bottom-up technique.
There is still a big challenge to investigate the intrinsic structure with

carbonization.

different levels of crystallization of GQDs using bottom-up methods
related to their application.

14.5. Effect of Oxygen-Containing Functional Group
on the Properties and Applications

The presence of oxygen functional groups plays an important role
in the structure and properties of GQDs. Fuhrer et al. demonstrated
the outstanding properties of GQDs, such as lower toxicity, good
biocompatibility, excellent physical properties, chemical properties,
and optical properties.’> One of the most important properties
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of GQDs is optical property, especially fluorescence property, in
terms of mechanism explanation based on fluorescence. The intrinsic
properties, including the size and shape of GQDs, are also important
in influencing the photoluminescence of GQDs. Typically, GQDs
show strong optical absorption in the UV region from 230 to 320 nm.
In the aromatic structure of C—C bonds, a maximum peak at 230 nm
is attributed to the m—7* transition, while a shoulder peak at 300 nm
is typically ascribed to the n—7* transition of C=0 bonds. The
fluorescence (FL) properties of GQDs and the emission spectra of
GQDs are roughly symmetrical on the excitation wavelength scale
related to different sizes and surface groups.??46:53-56

One of the important contributions of oxygen to the edges, inter-
faces, and surface of GQDs is that they show green PL emissions.”:58
Besides, for the sensor field, oxygen-containing functional groups
allow GQDs to attach to the targets and also improve their stability.
Interestingly, GQDs with the armchair edge will have the bigger
bandgap resulting in a blue shift in the PL emission.®%? Pan et al.5°
used a hydrothermal approach to successfully synthesize GQDs with
less epoxy group and carbonyl group from graphene sheets resulting
in the blue luminescence of GQDs. Another study shows that the
oxygen-containing functional groups on the carbon lattice of S-GQDs
will obtain strong PL properties and can decorate TiO» for catalytic
application.®! Li et al. aimed to achieve this with the oxygen-rich
structure of N-GQDs that allows the blue shift in the PL emission of
N-GQDs (Fig. 14.8).52 The XPS and FTIR are important tools used
to identify the composition and functional group in the framework
of GQDs.

Additionally, Feng et al.%® used density functional theory (DFT)
to determine the oxygen-containing groups on the edges of GQDs,
including ~-OH, -COOH, OCHj3, -CHO, and —COC, resulting in the
different bandgaps corresponding to 2.34, 2.32, 2.31, 2.30, 2.27, and
2.15 eV. The results show that based on the HOMO-LUMO gap,
(-COC-) plays an essential role in the electronic structure compared
to other oxygen-containing functional groups (Fig. 14.9).%3 Quite a
lot of research have successfully synthesized GQDs with a desirable
functional group of carboxyl (-COOH), epoxy (-O-), and carbonyl
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Fig. 14.8. Possible structure of oxygen-rich N-GQDs.5?

(a) (b)

Fig. 14.9. Energy diagrams of GQDs with different oxygen-containing groups:
(a) edge-functionalized GQDs and (b) surface-functionalized GQDs. The pre-
dicted energy levels corresponding to HOMO-1, HOMO, LUMO and LUMO+1
are shown for all GQDs.%®

(-(C=0)-), which is able to tune the fluorescence of GQDs.64 66
Based on DFT results, oxygen functional groups reveal that the
epoxy group plays an important role in the distribution of the optical
mechanism of GQDs than others. These results provide a new design

for further desired applications.%?
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In most situations, the surface groups of GQDs result in the
different colors of GQDs, from blue to green, rather than affecting
the sizes of GQDs. Fluorescence quantum yield (FLQY) is defined
as the number of emitted photons. Normally, GQDs possessed low
FLQY in previous reports.?’»67-69 Bear in mind that the fluorescence
properties of GQDs are the most important in sensing applications
and belonging to the bandgap. The mixture of sp? and sp>carbon
atom after dehydrating results in the bandgap. The electronic energy
transitions lead to the formation of fluorescence. The fluorescence of
GQDs can be tuned from visible light to near-infrared (IR) based
on the varying ratios of sp?/sp3.”0 After surface modification or
passivation, the FLQY can be dramatically increased. The enhanced
FL properties are attributed to the strong FL centers on the
surface, the synergy between the carbon core and the chemical
groups, or solely to the presence of fluorophores.”t The carbon
network in the GQD structure arranged with oxygen-containing
groups (-COOH, ~OH, -C-O-C—, C=0) at their edge results in
strong FL.

On the other hand, some researchers have found a special
structure with more oxygen-containing groups in the functional
groups of GQDs like graphene oxide quantum dots (GOQDs), which
contain thin sheets of GO and a size less than 10 nm.”™” GOQDs
can use for various applications in many fields: bioimage, drug
delivery, and tissue engineering.” In 2020, Ebrahim et al. successfully
fabricated GOQDs by using citric acid and ascorbic acid and claimed
that oxygen-containing functional groups of GQDs have the potential
to inhibit the fibrillation process under in wvitro conditions. The
results have demonstrated that oxygen-containing functional groups
of GOQDs and rGOQDs have the capacity to inhibit fibrillation
and to promote protein assembly. What is more, GOQDs and
rGOQDs also can change the secondary structure of bovine insulin
and is not toxic to SHSY5Y cells at a concentration of 10 pM.™
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This approach lays the foundation for research to continue to find
more evidence to apply GOQDs in biosensing, bioimage, and even
drug delivery (Fig. 14.10).

Significantly, Liu et al.™ reported that graphite could be used
to synthesize GO and GOQDs through the modified Humer method
with high quantum yields and applied for the detection of Eut and
Tb3*+ due to -COOH and ~OH groups in the structure of GOQDs
(Fig. 14.11). Moreover, oxygen contributes to the high luminescence
yields of GOQDs (about 8.8%).

Interestingly, Park et al.”® reported GQDs-S/CB composites
for the Li—S battery for the first time. The result shows that
GQDs-S/CB with rich oxygen-containing functional groups can
enhance the charge transfer resulting in excellent cycling and rate
performance in the physicochemical properties of GQDs (Fig. 14.12).

Fig. 14.10. Schematic presentation of GOQDs synthesis and reduction.™

Fig. 14.11. Schematic representation of the solvothermal reaction route, which
involves exfoliating graphite to GO and further cutting GO layers to GOQDs at
given experimental conditions.”™
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Fig. 14.12. Electrochemical properties of S/CB and GQDs-S/CB electrodes:
(a) schematic illustration of the discharge profile of a conventional Li-S battery.”

14.6. Conclusion and Outlook

In summary, as a new member of carbon materials, GQDs have
attracted great attention from scientists due to their outstanding
properties. Various methods have been developed to determine the
performance of GQDs, doped GQDs, and GQD composites. Up to
now, limited studies have revealed the mechanism and contribution
of these elements in the structure of GQDs. Only a few results show
that the oxygen functional group induces the PL of GQDs and some
applications. Additionally, researchers still struggle to synthesize
GQDs with a single layer and high quantum yield. Future work needs
to focus on controlling the GQD structure for specific applications
and enhancing their properties in different fields. Moreover, there is
still high demand for research into the contribution, distribution, and
binding of these elements in the structure of GQDs.
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Abstract

A series of density functional theory calculations was performed to
understand the bonding and interaction of hydrogen adsorption on two-
dimensional (2D) silicon carbide (SiC). The converged energy results
pointed out that the H atom can sufficiently bond to 2D SiC at the top
sites (atop Si and C), of which the most stable adsorption site is Ts;.
The vibrational properties, along with the zero-point energy, were incor-
porated into the energy calculations to further understand the phonon
effect of the adsorbed H. Most of the 2D SiC structure deformations
caused by the H atoms were found at the adsorbent atom along the
vertical axis. For the first time, five SiC defect formations, including the
quadrilateral-octagon linear defect (8-4), the silicon interstitial defect,
the divacancy (4-10-4) defect, the divacancy (8-4-4-8) defect, and the
divacancy (4-8-8-4) defect, were investigated. The linear defect (8-4) has
the lowest formation energy and is most likely to form. This study could
be an interesting step toward future applications of hydrogen energy.

Keywords: Density functional theory calculation, two dimensional,
silicon carbide, hydrogen adsorption.
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15.1. Introduction

Since 2004, after the discovery of graphene, two-dimensional (2D)
thin hexagonal forms of materials have increasingly attracted atten-
tion.' % Among the Group IV elements, besides the special element C,
there are other elements such as Si, Ge, Sn, and Pb. Khan et al. show
that for Si, it is very complicated to construct a stable structure of
nanotubes or graphene-like sheets.” However, the silicene (a mixture
of Si) on the silver substrates was synthesized in the studies of
Aufray et al. (2010) and Vogt et al. (2012).%° Besides, using the
experimental method of the high-temperature thermochemical Si
powder’s reactions, a quasi-2D SiC flake was created.!”

Previous theoretical studies have shown that the 2D SiC has
a planar structure like graphene but with a longer bond distance
(1.77-1.79 A) and a larger band gap (2.5-2.6eV).'"12 With the
characteristic of large-bandgap materials, SiC materials are predicted
to have great applications for nanodevices under operating conditions
of high temperature and high frequency.'® Recently, many theoretical
research groups have continued to focus on studying the configu-
rations and characteristics of 2D SiC models using MD and DFT
simulation methods.?% 13715

Especially in the most recent research paper of our group, we
have carefully verified the 2D SiC model with different interaction
potentials by using the MD simulation method.* Based on the
obtained accuracy of the 2D SiC model, we continue to conduct
a series of DFT calculations to determine the hydrogen storage
properties of 2D SiC in this study. The study has been carefully
performed with convergence control and considering the zero-point
vibrational effect.

In Section 15.3.1, the adsorption sites and the adsorption
energy were precisely investigated, in consideration of the zero-
point vibrational energy (ZPE) effect. Several hydrogenated 2D SiC
configurations were simulated to understand the most favorable
adsorption site for hydrogen atoms. The structural deformations
of 2D SiC caused by the adsorbed hydrogen atom are also noted
and investigated. Moreover, in the 2D SiC obtained from previous
studies, defects have also appeared, but they have not been studied
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in detail.>%6 Therefore, for the first time in this study, five different
types of defects are investigated and discussed in Section 15.3.2.
They are the quadrilateral-octagon linear defect (8-4), the silicon
interstitial defect, the divacancy (4-10-4) defect, the divacancy (8-4-
4-8) defect, and the divacancy (4-8-8-4) defect.

15.2. Calculation
15.2.1. SIESTA simulation

We use the density functional theory method implemented in the
SIESTA package, which is a combination of a self-consistent loop,
a norm-conserving pseudopotential, and a plane-wave basis set, to
calculate the ground-state energies and optimized structures of all
the simulation models.!” ¥ For the exchange and correlation energy,
we use the generalized gradient approximation (GGA) in the form
of a revised Perdew-Burke Ernzerhof (revPBE) functional.2®:2! We
also employ the double-zeta polarized basis sets while using an
energy cutoff of 200 Ry for all the simulations. The structural
relaxations are performed under the 2D periodic boundary condition
while using a vacuum gap of 40 A in the z-axis to neglect most
of the interaction between the periodic lateral layers. The self-
consistent loop is stopped when the maximum stress component is
less than 0.02eV/ A. In the previous DFT calculations, these selected
parameters have provided reasonable accuracy.? 2?2

Besides, for long-range interactions of adsorbed hydrogen atoms,
it is important for the bond lengths and energies of the hydrogen
molecules to be calculated correctly. Therefore, the extended basic
set is included to calculate the adsorbed hydrogen atoms. An energy
shift of 60meV and a split norm of 0.53 for the second zeta were
used for the H atoms. The obtained Hy bond length, the binding
energy, and the zero-point energy are 0.754 A, 4.525 eV, and 0.269 eV,
respectively, which are in good agreement with the experiment.3%:3!

At first, a periodic 7 x 7 supercell SiC monolayer, consisting of
49 silicon and 49 carbon atoms (see Fig. 15.1), is cut out of the
obtained MD simulated structure (see Ref. [4]). We decided to choose
a 7 x 7 supercell because a previous study on graphene showed that
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(a)

(b)

Fig. 15.1. The (a) top view and (b) non-buckling side view of the two-
dimensional silicon carbide model that includes a total of 98 atoms, where Tc¢
and Tg; sites are atop C (gray balls) and Si (blue balls) atoms, respectively.

the size effect on hydrogen adsorption was negligible when the size
was larger than a 4 x 4 cell.?? The Si-C bond length is 1.85 A. This
bond length is much larger than in other studies (1.77-1.79 A),326
but it is closer to 1.89 A found in bulk SiC.?"?® And this value is
within the range defined in Ref. [6] when embedding Si atoms in
a supercell of graphene and relaxing its atomic structure via DFT.
The model has no buckling, as expected from the sp? hybridization
type.326 The system is optimized until the residual forces are smaller
than 0.01eV A~1,

To test the adsorption site, a hydrogen atom is put atop the SiC
sheet at the possible sites. After that, we check the converged data
regarding the increasing k-point grid from (1 x 1x 1) to (13 x 13 x 1)
Monkhorst—Pack (MP) scheme. Zero-point vibrational energy (ZPE)
is also considered for better results.

15.2.2. Zero-point energy and defect calculations

Because the hydrogen vibrations around the equilibrium position
significantly affect the interaction energy of the adsorption system,
the accuracy calculation is taken into account for the hydrogen
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adsorption energy.?*2532:33 Additionally, in this study, the vibra-
tional energy of the adsorbed H atoms on the SiC surface, which
is called the hydrogen ZPE, was calculated using the following
equation:

7PE — i k:(ml + Tng)
47 mimso

where m; is the H mass, mgo is the Si/C mass, h is the Planck’s
constant, and k is the force constant. The force constant k can be
calculated by using the minimum square calculation method when
the H atoms are displaced around the obtained equilibrium sites
in both the normal and parallel directions. This ZPE calculation
method has been presented in detail in a previous study by our
group.?®

To study the 2D SiC defects, a model of 98 atoms (49 Si atoms
and 49 C atoms) is taken into account. The following five defects
are found: the quadrilateral-octagon linear defect (8-4), the silicon
interstitial defect, the divacancy (4-8-8-4) defect, the divacancy (8-4-
4-8) defect, and the divacancy (4-10-4) defect. The defect formation
energy is found by subtracting the total energy of the non-defective
model from the total energy of the defective model:

Eform = Lnon-defect — Edefecta

where Fiom is the defect formation energy, Fyon-defect 18 the total
energy of the non-defective model, and Egefect is the total energy of
the defective model.

15.3. Results and Discussions
15.3.1. Possible hydrogen adsorption sites

To test the possible adsorption sites, the hydrogen atoms are added
to a relaxed SiC sheet at the following possible sites: Top C (T¢),
Top Si (Tgi), Center (C), and Bridge (B). After optimizing the system
with the (3 x 3 x 1) k-point, it is shown that only the top sites (T¢
and Tg;) are the stable sites (see Fig. 15.2). Similar results on the
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(a) (b)

(c) (d)

Fig. 15.2. The H atoms (red balls) on (a) the bridge and (b) the center sites are
not stable and shift to the Tg; site after optimization, while the (c¢) Ts and (d)
T sites are stable adsorption sites.

stable adsorption sites of hydrogen on the surfaces of 2D materials,
such as graphene and germane, have also been published.>?? Next,
to be sure of the model’s convergence results on the k-point value,
the adsorption energies of T and Tg; systems are calculated with
different MP grids, from (1x1x1) to (13x 13x 1) (see Table 15.1 and
Fig. 15.3). It is shown that the adsorption energy does not change
when the MP grid of (3 x 3 x 1) is used. Therefore, we decide to
use the k-point of (3 x 3 x 1) MP grid for all the remaining systems
studied in the following. This is a rather low number of k-points but
has been used before in larger-cell 2D SiC DFT calculations.”

To calculate the hydrogen adsorption energy, the following
equation is used:

ng
Eads = E(nH) — E(O) — 7EH2,
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Table 15.1. The adsorption energy of the H
atom atop SiC monolayer surface on the Tc¢
and Ts; sites with different k-points (eV).

k-points Top C Top Si

I1x1x1
2x2x1
Ix3x1
4x4x1

( )MP  —0.346426 —0.715646
( )MP  —0.37178  —0.711654
( ) MP  —0.373746 —0.711698
( )MP  —0.374103 —0.711379
(5x5x1)MP  —0.373733 —0.711111
(6x6x1) MP  —0.373024 —0.711994
(Tx7Tx1)MP  —0.372715 —0.711514
(8x8x 1) MP  —0.372744 —0.711974
(9x9x1)MP  —0.373913 —0.711033
(10x 10 x 1) MP  —0.37377  —0.71156
(11 x 11 x 1) MP —0.37377  —0.71156
(12x 12 x 1) MP  —0.37377  —0.71156
(13x 13 x 1) MP  —0.37407  —0.71187

0.37 4

0.36

0.351

Energy Different (eV)

0.34 4

Fig. 15.3. k-point dependence of the adsorption energy difference (Eads(Te) —
FE.as(Tsi)) shows a convergence value at the (3 x 3 X 1) k-point.

where E,4s is the hydrogen adsorption energy, E(ng) is the total
energy of the H/SiC system with ny hydrogen atoms, F(0) is the
total energy of bare 2D SiC, and FEpy, is the total energy of the
isolated Hy molecule.
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Table 15.2. The bond length of the adsorbent atom (the Si and
C atoms) with the H atom on top of itself (d_g, A), the distance
of the adsorbent atom with their neighbors (dsi—c, A), the vertical
displacement of the adsorbent atom compared with their relaxed
positions (k, A), and the hydrogen adsorption energies (Faqs, €V).

Fixed 2D SiC Non-fixed 2D SiC

Site d-u dsic h Eaas du dsic h E.qs

Te 1.149 185 0 —-0374 1.117 1975 0.460 —1.073
Tsi 1.580 1.865 0 —=0.712 1.525 1.929 0.369 —1.244

(a) (b)

Fig. 15.4. There are no distortions observable in the 2D SiC supercell when
viewed from the top. The H atoms are marked in red color in both adsorption
configurations: (a) Ts; and (b) Tc. The neighborhoods of the adsorbent atom are
numbered to correspond with Table 15.3.

The adsorption energies of hydrogen on Tg; and T¢ sites with
the optimized Si/C-H bond lengths are shown in Table 15.2. The
distortion around the adsorption position is displayed in Figs. 15.4
and 15.5. The distortions are not observable when viewed from
the top, which shows there is little displacement in the in-plane
axes. Table 15.3 shows the displacement of Si and C atoms when
a hydrogen atom is adsorbed on the SiC surface. The numbering
in Table 15.3 corresponds to that in Fig. 15.4. At the adsorption
site, the carbon atom is attracted up along the vertical axis more
strongly than the Si atoms (z¢ = 0.460 A, 2z = 0.369 A). The first
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(a) (b)

Fig. 15.5. The out-of-plane distortion can be observed at the adsorbent atom
(highlighted) in both adsorption configurations: (a) Ts; and (b) Tc.

Table 15.3. The displacement of non-fixed 2D SiC atoms with a hydrogen
adsorption on top sites compared with the optimized model. The first-order
neighborhoods of the adsorbent atom have been highlighted.

Top C Top Si

Atom z-axis y-axis z-axis Atom z-axis gy-axis z-axis

1 Si 0.016 0.017 0.011 Si 0.014 0.011 0.014
2 Si 0.087 0.021 0.066 Si 0.006 0.018 0.014
3 Si 0.025 0.014 0.013 Si 0.011 0.001 0.015
4 Si 0.004 0.072 0.058 Si 0.017 0.006 0.014
5 Si 0.001 0.008 0.014 Si 0.013 0.016 0.014
6 Si 0.037 0.050 0.061 Si 0.006 0.004 0.014
7 C 0.012 0.014 0.003 C 0.002 0.029 0.004
8 C 0.020 0.012 0.006 C 0.008 0.003 0.011
9 C 0.027 0.005 0.010 C 0.017 0.020 0.006
10 C 0.020 0.014 0.004 C 0.003 0.002 0.011
11 C 0.008 0.009 0.007 C 0.034 0.009 0.005
12 C 0.004 0.001 0.009 C 0.004 0.004 0.011
13 C 0.017 0.000 0.460 Si 0.005 0.001 0.369

neighboring Si atoms are also attracted upward to about 0.06 A,
forming local deformations around the adsorbed C atom at the H
adsorption site (Fig. 15.5(b)). These local hill-forming properties
were also noted in previous studies of germanene and graphene.? 29
However, the displacements of the first neighboring C atoms around
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the adsorbed Si atom were not clearly observed (Fig. 15.5(a)). This
means that the Si atoms are more stable than the C atoms in the
2D SiC system, and this is in agreement with the adsorption energies
shown in Table 15.2.

To study the hydrogen vibrational effect, we consider the ZPE
shown in Table 15.4. Similar to previous studies on hydrogen
adsorption,? 24
the z-axis, while fluctuations along the x and y axes are very small
(Fig. 15.6). The vibrational ZPE of the hydrogen atom on the SiC
surface (~5meV, Table 15.4) is less than half of the ZPE value on

strong fluctuations of hydrogen are observed along

Table 15.4. Force constants (k, eV/A?), vibrational frequencies (f, cm~!), the
ZPE (meV), and the total adsorption energy (Eads, €V) of the H adsorption on
the optimized fixed 2D SiC with consideration of ZPE.

Top C Top Si

r-axis y-axis z-axis @-axis y-axis z-axis

k, eV/A2 0.0357 0.135 1.454 0.0771 0.0756 0.681
f,em™? 8.483 16.526 54.165  12.474 12.353 37.063
ZPE (meV) 0.526 1.02 3.36 0.773 0.766 2.30
Total ZPE (meV) 4.91 3.84

Bags (eV) —0.3787 ~0.7155

(a) (b)

Fig. 15.6. The vibrational energies of the adsorbed hydrogen at the (a) Tg; and
(b) Tc¢ sites have good correspondence with the harmonic approximation.
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the Ge surface (~10meV).2 If we compare the ZPE of H on the
3D Pt surface (~160meV)?* with that on the 2D surfaces, we see
that the vibrational effect of the hydrogen atom on the 2D surface
is very small. The conclusion of the vibrational zero-point energy’s
effect on the 2D SiC system, which has not been reported to date, can
provide the needed information for further research on the interaction
of hydrogen on the 2D SiC surface. The value of adsorption energy,
taking zero-point energy into account (see Table 15.4), again shows
that the adsorbed hydrogen at the Si site is much more stable than
the hydrogen at the C site.

15.3.2. Structural defects of 2D silicon carbide

From the results of the 2D SiC model obtained by the MD method
in Ref. [4], five defects are found. They are the quadrilateral-octagon
linear defect (8-4 defect), the silicon interstitial defect, and three
other defects that appear in conjunction with the linear 8-4 defect,
namely the divacancy (4-8-8-4) defect, the divacancy (8-4-4-8) defect,
and the divacancy (4-10-4) defect (see Fig. 15.7).

The previous studies have shown that the non-magnetic ground
state is more commonly observed, and the dangling bonds are rarely
found in the system.?3% Similar results were also obtained in our
study. Table 15.5 shows that the lowest formation energy is found for
the quadrilateral-octagon linear defect. This means that, in the 2D
SiC system, this 8-4 defect is the most stable and the most commonly
formed defect. This is consistent with the study on defects of the
germanene system, which showed that the pentagon-heptagon linear
defect is the most commonly formed defect.? However, our defectivity
result is contrary to the previous studies of Padilha,?* which reported
that the single vacancy defect is the most stable defect. The difference
between our results on defect formation and Padilha’s results may
be attributed to the buckled structure of germanene, which is not
observed in SiC. Besides, the larger value of the lattice constant
and the smaller value of the in-plane nearest-neighbor distance also
affect the formation of defects. There are three other variations in the
8-4 defect, which are the divacancy (4-8-8-4) defect, the divacancy
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(a) (b) (c)

(d) (e)
Fig. 15.7. The structural defects (yellow highlight) in 2D silicon carbide: (a) the
linear (8-4) defect; (b) the divacancy (4-8-8-4) defect; (c) the divacancy (8-4-4-8)
defect; (d) the divacancy (4-10-4) defect; and (e) the silicon interstitial defect.

Table 15.5. The formation energy of the defects
in 2D SiC (eV).

Structural defect Formation energy
Linear (8-4) defect 7.60537
Silicon interstitial defect 10.0246
Divacancy (4-10-4) 12.7898
Divacancy (8-4-4-8) 8.46357

Divacancy (4-8-8-4) 9.51503
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Fig. 15.8. Overview of the 2D SiC model relaxed at 300 K using the MD
simulation® with a system of 6,240 Si and C atoms.

(8-4-4-8) defect, and the divacancy (4-10-4) defect. All of them have
higher formation energies than the original linear defect, while the
divacancy (4-10-4) defect has the highest formation energy compared
to all the other defects, proving that this defect is the most unlikely
to form. We also noted that most of the Si—C bonding in all defects
fluctuates between 1.80 and 2.00 A and that there is no buckling
defect. In addition to the quadrilateral-octagon linear defects, we
have another interstitial defect (Fig. 15.7(e)). This defect is caused
by the Si atom appearing in the middle of the hexagonal ring, causing
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the honeycomb structure to be divided into six triangular structures.
The bonding of the Si interstitial atom with the hexagonal ring is
about ~2.20 A (Si-Si) and ~1.80 A (Si-C). This defect formation
energy is higher than the linear 8-4 defect formation energy by a
value of 2.419eV. Furthermore, the Stone-Wales defect, which has
been found in previous 2D defect studies, is not found in this model.
Figure 15.8 depicts the SiC monolayer surface structure, with the
strains highlighted in brown.

15.4. Conclusions

We calculated the hydrogen adsorption energy of pristine 2D SiC
using the DFT approach. Only two adsorption sites have been found
stable, both on the top of the adsorbent atom (the C and Si atoms).
The highest hydrogen adsorption energy in consideration of the zero-
point energy was found in the Tg; configuration. We conclude that
the most favorable adsorption site is the Tg; site. This agrees well
with the vibrational energy calculation, where the hydrogen atom in
the Tg; configuration has the lowest vibrational energy. We observe
that most of the hydrogen vibrational energy comes from the z-axis
vibration in all the configurations. The local deformations of 2D SiC
caused by H adsorption are also shown. In the T. configuration,
the H atom caused more distortion compared to Tg;. The distortion
of the adsorbent atom is greatest along the vertical axis for both
configurations. Finally, we present five defects that could be found
in 2D SiC and calculate their formation energies. Those defects are
the linear (8-4) defect, the silicon interstitial defect, the divacancy
(4-8-8-4) defect, the divacancy (8-4-4-8) defect, and the divacancy
(4-10-4) defect. The linear (8-4) defect is shown to have the lowest
formation energy and is the most expected to form. The results of
this study can be an important step toward the future of hydrogen
energy applications, with the defects showing many more possibilities
for experimentation.
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Abstract

Two-dimensional monolayer pentagonal silicon dicarbide (pSiC:) and
its one-dimensional nanoribbon derivative (pSiC2NR) possess novel
electronic properties, possibly leading to many potential applications.
In this chapter, we have systematically investigated the structural,
electronic, and transport properties of pSiC2NRs using chemical function
and strain engineering. The energy gaps of the pSiC2NRs (ZZ-ribbon,
ZA-ribbon, AA-ribbon, and SS-ribbon) are created mainly owing to
the competition in the edge structures, finite-size confinements, and
asymmetry of chemical bonds in the tetrahedral lattice or chemical
modification. By applying uniaxial tensile or compressive strain, it
is possible to modulate the physical properties of pSiC2NRs, which
subsequently change the transport behavior of the carriers. Interestingly,
the pentagon network of SS-pSiCaNRs is still maintained, but the
bond length along the strained direction undergoes a large change.
The electronic band structure and bandgap are strongly affected by the
uniaxial compressive strain. The evolution of bandgap versus strain is
linear. The I-V characteristic of SS-pSiC2NR seems to be more sensitive
to compressive strain than stretch strain. The ultrahigh and strain-
modulated carrier mobility in monolayer penta-SiC2 may lead to many

483
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novel applications in high-performance electronic devices. Furthermore,
the unusual properties of the pSiCz nanoribbons render them with
great potential for applications in optoelectronic devices, especially in
photovoltaics.

Keywords: Pentagonal SiCs nanorribons, Structural, electronic, and
electronic transports.

16.1. Introduction

Recently, various two-dimensional (2D) nanomaterials with novel
pentagonal structures’# have been predicted. Penta-graphene (PG)
is the earliest proposed pentagonal 2D structure by Zhang et al.
in 2015. PG is made of pentagons characterized by a three-layer
thick structure and resembling Cairo pentagonal tilling with a central
sp? carbon sublattice and two perpendicular, symmetrically non-
equivalent sp? carbon sublattices located on the top and bottom
layers.! PG showed a semiconducting feature with an intrinsic quasi-
direct bandgap of 3.25eV and an atypical negative Poisson’s ratio.
Later, penta-silicene (PS), penta-CNy (pCNy), penta-CBy (pCBas),
penta-SiCy (pSiCq), penta-SiNs (pSiNy), and so on have been
proposed. Liu et al.® found that pSiCs and pSiNj reveal different
strains depending on thermal conductivity and the strong tunability
of thermal conductivity, which may inspire fruitful research on other
derivatives of pentagonal structures to explore potential materials
for next-generation digital devices. Very recently, the structural
stability of the 2D pentagonal PdSe, and PdPSe materials has
been analyzed.%” Additionally, by a combination of crystal-chemical
design and high-pressure synthesis, Bykov et al.® have discovered
the compound pNiNs, which possesses atomic-thick layers featur-
ing pentagonal Cairo tessellations. The material is recoverable at
ambient conditions and is a potential precursor for a pentagonal 2D
material. It is predicted that there may be a wide scope for the
study of various 2D materials of future technological interest. In 2021,
research on the stability of the penta-carbides family, a novel family
of 2D Group-IV materials with C2 dimers, was published.® ! This
work reveals that the unitary (pC: PG), binary (pXCy, X = Ge, Si, or
Sn), and ternary penta-carbides have excellent energetic, dynamical,
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thermal, and mechanical stability with remarkable properties. Penta-
SiCs belongs to the binary penta-carbides. The quantum confinement
of electrons in low-dimensional nanomaterials is expected to lead to
fascinating physical properties distinct from their bulk materials.'? 13
One-dimensional (1D) nanoribbons etched or patterned from the
above-mentioned 2D materials can offer even more tunability in elec-
tronic properties because of special quantum confinement and edge
effects.!* 16 Similar to the penta-graphene nanoribbons (PGNRs),
which are cut from PG sheets,'” the pSiCy nanoribbons (pSiCaNRs)
are cut from pSiCsy sheets.'® ¥ We have explored the structural diver-
sity and the electronic properties of pSiCo2NRs under various edge
shapes and widths in the first-principles theoretical insight. PGNRs
have plentiful and unique physical features.!”2%2! Therefore, it is of
urgent importance to understand deeply pSiCoNRs to develop pos-
sible applications in emerging electronic devices. However, we know
that nanoscale structures, including pentagonal structures, cannot be
produced as perfectly as they are designed in theoretical studies.??
Hence, some investigations have been conducted to understand how
mechanical imperfections lead to changes in electronic properties. In
other words, we should understand how to modulate their electronic
properties by compressing or stretching them. Graphene nanoribbon
has the capability to afford large deformations, making it an ideal
material for flexible strain sensors.?32* The effects of uniaxial strain
on field effect transistors based on the armchair graphene nanoribbon
(AGNR) were studied in Ref. [25]. Fang et al.6 studied the transport
properties of the AGNRs under tensile strain and found that the
negative differential resistance effect (NDR) is merely obtained for
AGNR(3p-1). We also studied the electronic structures and transport
properties of the sawtooth-sawtooth PGNR (SS-PGNR) under a
sequence of uniaxial strains in Ref. [27]. Our calculations show
that the curve representing the values of bandgap versus strain
is in the form of an asymmetric parabola. This is contrary to
the graphene nanoribbons (zigzag and armchair) whose bandgap
versus strain curve is linear.?® Furthermore, the current in SS-
PGNRs under bias is sensitive to uniaxial strains. Nevertheless,
the electronic and transport properties of pSiCoNRs under uniaxial
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strain have not been fully explored, even from a theoretical point

of view.29-31

16.2. Methodology

From the 2D penta-SiCs, penta-SiCs nanoribbons with four different
edges, including zigzag—zigzag (ZZ-ribbon), zigzag—armchair (ZA-
ribbon), armchair-armchair (AA-ribbon), and sawtooth-sawtooth
(SS-ribbon), are generated (as shown in Fig. 16.1). The structures
were optimized and their properties were studied using the Atomistix
ToolKit (ATK) software package (version 2017.1)3 based on the
DFT method using the generalized gradient approximation (GGA)

(a) (a) (b) v

(c) (<) (d) (d)

Fig. 16.1. Top and side views of zigzag-—zigzag (ZZ-ribbon), zigzag—armchair
(ZA-ribbon), armchair-armchair (AA-ribbon), and sawtooth-sawtooth (SS-
ribbon). The widths (W) of ZZ-ribbon, ZA-ribbon, AA-ribbon, and SS-ribbon
are 7, 8, 9, and 6, respectively.'?
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for the Perdew—Burker—Ernzerhof (PBE) exchange-correlation func-
tional,3® with the following conditions: a k-point of 1 x 1 x 5 and
a cutoff energy of 544eV. To avoid interaction between periodic
images of the structure, a 40 A vacuum region was applied along
a direction perpendicular to the layer of the studied samples. The
convergence precision of energy for the maximum energy change,
the maximum residual force on each atom, the maximum stress,
and the maximum displacement were set at 2 x 107> Ha, 0.01 Ha/ A,
0.005 A, and 10~* GPa, respectively. In all calculations, the Fermi
level is set to zero.

16.3. Results and Discussion

16.3.1. Structural properties of the various
edge ribbons

To evaluate the stability of the four pSiCy nanoribbons, the formation
energy is calculated using the following equation:

E - : Ba; E E
By, — Lot (nsiEsi + ncEc + nu H)7 (16.1)
nsi + nc + ny

with the total energy for each ribbon being Fiqt,. The isolated
energies of each Si, C, and H atom are Fg;, Ec, and Fy, respectively,
and the numbers of Si, C, and H atoms are denoted by ng;, nc, and
ny, respectively. The FEg, values of all the structures are negative
and vary from —5.84 to —7.01 eV, suggesting that these nanoribbons
are stable in terms of thermodynamics.

Figure 16.2 depicts the dependence of the formation energy on
the width of the ribbon as well as various edges. It can be clearly seen
that the formation energies of all four ribbons decrease gradually
as their widths increase, meaning that the pSiCy mnanoribbons
become more stable with increasing width. The obtained results also
show that SS-ribbon is the most stable structure due to its lowest
formation energy compared with the other types with similar widths.
This result is similar to the structural characterization survey of the
four types of PGNRs.!”
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(a) (b)

Fig. 16.2. The formation energy (binding energy) versus the width of the (a)
pSiCs nanoribbons'® and (b) penta-graphene nanoribbons.'”

The numerical results also show that the C—-C bond length is
about 1.37 A and the C-Si bond length is approximately 1.90 A for
the four studied pSiCo NRs. Buckling is a remarkable feature of
the surveyed structures. Buckling decreases in the following order:
ZA-pSiCy > AA-pSiCy > ZZ-pSiCy > SS-pSiCy (1.77A > 1.62A >
1.60 A > 1.24 A, respectively).

From the analysis of the structural properties, SS-pSiCso was
evaluated as the most stable structure and exhibited the smallest
buckling. Therefore, the studies of electronic structure and elec-
tron transport characteristics focus on this structure, similar to
SS-PGNRs.

16.3.2. Electronic properties of the various
edge ribbons

Figure 16.3 depicts the change in bandgap as a function of the
structure width. Specifically, the bandgap decreases as the width
increases. For a width of 2, the bandgap is about 2.8eV, which
abruptly decreases to 1.92 eV when the width is 4. Then, it gradually
decreases to about 1.5eV when the width is 12.

The reduction of the 1D confinement effects leads to the narrow-
ing of the bandgap. As the width increases, the effect of the con-
finement becomes weaker and weaker, and the electronic properties
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Fig. 16.3. The variation of bandgaps under the various widths of SS-pSiCy-4.1°

gradually correspond to those of the 2D materials. Therefore, for the
widths of 12 and 14, the obtained bandgaps are approximately the
same as the bandgap of the 2D pSiCy (1.5eV).34:35

The band structures of SS-pSiCs-4, SS-pSiCs-8, SS-pSiCy-12, and
SS-pSiCs-16 are shown in Fig. 16.4. All four surveyed structures have
indirect bandgaps, with the valence band maximum (VMB) at the
" point and the conduction band minimum (CBM) at the middle of
the I and Z points. Notably, considering the subband in the valence
band closest to the Fermi level, the distance between the VBM (at
the I' point) and the Z point is very small. This suggests that under
a uniaxial strain, the VBM of this structure can shift. This could
give some distinct electronic properties and widen the application of
SS-pSiCs. The density of states (DOS) and partial density of states
(PDOS) of all systems examined were considered in Figs. 16.4 and
16.5. For all structures, the p-states of C and Si atoms contribute
primarily to the DOS, while their s-states are negligible. With an
increasing width, new electronic states of C and Si atoms appear in
the energy zone near the Fermi level, leading to the reduction of the
bandgap.
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Fig. 16.4. Electronic band structures of SS-pSiCz-4, SS-pSiC2-8, SS-pSiCe-12,
and SS-pSiCa-16.

16.3.3. Structural properties of the uniaxial
strain ribbons

In this section, the electronic structures of SS-pSiCs nanoribbon
with a width of 4 (SS-pSiCs-4) under a sequence of uniaxial strains,
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Fig. 16.5. Density of state of SS-pSiCs-4, SS-pSiCs-8, SS-pSiCs-12, and SS-
pSiCa-16.
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Fig. 16.6. Top and side views of a SS-pSiCz-4 unit cell.

ranging from 10% compression to 10% stretching, are examined in
detail.

The CASTEP package®® using the plane-wave basis sets in the
GGA with the PBE exchange-correlation functional®” was used
to investigate the structural relaxations and electronic structure
calculations of SS-pSiCy-4 under uniaxial strains (Fig. 16.6). The
cutoff energy was set at 550eV. A Monkhorst—Pack k-point grid of
1x1x13or1x1x25is chosen for the structural optimization and
the electronic calculations. The convergence energy precision and
the maximum force on each atom were 107 %eV and 0.01eVA~1,
respectively. To guarantee negligible interaction between periodic
images, the separation between the layers is set to 15 A (Oz and
Oy directions).
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The formula for uniaxial strain was defined as follows:

CcC—C
= ) 16.2
e=" (16.2)

where ¢ and ¢ are the lengths of a strained and an unstrained unit
cell, respectively.

The total energy and cohesive energy were calculated to assess
the energetic stability of the studied patterns:

o Eiotal — 4Es; — 8Ec —4Eq
coh — 16 )

where Eiota1 is the total energy of one unit cell and Eg;, Ec, and Ey
denote the isolated energies of single Si, C, and H atoms, respectively.

As seen in Fig. 16.7, the total energy of the relaxed SS-pSiCa-4 is
lowest at —1789.64681 eV. This value increases slightly for strained
SS-pSiCsy-4. Specifically, the effect of the tensile strain on the total
energy is negligible, while the difference in total energy for SS-pSiCs-
4 under a compressive strain of 10% compared to SS-pSiCs-4 is
about 5eV. The cohesive energy of those samples exhibits a similar

(16.3)

Fig. 16.7. The total energy and cohesive energy of relaxed and strained SS-
pSiC2-4. The minus and plus signs refer to the compressive and tensile uniaxial
strains, respectively.
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tendency and falls between —6.15 and —6.45eV. That means the
considered structures are stable under uniaxial strains of up to 10%
(for both the compressive and tensile strains). However, the greater
the uniaxial strain, the less stable the structure, and the effect of
compressive strain is greater than that of the tensile one.

To investigate the structural properties of the studied samples, the
lengths of bonds A, B, C, D, E, F,, G,, Fy,, and Gy, (shown in Fig. 16.8)
were determined. In the relaxed pattern, the length along the ribbons’
direction of an optimized unit cell is ¢g = 4.2 A and dg; ¢ = 1.79 A.
The obtained results are consistent with previous studies.'® 1935 In
general, pentagonal networks in strained SS-pSiCe-4 (from —10%
to 10%) are maintained, although their bond lengths are slightly
changed. The bond lengths decrease under a compressive strain
and increase under a tensile strain. This is consistent with the
deformation law of 2D materials and the results of previous studies.
In particular, the bond lengths along the strained direction (C, E,
G,, and Fy) change significantly, while the other bond lengths vary
slightly. The electronic properties of strained SS-pSiCs-4 are predicted
to be different from those of strained SS-PGNR-4 because greater
variability in the bond length is observed.

Fig. 16.8. The bond lengths (A, B, C, D, E, Fa, Ga, Fb, and Gb) of the strained
SS-pSiCa-4.
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16.3.4. Electronic properties of the uniaxial
strain ribbons

Band structures, total density of states (TDOS) and PDOS for the
SS-pSiCsy-4 are represented in Fig. 16.9. Clearly, the SS-pSiCs-4 is a
semiconductor with an indirect bandgap of 1.87eV due to a VMB
appearing at the I' point and a CBM appearing between the I' and
Z points. Considering vi (the upmost valence subbands), a small
distance can be observed between the VBM (at the I' point) and
the Z point. In contrast, quite a large distance from the CBM to
the I' point or the Z point is observed at ci. Therefore, it is difficult
for the CBM to appear at point I' or Z, while the VBM position
can be swapped at point I' or Z. 'The TDOS and PDOS analyses
of SS-pSiCsy-4 show that the contribution of the C-2p state is the
largest. Notably, a significant contribution of Si 3d orbitals (from
0.92 to 2€V in the conduction band or from —1 to —2.5€eV in the
valence band) results in a sp? d-like hybridization.

Fig. 16.9. Band structure and density of states for unstrained SS-pSiCz-4.
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Fig. 16.10. Band structure and density of states of strained SS-pSiCs-4 (¢ =
—10% : 10%).

Figure 16.10 shows the band structures of uniaxially strained
SS-pSiCsy-4. These studied structures are still semiconductors with
an indirect bandgap. However, under a uniaxial compressive strain,
VBMs move from point I' to point Z, while the CBMs in between I'
and Z are similar to the unstrained one. In contrast, under uniaxial
compressive strain, the positions of VBMs and CBMs changed but
were similar to the pristine structure (unstrained SS-pSiCe-4). From
the change in the shapes of vy, vo, ¢1, and cy subbands in the
investigated structures, it can be clearly seen that the compressive
strain increases the dispersion curvatures of both valence and
conduction bands around the Fermi level, while the influence of the
tensile strain is not much.

The TDOS and PDOS under a series of uniaxial strains are
plotted in Fig. 16.10. The contributions of the aforementioned states
are similar to the TDOS and PDOS of the untrained SS-pSiCo-4.
The decrement in bandgap under both compressive and tensile
strains increases the spread of the energy range of both valence
and conduction bands when the strain value increases. However, the
higher interaction between the occupied C-p and Si-d states in the
conduction band is due to the reduction of the C—C bond length
in SS-pSiCs-4 under uniaxial strain. This trend leads to a lower
overlapping of the atomic orbitals of the constituent atoms.

In all the uniaxially strained SS-pSiCy-4, the bandgap (Ej)
decreases compared to the unstrained one (in Fig. 16.11). The
bandgap decreases rapidly in the compressive case. E; peaks at
1.87eV at 0% and falls at —10% to a value of 0.97eV. In contrast,
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Fig. 16.11. The total and partial density of states of SS-pSiC2-4 under uniaxial
strain.
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(a) (b)

Fig. 16.12. (a) The bandgap of SS-pSiCz-4 vs. strain. (b) The CBM/VBM of
SS-pSiCa-4 vs. strain.

E, decreased slightly from 1.87 to 1.70eV under a tensile strain of
0-10%. This reveals that the bandgap of SS-pSiCs-4 is more sensitive
to the compressive strain than the tensile one.

This result is similar to the uniaxial strain for 2D pSiCsy. The
effect of the compressive uniaxial strain is superior, while the effect of
the uniaxial compressive and uniaxial tensile strains on the bandgap
is almost symmetric in 2D pSiCy (Fig. 16.12).'% Meanwhile, the
symmetry seems to be broken for the SS-pSiCs-4 1D structure. This
is an interesting distinction that can guide future research.

16.3.5. Electron transport of the uniaxial
strain ribbons

The eight SS-pSiCs-4 unit cells were used to construct model devices,
including the central scattering region and two unit cells for each
electrode, as shown in Fig. 16.14. Electron transport was calculated
using the ATK software package3® by the fully self-consistent DFT
method with the GGA-PBE function and DZP basis sets3” in
combination with the NEGF method. BZ is sampled using the
1 x 1 x 21 Monkhorst—-Pack grid in the z-, y-, and z-directions,
respectively. The z-axis is the direction of the nanoribbon length in
the strained direction. The density mesh cutoff for the electrostatic
potential is 680eV.
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(a) (b)

Fig. 16.13. (a) The CBM/VBM with the applied uniaxial and biaxial strains.
(b) The bandgap of penta-SiCq as a function uniaxial and biaxial strains.'®

(a)

(b)
Fig. 16.14. Schematic illustration of the transport device: the central scattering

region and the left and right electrodes.

The current was determined using the Landauer—Biittiker for-
mula’®:

105) =% [ B = w) ~ S - ) T(ER)E, (16
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where T'(E,V;) is the transmission function at energy E and bias
%39:

T(E,Vy) = Tr[l (B, V;)G(E, Vy)Tr(E,V})GT(E,V3)]  (16.5)

and f(F — ur) and f(E — pgr) are the Fermi distribution functions
of the electrochemical potentials of the left and right leads.

G' and G in Equation (16.5) are the retarded and advanced
Green functions of the scattering region, while I'z /g are the coupling
functions of the left (L) and right (R) leads, respectively.

The correlation between the current and bias voltage of the
compressive-strained and tensile-strained SS-pSiCs-4 is shown in
Fig. 16.15. For all the studied samples, the current intensity is almost
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Fig. 16.15. The I-V curves of (a) compressive-strained SS-pSiCs-4 and
(b) tensile-strained SS-pSiCa-4. The current at 2 V bias as a function of
(c¢) compressive strain and (d) tensile strain.
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unchanged until the bias voltage reaches a certain value. The currents
of the two start to increase to this value up to 2 V and exhibit
semiconductor I-V properties.

From Figs. 16.12 and 16.15, it can be clearly seen that there is an
inverse relationship between the current strength and the bandgap.
For compressive strain cases, an increase in the bandgap reduces the
current, and vice versa.

The variations in the current at 2 V show a greater increase for
the compressive-strained SS-pSiCs-4 compared to that for the tensile-
strained SS-pSiCy-4. Especially, at —10%, the current increases by
nearly 75 times compared to that at 0% and about 30 times compared
to that at 10%.

To further understand the I-V curves of the studied systems, the
transmission spectra as a function of the applied bias and electron
energy were examined in Fig. 16.16. Similar to the current, at a bias
of 2 V, the filled area bounded by the horizontal axis and the T'(E)
curve in the bias window is proportional to € for the compressive
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Fig. 16.16. Transmission spectrum 7T'(E) at 2 V bias voltage for various strains:
(a) compressive strain and (b) tensile strain.
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cases. Meanwhile, for the tensile cases, this area decreases with
e = 0 : 4% and increases with ¢ = 4 : 10%. In addition, the order
of magnitude of the increase in T(F) corresponds to that of the
current. Specifically, at £ = —10%, T'(F) increases by three orders of
magnitude compared to this value at ¢ = 0%. After that, the T'(F)
spectrum is very consistent with the I(V') curve.

16.4. Potential applications

Similar to PG, pSiCsy will be one of the potential candidates for device
applications in heterojunctions, battery anodes, and gas sensing.

16.4.1. Heterojunctions

Penta-materials with diverse electronic and structural properties are
predicted to be suitable candidates for electronic and multifunctional
devices. In particular, the combination of a penta-material and
another material can create new properties or improve their existing
properties.®*42 However, lattice mismatch is one of the biggest
obstacles in heterostructures. Through theoretical calculations, it has
been shown that a network deviation of less than 2% is optimal.*3 In
addition, a number of theoretical studies have shown the feasibility
of establishing heterostructures from penta-materials. In addition,
edge banding with H or Cl atoms is more efficient for a bipolar spin

t.44 Research results on the metallization experience of

filtering effec
penta-graphene under all chosen metal contacts, such as the PG—
Au contact, can solve the problem of the lack of a low resistance
metal contact in a real device.*> These results open up potential
applications for pSiCs, with similar and more diverse properties

than PG.

16.4.2. Anode material

By using first-principles simulations, the potential applications of PG
as a promising anode material for Li/Na-ion batteries were studied by
Xiao et al.*® Their results show that a single Li/Na ion occurs at the
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top of the sp?-hybridized C atoms of PG to increase its discharge rate
and capacity. Compared with PG, pSiCy possesses a similar structure
but even more diverse electronic properties because it is formed from
two types of atoms. An anode material with outstanding performance
is a promising research and development direction for pSiCs.

16.4.3. Gas sensing

Sensors are playing an increasingly important role in health and
the environment. Sensors are used to effectively detect and control
toxic gases to ensure safety and protect the working and living
environments. In medicine, sensors are a fast and efficient screening
method. 2D materials can be used for gas sensing applications
because of their high surface areas, effective carrier mobilities,
and low electrical noise.*” DFT-based calculations indicate good
adsorption of gases or organic molecules onto the surface of some
penta-materials.*® 0 These findings support the development of
pSiCy for future sensor development.®!

16.5. Conclusion

In conclusion, through first-principles calculations, the electronic
properties of pSiCy nanoribbons (ZZ-ribbon, ZA-ribbon, AA-ribbon,
and SS-ribbon) under various edge shapes are explored. Moreover,
SS-pSiCsy energy gaps with various widths and the energetic stability
of SS-pSiCy-4 under uniaxial strain of up to 10% are investigated
in detail. The results show that the bandgap of SS-pSiCsy decreases
sharply as the width increases because of the significant effects of
the 1D confinements on the feature, resulting in narrow widths. The
electronic properties of SS-pSiCsy-4 are sensitive to uniaxial strain.
In combination with NEGF formalism, the computed results show
that the value of strain-dependent current differs significantly at bias
potentials from 1.5 to 2 V. Consequently, SS-pSiCs is a potential
candidate for electronic device development and can be an active
part of strain sensors.
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Abstract

The hydrogen adsorption on pristine germanene is studied using ab
initio calculations. By performing a converged density functional theory
calculation, we find the nearly degenerated nature of hydrogen on the top
sites (Hr1 and Hrz), where Hry is the most stable site. The adsorption
of hydrogen atoms leads to local germanene structural changes. The
localized surface curvature and the zero-point energy of hydrogen, which
have not been studied to date for the 2D germanene, are investigated. We
also demonstrate the properties of germanene defects via four obtained
defects: Stone-Wales (55-77), divacancies (77-555-6 and 555-7), and
pentagon-heptagon linear defect (5-7). The lowest formation energy
of the pentagon-heptagon linear defect is shown for the first time in
this study.

Keywords: 2D germanene, hydrogen adsorption, structural defects,
density functional theory calculations.
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17.1. Introduction

In recent years, the studies of two-dimensional (2D) materials have
shown their excellent potential properties in nanotechnology applica-
tions.' 3 Zhang’s group showed the possibility of realizing the intrin-
sic quantum anomalous Hall (QAH) effect in the 2D NbyO3 lattice,?
and they also proposed a novel QAH insulator with unique states in a
stanene film.? Among the 2D material researches, the investigations
on graphene have been conducted extensively.* ¢ Because defect-free
graphene is a gapless semiconductor, it is necessary to create an
electronic bandgap to make graphene usable in nanoelectronics.” 8
There have been many studies that have focused on solving this
problem, such as those on strain, chemical functionalization, and
the creation of defects.” ' Along with that, the studies on other
2D materials were also conducted,! especially on germanene.!3 22
This material brings out the possibility of overcoming the absence
of an electronic bandgap in graphene. Germanene also has the same
honeycomb structure as 2D graphene, but the atoms are buckled.
The 2D buckling property has been attributed to pseudo Jahn—Teller
distortion.'® In addition, its electronic bandgap can be controlled by
buckling under the application of an external electrical field.!”

In 2009, Sahin et al. theoretically predicted the existence of
germanene in its freestanding form.'® The germanene sheets on
Pt(111), Ag(111), and Al(111) surfaces were fabricated.!% 2! In 2014,
the construction of 2D germanene on the Au(111l) surface was
demonstrated by Davila et al.??> Recently, many theoretical research
groups have also begun studying the physical and chemical properties
of this 2D material.'® %23 The buckling height of germanene (A)
was found to be 0.69 A, and the in-plane nearest-neighbor distance
(d) was 2.34 A when using the density functional theory (DFT)
calculations.?* 26 However, Giang et al. demonstrated that the
germanene buckling height was shorter (A ~ 0.66 A), while the
distance d was longer (d ~ 2.41 A) than previous results obtained
using molecular dynamic (MD) and DFT studies.!* This study has
also shown that the germanene bandgap is 0.8eV larger than in
previous germanene studies.'* This is an important and new feature
that the authors have investigated. We, therefore, continue to study
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other properties of this obtained 2D germanene: its atomic adsorption
and defects.

The interaction of the hydrogen atom (H) with 2D materials is
a field of great interest currently owing to its involvement in several
areas of fundamental science and technology, namely hydrogen
storage. Experimental and theoretical studies on the adsorption
of an H atom on graphite and graphene have been extensively
conducted.?” 3% It has been experimentally shown that H atoms do
not stick to a graphite surface at low temperatures (less than 30 K),
but at higher temperatures, the adsorption of H atoms onto graphite
or graphene was obtained.?!33 Therefore, for the first time in this
study, we investigate the adsorption of a single hydrogen atom on
a 2D germanene. The convergence calculated data are checked, the
zero-point energy (ZPE) of hydrogen is calculated, and the possible
adsorbed sites of the hydrogen atom on the germanene and the
localized germanene surface curvature are shown.

Besides, 2D germanene, which is obtainable through different
techniques, can present structural defects, such as single vacancies,
Stone-Wales defects, and divacancies.'® So, it is important to
investigate these defects too. In this work, four possible structural
defects were considered: the Stone-Wales defect (55-77), the diva-
cancy (77-555), the divacancy (555-7), and the pentagon-heptagon
linear defect (5-7). We showed that the pentagon-heptagon linear
germanene defect has the lowest formation energy, which means that
this defect structure is the easiest to form in germanene.

17.2. Calculation Methods
17.2.1. Computational method

We used the DFT framework for all of the calculations.?* The first-
principles electronic structures and properties were obtained through
a linear combination of atomic orbitals and a pseudopotential scheme
implemented in SIESTA.?536 The generalized gradient approxima-
tion to the exchange-correlation functional based on revised Perdew—
Burke Ernzerhof was used.?” 38 The use of the dispersion-corrected
functional has been shown to yield accurate results for hydrogen
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adsorption.??4Y We adopted the double-zeta polarized basic set and
a mesh cutoff of 200 Ry for the SIESTA calculation. The Fermi—
Dirac function was employed with an electronic temperature of 300 K
to carry out the Brillouin zone integrations. For germanene, an
energy shift value of 200 meV, which determines the cutoff radius
per angular momentum channel, was used. These chosen parameters
provided reasonable accuracy in a previous DFT calculation for the
2D confined germanene.

We used a supercell containing 60 atoms for pristine germanene
(equivalent to (5 x4) lateral unit cells, Fig. 17.1), which was cut from
the MD calculation model.'* The (5 x 4) cell was chosen because
a previous study of graphene had shown that the effect of size on
the adsorption of hydrogen is negligible when the size is larger than
(4 x 4).%° The buckling height of germanene (A ~ 0.66 A) and the in-
plane nearest-neighbor distance (d ~ 2.41 A) were used to construct

(a)

(b) T2 sts/&
T1 -0334
Fig. 17.1. (a) Top view and (b) side view of the cleaved part of the buckling

germanene model, where T and T2 are Ge atoms with the vertical coordinate
z = +0.33 and —0.33 A, respectively.
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the 2D Ge. The model was relaxed until the residual forces were
smaller than 0.01eV/A.

However, for the adsorbed H atoms, a more extended basis
was used to ensure that we obtain the correct bond length and
accurate energy of the hydrogen molecule (Hsy), which are important
for long-range interactions.*! The 60 meV value of the energy shift
and the split norm of 0.53 for the second zeta were used for the
H atoms. These standard computational parameters used in the
SIESTA calculation provided reasonably accuracy in the calculations
for a Hy molecule. The obtained bond length of the hydrogen
molecule was 0.754 A, which is in good agreement with experimental
data ~0.74 A.*> The binding and zero-point energies were 4.525 and
0.269 eV, respectively, which also agree well with the experimental
data (4.530 and 0.270 eV, respectively).43

The calculation of H adsorption on germanene was done for the
following sets of configurations. First, one H atom was adsorbed
on the 2D germanene surface. A vacuum of 30.370 A, by which the
interaction energy between germanene monolayers can be reduced to
1meV, was considered. The surface-irreducible Brillouin zone was
sampled on the k-point mesh generated by the Monkhorst—Pack
(MP) scheme of (3 x 3 x 1) MP grid.** The total energy was obtained
after relaxing all the H and Ge atoms. This calculation was done
mainly to find the stability of the hydrogen binding sites. Second,
we investigated the convergence property with respect to the k-point
meshes. In the Brillouin zone integration, 1-221 special k-points were
used to sample the (1 x 1 x 1)—(21 x 21 x 1) MP grids, respectively.

17.2.2. Zero-point energy calculation

It has been shown that the vibrations of H around the possible
adsorption sites also significantly affect the adsorption of the sys-
tem.*> 48 Therefore, to calculate the H adsorption energy accurately,
we continue calculating the vibrational energies of the adsorbed H
atoms on the surface, which are called ZPEs. First, we displace the
H atoms around the obtained equilibrium top positions both in the
normal and parallel directions and calculate their energies using a
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harmonic approximation:

E= %kaj,
where z (A) is the displacement from the equilibrium position of the
H atom and the coefficient &k (eV/A?) is the force constant. Using the
method of minimum square calculation, we find the force constant k.
Then, using k, we continue with calculating the vibrational frequen-
cies of the interaction of the H atoms with the germanene surface.
The expression of the frequency has the following form:

b= i k:(ml + Tng)
- 2re mims

where c is the speed of light, m; is the mass of hydrogen atom, and

my is the mass of platinum atom. Finally, ZPE is calculated through

B hv B he  hev

2 2N 27

where h is Planck’s constant.

17.2.3. Defect calculations

Defective germanene was also investigated in this work. We used 60
Ge atoms for each reconstructed model to investigate the formation
energy. Four obtained structural defects were considered: the Stone—
Wales defect (55-77), the divacancy (77-555), the divacancy (555-7),
and the pentagon-heptagon linear defect (5-7). These defects pre-
sented a local reconstruction that can be identified using structural
images. We showed that the pentagon-heptagon linear germanene
defect has the lowest formation energy, which is in good agreement

with the previously obtained defect structures.'*

17.3. Results and Discussions
17.3.1. Hydrogen adsorption on germanene

We begin by showing the possible adsorption sites of H atoms on
germanene. It was shown that, when we fix and unfix the relaxed
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(a) (b)

(c) (d)

Fig. 17.2. After relaxing the system of the set H atoms (red points) on the
(a) bridge, (b) center, (¢) T1, and (d) Ts sites of germanene, the H atoms are
adsorbed only on the T; and T3 sites.

germanene monolayer by using the k-point of (3 x 3 x 1) MP grid,
the H atoms can be adsorbed only on the top sites (Hp; and Hro,
Fig. 17.2). This result is in agreement with that of a previous study
of hydrogen adsorption on graphene.?’ Besides, the experimental
studies of the hydrogen adsorption configurations on Ge(001) probed
with the real-space scanning tunnel microscope method*® and the
adsorption of H on the Ge/Si(001) surface probed with the low-
energy electron diffraction method®® also show that the H atoms
are adsorbed onto the Ge surface at room temperature. Then, we
check the convergence of k-point by calculating the Hp; and Hro
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Table 17.1. The adsorption energy
of the H atoms on the germanene
surface on the Ty and T3 sites with
different k-points.

k-point T. T2
(3x3x1)MP —-1.833 —1.291
(4x4x1)MP —1.838 —1.288
(5x5x1) MP —1.839 —1.290
(6 x6x1) MP —1.839 —1.292
(7Tx7x1)MP —1.839 —1.292
(8x8x1) MP —1.841 —1.293
(9x9x1)MP —-1.839 —1.291
(10 x 10 x 1) MP  —1.839 1.291
(11 x11x1) MP —1.839 —1.291
(12x12x1) MP —1.839 —1.291
(15 x15x 1) MP —1.839 —1.291
(18 x 18 x 1) MP  —1.839 —1.291
(21 x 21 x 1) MP —1.839 —1.291

0.5507

0.5493

0.5482
0.5475

Energy Difference (eV)

0.5423

5
@+
7

K-Point

Fig. 17.3. k-point dependence of the adsorption energy difference (Etot(12) —
Eiot(T1)).

adsorption energies when the MP grid is changed from (1 x 1 x 1) to
(21 x 21 x 1) (see Table 17.1). Figure 17.3 plots the dependence
of k-points, which shows that the result of the energy difference
is unchanged when using the (10 x 10 x 1) MP grid. Therefore,
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hereinafter, all the configurations are investigated with the k-point
of (10 x 10 x 1) MP grid.

The adsorption of the H atoms on the top sites T; and Ty
and their local distortion around the adsorbent Ge atom at the H
chemisorption are shown in Fig. 17.4. Table 17.2 lists the optimized
Ge-H bond lengths (dge—g, A), the Ge-Ge bond lengths of the
adsorbent Ge atom with its neighbors (dge ge, A), the vertical
displacement of the adsorbent Ge atom (h,A),and the hydrogen
adsorption energies (F,qs, €V) when one H atom is adsorbed onto
the fixed and unfixed germanene surfaces. The hydrogen adsorption
energy is calculated by

Eags = Etot(NH) - Etot(O) — TEHQ,

Fig. 17.4. The adsorption of H atoms (red balls) on the (a) T1 and (b) T2 sites
at full (5x4) cell relaxation. The local distortions around the adsorbent Ge atom
at the H chemisorption are observed at the T2 site. The Ge atoms with an out-of-
plane displacement upon Hrs atom chemisorption are indicated by the red circle
(bronze-colored balls).
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Table 17.2. The optimized Ge-H bond length (dge n, A), the Ge-Ge bond
length of the adsorbent Ge atom with its neighbors (dge e, A), the vertical
displacement of the adsorbent Ge atom (h, A)7 and the hydrogen adsorption
energies (E,qs, €V). The results from Ref. [27] are parenthesized.

Fixed germanene Unfixed germanene
Site dgen dgege h  FEads dgen dgeaGe h Eaas
T 1.58 2.49 0.00 —1.83 1.58 2.56 0.00 —1.89
To 1.67 2.49 0.00 —-1.29 1.59 2.56 1.02 —1.86
(0.50-0.70)

where Eio (Npr) is the total energy of the germanene surface adsorbed
with (Ng) H atoms and Ep, is the total energy of the isolated Ha
molecule.

In the case of the unfixed germanene surface, when the H atom
is adsorbed on the T site, we find that the vertical displacement of
the adsorbent Ge atom is about 1.02 A, accompanied by an upward
movement up to a maximum of 0.16 A for the first neighboring atoms
and 0.03 A for the second neighboring atoms. This behavior results
in a local hillock within the germanene layer, as in the results from
a previous theoretical study of graphene: The vertical displacements
are in the ranges of 0.5-0.7 A for the adsorbent Ge atom, 0.2-0.3 A
for the first neighboring Ge atoms, and at 0.1 A for the second
neighboring Ge atoms.?0 It is interesting that when the H atom is
adsorbed on the Ty site of the unfixed germanene surface, the local
hillock within the Ge layer is not observed. It means that the Ge
atoms at the T; positions are more stable than the Ge atoms at the
Ty positions, which is consistent with the adsorption energy values
shown in Table 17.1.

It has been shown that, to accurately calculate the hydrogen
adsorption energy, the ZPEs of the adsorbed H atoms on the surface
should be taken into account. Table 17.3 shows our vibrational
frequency calculations and the ZPEs of the Hpy and Hpo atoms.
We find that the vibration of the hydrogen atom along the z-axis
is greatest for both the T; and Ty positions, and along the
x- and y-axes, the vibration is negligible (Fig. 17.5). Although the
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Table 17.3. Force constants (k, eV/A?), vibrational frequencies (f,
cm™ 1), the ZPEs (eV), and the total adsorption energy (Eaas, €V) of H
adsorption on the optimized fixed germanene.

T1 T2
T Y z T Yy z
k(eV/A?) 0.679  0.692  13.656  0.861  0.428 9.521
f(cm_l) 26.907 27.158 120.621 30.295 21.174 100.720
ZPE (meV) 1.668 1.684 7.478 1.878 1.313 6.244
Total ZPE (eV) 0.011 0.009
Total Eags (eV) —1.883 —1.849
20 . . . . — 0.25 'xaxis T
8} Taxis
16 - 1 02 ¢
s 2
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Displacement (A) Displacement (A)
(a) (b)

Fig. 17.5. The vibrational energy of the adsorbed hydrogen, which is displaced
around the equilibrium position along the z-, y-, and z-axes.

vibrational ZPE of the H atom on the germanene surface (~10 meV)
is much smaller than that on the Pt surface (~160meV)," they
have the same property: The hydrogen vibration is strongest along
the z-axis. After adding the ZPE to the adsorption energy, the total
adsorption energy of Hry is found to be smaller than that of Hro,
which indicates that the Hp; site is a bit more stable than the
Hrg site. This result once again confirms that Ty is the most stable
position in germanene.

The phonon spectra of the bare optimized germanene and the
optimized unfixed germanene with adsorbed hydrogen are shown
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(a) (b)

Fig. 17.6. The phonon spectrum of (a) bare germanene and (b) germanene with
the adsorbed hydrogen on the T; and Ts sites. The inset shows the optimized
conformation of (a) bare germanene and (b) germanene with the adsorbed
hydrogen (red balls).

in Fig. 17.6. The dispersion lines of the bare germanene are consistent
with the previous theoretical study.?! The crossings of the dispersion
lines ZA and ZO (the acoustic and optical modes along the z-axis)
are observed for the graphene system; however, they are not observed
for the germanene system. This can be explained by the appearance
of the buckling of the atoms in the germanene model. Additionally,
for the germanene system with adsorbed hydrogen, the frequencies of
ZA phonons show a quadratic dependence on the wave vectors. This
is a characteristic feature of layered materials.’? Besides, Fig. 17.6(b)
shows that the vibrational frequency of the germanene system, which
is much larger for the adsorbed hydrogen than for the bare germanene
system.

Furthermore, to investigate the interaction of H atoms with the
germanene surface, we let two adjacent hydrogen atoms adsorb onto
the germanene surface at the positions T; and Ty (see Fig. 17.7).
The interaction energy of two adsorbed hydrogen atoms, H-H, on the
germanene surface is calculated by

Nu

——En, — Eags(Ht1) — Eads(H12),

Eint — Etot(NH) - Etot(o) - 9
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(a) (b) (c)

Fig. 17.7. Two adsorbed hydrogen atoms (red balls) on (a) two T sites, (b) two
T, sites, and (c) T1 and T sites.

Table 17.4. The interac-
tion energies (Fint, €V) of
two hydrogen atoms on the
germanene surface.

Interaction pair Eint

Hri — Hr1 0.093
Hr2 — Hro 0.065
Hri — Hro —0.473

where Engqs(Hr1) and Faqs(Hr2) are the adsorption energies of Hpq
and Hro, respectively. Table 17.4 lists the interaction energies of
two H atoms. From this energy result, we find that two adjacent
hydrogen atoms on the same type of site (T; or Ts) interacted
via a repulsive force (positive energy), while two adjacent hydrogen
atoms on different-type sites (T; and T9) interacted via an attractive
force (negative energy). These hydrogen interaction results for 2D
germanene, which have not been reported to date, could provide
the needed information for further research on the interaction of
hydrogen on a 2D germanene surface.

17.3.2. Germanene structural defects

From the results of the germanene structure formation at room
temperature in Ref. [14], we selected the four most commonly
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(a) (b)

(c) (d)

Fig. 17.8. Structural defects in germanene: (a) pentagon-heptagon linear defect
(5-7), (b) divacancy (77-555-6), (c¢) divacancy (555-7), and (d) Stone-Wales defect
(55-77). The numbers represent the Ge-Ge bond lengths in A.

formed defects, which are shown in Fig. 17.8. In Fig. 17.8(a), the
pentagon-heptagon linear defect (5-7) can be observed when moving
one neighboring Ge atom. It has been shown that there are no
dangling bonds in the system, and the non-magnetic ground state
is always more favorable.'® From Table 17.5, we also observe that
the pentagon-heptagon linear defect has the lowest formation energy.
This means that this defect is the most stable defect, and it is also the
most commonly formed defect in our germanene model (see Fig. 10 in
Ref. [14]). This is in contrast to previous studies on graphene, where
it was shown that the Stone—Wales defect has the lowest formation



Hydrogen Adsorption onto Two-Dimensional Germanene 523

Table 17.5. Formation energy of the defects
in germanene (eV).

Structural defect Formation energy
Stone-Wales (55-77) 2.64
divacancy (77-555-6) 1.84
divacancy (555-7) 1.29
linear defect (5-7-5-7) 0.96

93,54 However, in the study by Padilha et al. on germanene,

energy.
they showed that the single-vacancy defect has the lowest formation
energy when an atom is removed from the system.'3 The difference
in the formation energies between graphene and germanene defects
is due to the buckled structure of germanene, which increases the
relaxation degree of freedom of the defect. Moreover, the formation
energy difference between our study and Padilha’s study may be due
to the larger value of the lattice constant, the smaller value of the
in-plane nearest-neighbor distance, and the buckling height (4.17,
2.41, and 0.66 A from our model vs, 4.08, 2.46, and 0.7 A from Ref.
[13], respectively). Besides, the three pentagons and two heptagons
reconstructions are presented in Fig. 17.8(b). Figure 17.8(c) presents
the three pentagons and one heptagon reconstructions. These two
defects have lower formation energies than the Stone-Wales defect
(see Table 17.5). The Stone-Wales defect (see Fig. 17.8(d)) can be
reconstructed when a pair of germanium atoms is rotated by 90°
about the center of the Ge-Ge bond. This defect can be created
during the growth process or upon application of low-energy electron
irradiation, as shown by experiments.'® In the Stone-Wales defect,
the two heptagons and the two pentagons are formed from the four
neighboring hexagons. The Ge-Ge bond in the Stone-Wales defect is
stronger than in pristine germanene because of the 90° rotation of a
dimer. From Fig. 17.8(d), we can see that the Ge-Ge bond length of
the dimer decreases by approximately 1% (from 2.49 to 2.43 A). The
bond length reduction is consistent with that found in the previous
germanene study by Padilha et al.'3
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17.4. Conclusions

The hydrogen adsorption onto the defect-free germanene and the
germanene structural defects were studied using the DFT calculation.
The most stable adsorption sites of the hydrogen atoms are the top
sites: Hp; and Hpo. The localized germanene surface curvature and
the hydrogen zero-point energy were shown. The vibration of the
hydrogen atom along the z-axis is greatest for both the T; and Tq
positions, and along the z- and y-axes, the vibration is negligible. We
find that the interaction between two adjacent hydrogen atoms on
the same-type sites of germanene is repulsive, while the interaction
between two adjacent hydrogen atoms on the different-type sites is
attractive. Furthermore, the germanene defects were demonstrated
via four defects: the Stone-Wales defect (55-77), the divacancies
(77-555 and 555-7), and the pentagon-heptagon linear defect (5-7).
The pentagon-heptagon linear defect is shown to exhibit the lowest
formation energy for the first time in this study.
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Open Issues

The effect of hydration can be calculated in a follow-up study to find
more accurate results and reduce bias.
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Abstract

This chapter discusses the diverse applications of semiconductor mate-
rials in agriculture, 3D printing, biology, and electronic/optical devices.
Semiconductors play a vital role in precision farming, 3D printing
functional components, biosensors, and electronic/optical devices such
as transistors, solar cells, LEDs, and lasers. These materials have rev-
olutionized resource management, additive manufacturing, diagnostics,
and advanced technology, enhancing various industries and improving
quality of life.

Keywords: Semiconductor materials, Agriculture, 3D printing,
Biosensors.

18.1. 3D Printing Principles and Applications

3D printing technology, also referred to as additive manufacturing, is
one of the rapid prototyping techniques in which objects are made by
adding layer upon layer of materials. The materials are added layer by
layer at the millimeter scale. This is why 3D printing is also called an
additive manufacturing process. Its applications are growing in many
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fields, including medical instrumentation, automobiles, construction,
aircraft, engineering, manufacturing, entertainment, and education.

3D printing is an incredibly flexible technology, not only in the
materials used but also in the objects that can be printed. It is an
accurate, fast, and promising tool for the future of manufacturing,
with a low-risk, low-cost, and fast method of producing prototypes
that allow for testing the efficiency of new products and ramping up
development without the need for expensive models or proprietary
tools.

All 3D printing techniques are based on the same principle.
A digital 3D model is sliced into many two-dimensional layers
using computer-aided design (CAD) software. It is then converted
to machine language for the 3D printer to execute, as shown in
Fig. 18.1. The 3D-printed objects often require post-processing to
achieve the optimal surface finish, depending on the type of printing
technique and the size of the objects. It is quite different from
traditional manufacturing processes, such as injection molding and
CNC machining, which use various cutting tools to construct the
desired structure from workpieces. In contrast, 3D printing requires
no cutting tools. Objects are manufactured directly on the machine
platform.

3D printing techniques can be classified in a variety of ways, one
of which is by printing materials. 3D-printed materials are widely
used and ever-growing, from plastics to metals, with even food and
live tissues in development. The classification is shown in Fig. 18.2.

3D printing enables manufacturers to produce complex parts with
speed and cost-effectiveness. Prototyping products using 3D printing
technology is used in the research and development stage to fix design
problems before mass production.

In the current paradigm of Industry 4.0, one of the key com-
ponents is big cloud data. With cloud computing, the Internet of

Fig. 18.1. 3D printing principle.



Potential Applications 531

Fig. 18.2. 3D printing classification.

Things (IoT) and artificial intelligence (AI) have become available
and are capable of processing big cloud data. This big data can
be directly transferred to a 3D printer while prototyping without
expensive molding and manufacturing tools. 3D printers play an
important role in Industry 4.0 to create an evolution in the industry
toward intelligent production.

18.2. Agriculture

Scientific research on nanomaterials applied to plant protection or
fertilizer products has extensively increased since 2000. Most of the
patents are released by the United States and Germany, and most
of the scientific articles are published by Asian countries. Carbon-
based nanomaterials contribute ~40% to this field.! The materials
with sizes larger than 100 nm exhibit diverse forms, e.g., solid-doped
particles, polymers, and oil-water-based structures. They often act as
additives and active components. The majority of these applications
are still under development, and a selection of promising approaches
are presented in this section.

18.2.1. Plant growth stimulators and fertilizers

Many studies have reported a positive impact of carbon-based
nanomaterials on plant growth, leading to research on carbon-
based nanomaterial-containing fertilizers. The primary features of
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such fertilizers are based on amendments to mineral and organic
fertilizers with carbon-based nanomaterials. In most cases, carbon-
based nanomaterials act as fertilizer additions, with the aim of
advancing plant nutrient availability, decreasing nutrient losses, and
stimulating plant growth.

Zhai et al. have demonstrated that multi-wall carbon nanotubes
(MWCNTSs) can stimulate the growth of maize and inhibit the growth
of soybean at the exposed doses. The cumulative transpiration of
water in maize was almost twice as much as that in the maize
control. The dry biomass of maize exposed to MWCNTs was larger
than that of maize control.? Nair et al. have studied the effects of
engineered carbon nanomaterials of various dimensionalities (e.g.,
graphene, carbon nanotubes (CNTs), and fullerene (Cgp)) on the
germination of rice seeds. A pronounced increase in the rate of
germination was identified for rice seeds in the presence of some of
these carbon nanomaterials. Increased water content was identified in
the carbon nanomaterial-treated seeds during germination compared
to controls.®> Zhang et al. have shown that graphene at a low
concentration affected the germination of tomato seeds and seedling
growth. Graphene-treated seeds germinated much more rapidly than
control seeds. Analytical results showed that graphene penetrated
seed husks. The penetration might break the husks to facilitate water
uptake, leading to larger germination rates.*

18.2.2. Nanoencapsulation and smart delivery systems

Smart treatment delivery systems in plants, as a promising technol-
ogy for the target delivery of agrochemicals, have many potential
advantages. Nanoparticles tagged with agrochemicals or other sub-
stances could cut down the damage to other plant tissues and the
amount of chemicals released into the environment.® Sarlak et al.
have shown that fungicides encapsulated in MWCNTSs functional-
ized with citric acid had a superior toxic influence on Alternaria
alternata fungi compared to the non-encapsulated bulk pesticide.b
Encapsulated agrochemicals have demonstrated improved stability,
protection from degradation, a reduction in the amount of used
agrochemicals, and increased efficiency of agrochemical usage.
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The techniques of fertilizer broadcasting application in conven-
tional agriculture are often associated with considerable losses of
nutrients by leaching or evaporation. Controlled-release or slow-
release fertilizer broadcasting techniques are developed for changing
the nutrient supply according to the current demand of the plant,
providing many advantages, such as avoiding overdoses, extending
the function time of fertilizers, and counteracting losses by leaching.
Zhang et al. have demonstrated a slow-release fertilizer developed
by encapsulating KNOg pellets with graphene oxide (GO) films.
After the reduced-GO (rGO) shell formed on KNOgz pellets, the
slow-release features of the fertilizer largely improved. The fertilizer
release procedure was prolonged. Even for very soil-mobile nutrients
(e.g., potassium nitrate), encapsulation by rGO considerably makes
the procedure of fertilizer release longer. On the other hand, mass
production of rGO encapsulation seems to be possible at a relatively
low cost.”

18.2.3. Antifungal and antibacterial agents

Low-dimensional carbon-based nanomaterials® 1!

are promising
materials for the development of fungicides owing to their antifungal
properties. Wang et al. have evaluated the antifungal activity
of six carbon-based nanomaterials, including single-walled carbon
nanotubes (SWCNTs), MWCNTs, GO, rGO, Cgy, and activated
carbon, against two important plant pathogenic fungi (i.e., Fusarium
graminearum (F. graminearum) and Fusarium poae (F. poae)).
SWCNTs demonstrated the strongest antifungal activity, followed
by MWCNTSs, GO, and rGO. On the other hand, Cgy and activated
carbon exhibited no significant antifungal activity.'?

Other studies have attributed the antimicrobial activity of GO
sheets to their ability to cause damage to the microbial membrane,

t,137 14 and

disrupt the membrane potential and electron transpor
induce oxidative stress through reactive oxygen species.'®16 The
antibacterial properties of GO are also dependent on the size of
the GO sheets, i.e., larger GO sheets can separate bacteria from

their environment more effectively, exhibiting stronger antibacterial
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activity compared to small GO sheets.!” On the other hand, the
basal plane of GO sheets seems to have an important role in this
antibacterial mechanism because the basal plane, masked by non-
covalent protein adsorption and bovine serum albumin, leads to loss
of antibacterial activity.'® Lin et al. have compared the antibacterial
activity of four types of graphene-based materials (graphite, graphite
oxide, GO, and rGO). Under similar concentration and incubation
conditions, GO dispersion exhibited the highest antibacterial activ-
ity, sequentially followed by rGO, graphite, and graphite oxide.
Li et al. have applied both Gram-positive Staphylococcus aureus
(S. aureus) and Gram-negative Escherichia coli (E. coli) to study
the antibacterial actions of large-area monolayer graphene sheets on
a conductor, Cu, a semiconductor, Ge, and an insulator, SiOs. The
results demonstrated that the graphene sheets on Cu and Ge can
surprisingly inhibit the growth of both bacteria.'®

18.3. Biology

Graphene is formed by carbon atoms bonded by sp? hybridiza-
tion arranged in a hexagonal lattice.?’?®> Up until now, it has
been the simplest form of carbon and the thinnest material fab-
ricated.® 102429 Tt can be synthesized as mono-, few-, or multi-
layer graphite. X-ray diffraction and scanning tunneling microscopy
(STM) techniques reveal the crystal structure of graphene as a
closely packed honeycomb crystal structure.®’ It has stimulated
enormous interest in various fields owing to its unique electrochemical
properties, such as high thermal conductivity (3000-5000 W/mK),3!
high breakdown current density (108 A/cm?),32734 optical transmit-
tance for a wide range of wavelength (97.7%).3%36 Furthermore,
graphene has controllable permittivity and very high hydrophilicity3”
among its other distinctive properties.?®*! The above-mentioned
properties could enable the development of multifunctional biomedi-
cal devices.*?> The graphene family includes several members, such
as monolayer graphene,?”2! graphene oxide (GO),***" reduced
graphene oxide (rGO),* 5% and multilayered graphene (MLG).51:52
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GO has unique intrinsic physical and chemical properties, such as
a large surface area,” % an oxygen-containing functionality,®® high
conductivity,® and better biocompatibility.?® The chemical proper-
ties of GO make it applicable to biosensing,’” bioimaging,’® and
hypothermia capabilities.?® GO exhibits featured characteristics as a
biosensing platform owing to its capabilities for direct contact with
biomolecules (i.e., making a heterogeneous chemical and electronic
structure), the possibility to be processed in solution, and the ability
to be modulated as an insulator, semiconductor, or semi-metal.?”
Kim et al. demonstrated that a hybrid gene carrier fabricated
by conjugation of low-molecular-weight branched polyethylenimine
(BPEI) with GO increased the effective molecular weight of BPEI,
resulting in improved DNA binding, condensation, and transfection
efficiency. Moreover, this hybrid material facilitated sensing and
bioimaging owing to its tunable and intrinsic electrical and optical
properties.®®

On the other hand, pristine 2D graphene containing a single layer
of carbon atoms arranged in a hexagonal lattice, shows superior
properties to GO, e.g., surface area, diameter, thickness, stiffness,
conductivity, as well as mechanical, electronic, thermal, biological,
and optical properties.®®%0-62 These properties, especially biocom-
patibility and quick functionalization, make graphene applicable to
biosensing,% bioimaging,* small molecular drug delivery,®> cancer
treatment,% and being an assuring platform in tissue engineer-
ing.%” With the development of low-dimensional materials (e.g.,
Group IV,%69 Group III-V,!! and transition metal dichalcogenides
(TMDs),” ™ these materials might play important roles in biological
applications in the future.

18.4. Electronic Devices

72,73 and

Power semiconductor devices are applied in power supply
power control applications.” 7 They are characterized by high power
and high speed, which help improve energy conversion efficiency.
Over the years, silicon-based (Si-based) chip design architecture for

power semiconductors has become mainstream.”®”” The emergence
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of a third type of semiconductor materials, such as silicon carbide
(SiC)™ ™ and gallium nitride (GaN),%%:8! has made the application
of power semiconductor devices more diverse and efficient.

Power semiconductor devices are the core devices for power sup-
ply and power control applications, with functions such as reducing
conducting resistance and improving power conversion efficiency.
Among them, metal oxide semiconductor field effect transistors
(MOSFETs)3"33 and insulated gate bipolar transistors (IGBTs)%*
are widely used. Most importantly, both have their own advantages
and disadvantages.

A MOSFET plays the role of power electronic control. According
to the difference in conductivity and channel, it can be divided
into n-type MOS (NMOS),%6:87 p-type MOS (PMOS),3%89 and
complementary MOS (CMOS).%9! In the field of high-power semi-
conductors, various structures of MOSFETS play different roles. The
IGBT element possesses a composite structure: The input end is a
MOSFET structure, and the output end is a bipolar structure. It has
the characteristics of a low saturation voltage and a high switching
speed, but its switching speed is lower than that of the MOSFET.

The main characteristics of traditional Si-based IGBTs are high
voltage resistance and high current. They are mostly used in high-
power, high-current power equipment or power infrastructure, such
as railway power grids®?“% and wind turbines.?®% The disadvantage
is that it is relatively incapable of shrinking. MOSFETSs have the
characteristics of a small driving current and are mostly used in fre-
quency conversion-oriented 3C equipment or consumer 3C products,
such as mobile phone chargers and transformers for small household
appliances. The disadvantage is that they cannot withstand excessive
voltage and current.

In terms of technology development and application, MOSFET
and IGBT have their own pain points to overcome. Due to their
limited physical properties, Si materials have poor tolerance, poor
conversion efficiency, and heat dissipation problems at high voltages,
so they cannot fully meet the demand for new electronic power
products.?® %7 Global warming is becoming more serious, and the
energy policies of various countries are actively moving toward the
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goal of net zero carbon emissions.?® 1% In addition, in response to the
needs of the times, people prefer short, small, light, thin, and easy-to-
carry products, so how to shrink the products is also a major issue.

The rise of the third type of compound semiconductors, e.g., SiC
and GaN, will help solve the difficulties encountered by traditional
silicon-based components. The third type of compound semicon-
ductor has the characteristics of high temperature resistance, high
voltage resistance, fast action, etc., and can be widely used in
high-power, high-frequency, and high-temperature electronic power
systems, such as electric vehicles'®192 and electric vehicle charging
equipment,'%3194 large wind turbines,!%% 1% solar panel inverters,'0”
transformers,'9% 19 and other applications.

The biggest advantage of SiC is its high temperature and high
breakdown voltage tolerance,''%!! while GaN has high stability
and a melting point of up to 1700°.'2 Electrical conductivity and
thermal conductivity are important factors mostly in transformers
and chargers, such as laptops and tablets that require higher voltages,
as well as mobile phone and watch charging products that require
lower voltages, which can effectively shorten the charging time.
The switching speed of GaN components is more than 10 times
that of silicon-based devices.!'' 114 Compared with Si, it is more
suitable for high-frequency and high-efficiency electronic products,
including 5G products. With the 2050 net-zero carbon emission goal
approaching,!1% 116
of fuel vehicles in terms of transportation policies and industry
promotion, driving the overall electric vehicle industry. SiC and GaN
can be used in the automotive industry at the same time, especially
since SiC has advantages in the automotive field. The system
applications of electric vehicles mainly include inverters, onboard

all countries are moving toward the electrification

battery chargers (OBCs), and direct current (DC) transformers.
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Abstract

The first-principles methods,*? phenomenological models,®* and exper-
imental observations®® present a number of merits and drawbacks
under a grand quasi-particle framework. How to solve open issues by
establishing their strong partnerships is one of the near-future research
focuses. Obviously, the mainstream materials are outstanding candidates
in developing more wide, broad and high viewpoints.

Keywords: Open issues, future works.

19.1. Emergent Materials

There is an urgent demand for the development of a number of
atom- and molecule-enriched materials since they are expected to
exhibit rich and unique quantum quasi-particle phenomena, e.g., the
Coulomb-field excitations/decay rates,* " the diversified magneto-
optical selection rules,® and the quantum Hall transports in B,CyN,
compounds,’ composite bilayer heterojunctions,'® binary III-VI!!/
I-V12/TI-VI3 /TI-V /TV-IV!® semiconductor compounds, lithium
oxides'® /sulfides,'” Group-IV nanotubes!® /nanoribbons,'? and their
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chemically modified partners.?’ How to overcome the numerous
barriers, build reliable models, and overcome the experimental
limitations have become the focuses of current and near-future
scientific research. For example, the optical transitions, electronic

excitations, and quasi-particle decay rates of an intermediate config-
21,22 23

25

uration of charging/discharging battery and an adsorption-,

24 and heterojunction-

substitution-,** intercalation-, decoration-,
enlarged?® Moire superlattice with a high number of atoms/molecules
cannot be evaluated through first principles because of too many
decomposed wave functions. The occupied states with numerous
strong energy dispersions below the Fermi level predicted by the
VASP simulations are very difficult to examine using high-resolution
ARPES measurements. Their strong cooperation might be the
only way to reveal the measured three-dimensional (3D) band
structures of the above-mentioned materials. Moreover, a reliable
establishment, which covers the orbital-hybridization-enriched hop-
ping integrals, on-site Coulomb potentials, and the spin-up and
spin-down electron—electron many-body interactions, can greatly
promote the enhancement of a grand quasi-particle framework with
greater merits and lesser drawbacks, as clearly illustrated in a series
of published books.*2 Most of the binary or ternary B,C,N,
compounds have been successfully synthesized in the laboratory.%” 28
Interestingly, their crystal phases clearly show the 3D diamond-,
graphite-, two-dimensional (2D) graphene-, graphene-nanoribbon-,
carbon-nanotube-, and zero-dimensional (0D) carbon-disk-like crys-
tals. Furthermore, there exist the metallic, semi-metallic, and
narrow-/middle-/wide-gap semiconducting quasi-particle behavior,
in which the rich band properties are greatly diversified by the
chemical bondings of multi-/single-orbital hybridizations, spin con-
figurations, dimensionalities, stacking configurations, layer num-
bers, open/closed edges, and periodic/open boundary conditions.
Obviously, such factors play critical roles in other quasi-particle
phenomena, such as the dimension-crossover behavior of layered
ternary B,C,N, compounds with band/optical gaps, Coulomb-
field excitations/de-excitations, quantized Landau levels/Landau
subbands [Refs/Refs], optical/magneto-optical transitions, and Hall
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transport effects. Most of the wide-gap semiconductors belong to
the third-generation ones with special functionalities. However,
buckled honeycomb structures have not been found in experimental
and theoretical studies. Systematic investigations are available for
developing a grander quasi-particle framework.

A bilayer composite, an extension of bilayer graphene
double-walled carbon nanotubes (CNTs),?132 is a specific hetero-
junction. In general, there exist very weak interlayer atomic inter-

29,30 o1

actions, as shown by van der Waals ones between the neighboring
graphitic sheets. Such materials mainly arise from direct bilayer
superposition, e.g., the unusual IV-1V33 and IV-BN.3* Using the del-
icate VASP simulations, graphene-silicene/-germanene/-tinene/—
plumbene bilayer composites!? are predicted to exhibit diversified
quasi-particle phenomena in terms of crystal symmetries, low-energy
band structures, spatial charge densities, and van Hove singularities.
A giant Moire superlattice is formed under a very poor commensurate
case through the buckled honeycomb lattices. It is very sensitive
to the intralayer and interlayer orbital hybridizations, in which the
latter are much smaller than the former, while they play critical
roles in determining the essential quasi-particle properties. The
linear and isotropic Dirac cone valence and conduction subbands
of monolayer graphene clearly show the strong modifications, e.g.,
two pairs of low-lying energy dispersions with simultaneous C-
Si/-Ge/-Sn/-Pb dominances, and the greatly enhanced asymmetry
of hole and electron spectra about the sensitive Fermi level. The
low but observable charge density variations are identified along
the perpendicular direction. The merged van Hove singularities can
reveal the dominating orbital hybridizations, covering the sp?, 2p.-
3p., and sp® bondings in the C-C, C-Si, and Si-Si bonds. On
the other hand, the spin-orbital couplings®® might be non-negligible
for Ge-/Sn-/Pb-related composites. Too many active orbitals will
induce super-high simulation barriers. If the first-principles method
cannot work inr such cases, the development of empirical formulas
becomes very important for the full investigation of the many-
body effects, e.g., the Coulomb-field excitations/de-excitations3®

and the optical transitions in the presence of stable excitons.?73?
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The current theoretical studies only reveal the well-characterized
carbon-carbon interactions for the sp?-dominated graphene-
associated systems. The position-dependent C—-Si, C—Ge, C—Sn, and
C-Pb atomic interactions need to be thoroughly explored in current
and near-future scientific research. The greatly enlarged unit cells
are very useful in verifying the magnetic-flux quantum (a periodic
Aharonov-Bohm effect),*®*! as examined by the graphene-BN
composite.*?

Group-IV materials comprise carbon (C), silicon (Si), germanium
(Ge), tin (Sn), lead (Pb), and flerovium (FT), which mainly have four
active orbitals (2s, 2ps, 2py, and 2p;). In general, natural and man-
made nanostructures might come into existence in many forms, i.e.,
3D, 2D, 1D, and 0D chemical compounds. Among them, quantum
dots (QDs) are artificial crystal phases that present diverse and rich
chemical, physical, and material characteristics. Many significant
factors can determine the essential properties of QDs, including
their range of size, shape, composition, and structures, leading to
manufacturing applications and technology. The variety of uses of
QDs in catalysis, electronics, energy storage, biomedical technology,
and imaging processing requires high-quality QD products with suit-
able physical and chemical parameters. QDs have clearly illustrated
high-symmetry chemical environments and presented diverse quasi-
particle phenomena. They are an achievement of basic and applied
sciences under the strong cooperation among first-principles simu-

3-43 344 and experimental obser-

lations, phenomenological models,
vations.*>46 The systematic studies include those on the optimal
geometries, electronic/magneto-electronic properties, Coulomb-field
excitations or Coulomb decays, optical/magneto-optical excitations,
quantum Hall transports, and phonon spectra. In addition to pure
QDs, chemical modifications play a critical role in the controllable
feature properties of the nanostructural systems. For example, OH,
COOH, F, and H adsorptions on few-layer Group-IV QDs might be
a powerful technique to enhance the essential properties and broaden

their applications. The delicate STM,*"4® RHEED,*’ and TEM*>50
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examinations based on the DFT are urgently required to identify
the position-dependent chemical bonds, which are very useful in
capturing their rich pictures of physics and chemistry.

19.2. Time-Dependent LDA

In the 1960s, Hohenberg, Kohn, and Sham introduced the DFT,
which is based on the concept of using the electron charge density
to replace the N electron many-body systems in the ground-state
electronic structure calculations.’! As a result of how the electrons
are treated in the calculations, traditional DFT is not able to treat
time-dependent problems and thus the excited electronic states.
Later, the time-dependent density functional theory (TD-DF) was
introduced by Runge and Gross in 1984,%2 because of which the
understanding of electronic excited states became possible through
their theory of the linear response. This method was widely used
in the calculation of optical absorption spectra for mainstream
materials in the 1990s owing mainly to its better accuracy and ease of
use. To date, the applications of TD-DFT have grown diversely.?3~56

Following a large number of studies performed in cooperation
by theoretical and experimental scientists, the strengths and weak-
nesses of the TD-DFT emerged.’” 6! TD-DFT has been found to
work best for one-electron excitations, low-energy regions, little or
almost vanished charge transfers, and non-delocalized systems. The
problems of TD-DFT could be related to the exchange-correlation
energy, exchange-correlation potential, and the frequency-dependent
part of the many-body perturbation theory. The first one arises
from exchange-correlation energy, typically due to the geometries
related to bonds forming or breaking in the ground state. The other
problem comes from exchange-correlation potential occurring in the
Franck—Condon region near the ground-state equilibrium geometry.
Some advances have been achieved by numerous scientists in the
most recent years; however, greater functionals are still needed
for extending the applications of TD-DFT. A common use of the
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TD-DFT for photochemistry also needs to be introduced. The studies
of TD-RDMFT indicate that TD-DFT functionals may also act as
variables of the occupation number and the time-dependent phase of
the orbitals.

19.3. Semiconductor Compounds

According to their electronic properties, materials could be classified
into five types (Fig.19.1): (i) p-/n-type metallic materials, which
have a conduction/valence band across the Fermi level and thus are
capable of producing free holes or electrons at low temperatures;
(ii) semi-metals, in which the top of the conduction and bottom
of the valence bands are overlapped and therefore making possible
rich concentrations of electrons and holes surviving simultaneously;
(iii) zero-gap semiconductors, in which the occupied and unoccupied
states touch each other at the Fermi level and thus are without free
carriers; (iv) semiconductors, in which the occupied and unoccupied

n-type metal p-type metal semimetal

NN

Zero-gap semiconductor
semlconductor insulator
X E

Fig. 19.1. The electronic band structures of n-/p-type metal, semi-metal, zero-
gap semiconductor, semiconductor, and insulator.
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states are separated by a gap; and finally, (v) large-gap semicon-
ductors or insulators, which are materials that consist of a very
large bandgap (> 4eV). Among them, semiconductor materials have
attracted great attention in the past several decades owing to their
exceptional physical properties and potential applications. Indeed,
semiconductor compounds clearly reveal diverse physical, chemical,
and material phenomena, such as good engineering in crystal phases,
orbital mixings in spatial charge density distributions, bandgaps,
optical gaps, bound states of stable excitons, prominent absorption
peaks, and van Hove singularities across the Fermi levels.

Initially, the primary material in semiconductor products was
germanium. Later, silicon emerged with superior characteristics, e.g.,
a sizable electronic bandgap and cheaper and more stable than ger-
manium. Such kinds of materials have become the main substances
for the semiconductor industry until now. Silicon, germanium, and
other semiconductors which are made from only one element are
so-called simple semiconductor compounds. Numerous studies have
been done to look beyond simple semiconductors toward new kinds
of materials to satisfy the increasing technological demands. Among
them, compound semiconductors, which are made of at least two
elements, have been receiving considerable attention due to their
physical property values greatly exceeding those of silicon-based
semiconductors.

In general, semiconductor compounds consist of rich composites
of Group-II, -III, -V, -V, and -VI elements. The four active orbitals
of the outermost s, p;, py and p. take part in diverse covalent
bondings and thus greatly diversify the composite quasi-particles,
as systematically shown for ITI-VI semiconductor compounds. In
general, semiconductor compounds could survive in 3D, 2D, 1D, and
0D forms due to the presence of sp3—sp3 hybridizations. Delicate first-
principles calculations and experimental examinations are needed
to check whether the diamond structure, other cubic symmetries,
or graphite-like layered structures can survive in the 3D crystals
of such compounds. For example, binary semiconductor compounds
of gallium, oxygen, and selenium systems are examined to present
the non-diamond cubic symmetry. layered graphitic stackings, and
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buckled 2D honeycomb lattices. There also exits the weak but
very significant interlayer orbital hybridizations in determining the
3D stacking configurations and dimensionality crossing behaviors.
More interestingly, the modulation strategy could be easily achieved
through obvious changes in the different atoms, relative concentra-
tions (ternary/quaternary/pentanary compounds), stacking configu-
rations, and layer numbers. In addition, the chemical modifications
and physical perturbations, as discussed earlier, are able to create
more composite quasi-particle phenomena and thus expand their
framework.

19.4. Inter-Metallic Compounds

The ternary intermetallic compounds of RE;T3X5, where RE =
rare-earth elements, T = transition metals, and X = Ga, Si, Ge,
or Sn, present rich features and unique fundamental material,
chemical, and physical properties. Examples include the anoma-
lous magnetoresistances, the diverse stable geometric phases, the
meta-magnetic transitions or the antiferromagnetic/ferromagnetic
spin configurations, the unusual superconductivity behaviors in the
transition-temperature range of T, ~ 1—10 K, the oscillatory valence
and conduction energy spectra along the high-symmetry points
with significant band overlaps, and the charge density waves.62 70
The well-developed first-principles calculations are capable of clearly
exhibiting the quite complicated essential properties due to the large
number of atoms present in a primitive unit cell of such materials, the
critical multi-orbital hybridizations of the different chemical/metal
bonds, and the RE/T atom-induced spin configurations.®? 71
Among the different kinds of inter-metallic compounds, the
UyCo3Sis type™ 7
tetragonal ScoFe3Sis type
well as very few cases in the orthorhombic YoRh3Sns and YboPt3Sns

includes the meta-stable compounds of the

7477 and the monoclinic LuyCo3Sis type, as

types.77*80 Specifically, their geometric structures possess a large unit
cell with many atoms, where the various kinds of chemical bondings
can provide non-uniform chemical environments, resulting in high
numerical barriers to identifying the concise multi-/single-orbital
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hybridizations in various chemical/metallic bonds and the spin-
dependent ferromagnetism or antiferromagnetism through the den-
sity functional theory. The well-developed theoretical framework,
which is presented in the current book, would be useful for fully
exploring the diversified geometric, electronic, and magnetic proper-
ties of the intermetallic REsT3X5 compounds.

For all the ternary intermetallic compounds, the critical mech-
anisms could be thoroughly examined from their optimal lattice
geometrics, atom- and spin-dominated energy bands, spatial charge
bonding schemes, spatial spin densities, magnetic moments, and
atom-, orbital- and spin-projected van Hove singularities, in the
current and future investigations. Interestingly, the specific chemical
bonds and orbital hybridizations will be proposed to determine the
valence and conduction band overlaps across the Fermi level. Specif-
ically, the seven/five/three/one categories of 4f/3d/3p/3s orbitals in
rare-earth /transition-metal /Si/Si atoms might pose high barriers to
numerical calculations under the projections of Bloch wave functions.
Moreover, it might be almost impossible to characterize the low-
energy electronic structure using the tight-binding model with a high-
dimensional Hamiltonian matrix.

19.5. Ion Transports

It is well-known that secondary batteries have become increasingly
important for industrial products, particularly electronic devices and
electric vehicles. The combination of the cathode, anode, and elec-
trolyte materials might contribute to enhancing the efficiency of ion-
based batteries.® "8 During the charging and discharging processes,
the existence of intermediate crystal structures and the ionic or
electric states require systematic research. The crucial mechanism of
charge flows will determine the ion transports and electrons moving
into and out of electric circuits. For instance, in lithium-ion batteries,
the cathode is typically made from chemical compounds, with recent
examples being lithium-cobalt oxide (LiCoO2)% and lithium iron
phosphate (LiFePO,),%%8" while the anode component is generally
made from carbon (graphite), and the electrolyte varies from liquid,
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solid, and polymer materials. In the charging process, lithium ions
migrate from the cathode to graphite (anode) through the electrolyte.
Due to the chemical interactions, lithium ions will tend to combine
with other ions and form neutral atoms. It means that at the negative
electrode, ion transport might play a minor role in forming chemical
and physical properties. On the other hand, building a comprehensive
theoretical framework to understand the vital mechanism of ion
transport might become a crucial problem in basic and applied sci-
ences. To date, physical numerical analyses and X-ray measurements
are available to identify the crystal structures. However, they are not
sufficient to investigate the whole main characteristics because their
concerns are about the measurements of higher lattice structures in
a few stable or metastable configurations. The dramatic transfor-
mations of various intermediate structures based on ion migrations
might become a fascinating topic to classify. The basic principles
of quantum mechanics show the importance of combining diverse
physical pictures to fully investigate condensed-matter systems. For
example, the Heisenberg picture and Kubo formulas of perturbation
theory can be used to understand many-body scattering. Signifi-
cant scatterings between charged ions might determine the diverse
charge distributions, which play a critical role in evaluating the
ion transports of various secondary batteries. These issues might
be interesting topics for near-future studies, which require many
endeavors from theoretical and experimental researchers.

19.6. Solar Cells

To date, solar cell systems are useful to study in basic sciences of
properties and applications.® 9% Indeed, their environment friend-
liness, high power conversion efficiency,’» and special process
of converting the energy of light into electrical energy have been
investigated successfully.?®% In addition to the above merits of
solar cells, they have some drawbacks, such as seasonal energy
availability, a high upfront cost, installation requirements, and

location sensitivity.'0"
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Among the different kinds of solar cells, perovskite solar cells
are one that consists of an absorber layer sandwiched between the
electron- and hole-transport layers.'%1:192 This core component effi-
ciently absorbs the external electromagnetic (EM) waves or photons
and leads to a number of electron—hole pairs due to vertical optical
transitions. Apparently, the featured optical properties are strongly
dependent on the main characteristics of the electronic energy spectra
and wave functions, such as the threshold absorption frequency and
its relation with bandgap, the prominent structures connected with
the joint van Hove singularities, and the hole—electron pair (excitonic)
interactions.!%3

How to establish a relationship among the featured chemical
and physical properties is worthy of systematic investigation. Our
frameworks provide similarly reliable verifications of different prop-
erties that require high-precision experimental measurements. For
example, the X-ray diffraction (XRD) peaks!'®* 105 and the angle-
resolved photoemission spectroscopy (ARPES)!6:197 measurements
of the occupied energy spectrum can examine the crystal symmetry
and the energy gap in the band structure, respectively. The scanning
tunneling spectroscopy (STS) can confirm the van Hove singularities
in the density of states (DOS). The reflectance, absorption, transmit-
tance, and photoluminescence spectra could be tested using optical
spectroscopies. 07,108

Until now, the metal halide perovskites with the general
formula of ABX3 (A = cation, B = metal cation, and X = halide
anion) are interesting candidates and are expected to exhibit out-

109,110

standing properties.''' 113 Such perovskite solar cell systems should
be considered in the current development of the quasi-particle
framework, 14115 such as CsGeX3 (X = Cl, Br, or I), BiFeO3, and
BaTiOs,116-122

19.7. Hydrogen Energy

Rapid developments around the world have led to an increase in
energy demand. For decades, fossil fuels were considered the most
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common source of energy. However, they are a non-renewable source
of energy, and their burning also causes many problems for our
planet, such as the greenhouse effect, acid rain, ozone depletion, and
pollution of the atmosphere. The above disadvantages of fossil fuels
have promoted the introduction of many other types of alternative

126-128 and hydrogen. 129-131

energy sources, such as wind,'?>7125 solar,
Among them, hydrogen energy systems are considered an effective
solution to replace the current fossil fuel system because their
combustion does not produce harmful gases and causes little or no
environmental pollution. Besides, they are also a renewable energy
source, which will create a permanent energy system that helps
reduce replacement costs after a long time of use.

There are many different hydrogen energy production processes,
such as water vapor conversion of natural gas, catalytic decomposi-
tion of natural gas, partial oxidation of heavy oil, coal gasification,
and steam gasification of coal. These processes have all reached com-
mercially exploitable levels. Besides, many processes are still in the
research and development stage. Specifically, at present, most of the
world’s hydrogen energy is still obtained from the main natural gases,
namely methane, which predominates. Hydrogen energy production
is a catalyzed methane conversion. In addition, water electrolysis
is also one of the most interesting hydrogen production processes
today. The three main technologies in this electrolysis process include
alkali, polymer film, and ceramic oxide electrolysis. Theoretically,
photoelectrochemistry is seen as a viable method to directly convert
solar energy into hydrogen as a storage source. In the fields of high-
temperature thermochemistry and photochemistry, the use of solar
quantum and thermal photons is a huge step forward in technology.

Compared with other types of energy, hydrogen is of interest
because of its significant advantages. First, hydrogen is the easiest
fuel to transport compared to other fuels, such as gasoline or alcohol.
Second, unlike chemical fuels that are only converted into useful
energy through combustion, hydrogen energy is converted by many
different processes, which makes hydrogen the most versatile energy
source. In addition, the efficiency of this type of energy is higher
than that of fossil fuels (about 39%). In other words, this is the most
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energy-saving form of energy. In terms of safety, hydrogen is very safe
because it limits the possibility of fire or explosion, like with gasoline
and oil.

Besides the benefits of hydrogen energy, to develop a hydrogen
economy, scientists need to make constant efforts to improve hydro-
gen storage technology. Currently, the most commonly used hydrogen
storage methods are gaseous high pressure or liquid; however, these
methods are no longer suitable for future use. Therefore, we must
focus on the research and development of more advanced methods,
such as the use of metal-organic framework hydrides and carbon
materials. The studies performed on metal hydrides to improve their
gaseous hydrogen storage properties and electron chemistry (in terms
of kinetics, cyclic stability, pressure, and thermal response) depend
on the composition and properties of the alloys.

4,132 graphene has been considered

Since its discovery in 200
a good candidate for hydrogen storage applications because of
its specific surface area. Hydrogen can interact with graphene
surfaces by physical or chemical absorption. The physically absorbed
hydrogen exhibits very fast kinetics due to the London force'3? but
is thermodynamically not very stable because the binding energy
with the graphene surface is small. On the other hand, chemically
absorbed hydrogen can be stored very efficiently due to its strong
interactions with graphene layers. In this case, we can design
efficient storage materials, where the bottleneck is the reversibility
of the adsorption process. In addition, using the scanning tunneling
microscopy (STM)'3* technique has further extended the study of the
adsorption and release of hydrogen atoms on monolayer graphene as
a function of the curvature of the atomic layer. These measurements
confirm that by controlling the local curvature of the graphene layers,
we can create a promising material for hydrogen storage applications.

19.8. Group-Iv Nanotubes and Nanoribbons

Single-walled nanotubes comprising carbon, silicon, and germa-
nium with non-uniform curved surfaces are formed under strong
competition between atomic interactions and mechanical strains.
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Their geometric structures exhibit various diversities, such as chiral
and achiral systems. The achiral systems can be further categorized
into two types: armchair nanotubes and zigzag nanotubes. There
are obvious differences in the appearances of the two, which are
observable from their top and side views. Both nanotubes show vari-
ous electronic properties, including semi-metallic and semiconducting
characteristics. Each optimal structure possesses a spiral profile after
self-consistent relaxations. The total energy exhibits declining and
fluctuating behaviors with the increase in chiral vectors and the
size of tubs because of the decreased curvature variations. Armchair
nanotubes exhibit lower total energy values per atom compared with
zigzag nanotubes.

Armchair and zigzag systems have the significant orbital
hybridizations related to the 2D layer materials, leading to unusual
low-lying energy dispersions and bandgaps. Armchair CNTs show
gapless behavior due to their symmetric geometry. Other kinds
of armchair nanotubes, such as silicon and germanium, exhibit a
semiconducting behavior. The gap values scale as 1/r? with the
increase in radii. The appearance of an energy gap in silicon and
germanium nanotubes is due to the buckling structures. These
buckling systems cause the tubular hollow structures to become
unsymmetrical and further appear in the bandgap near the fermi level
Er = 0. Owing to the small size of silicon and germanium nanotubes
(Si(5,5) and Ge(5,5)), the gap values do not follow the scaling law of
1/r? because of the large curvature of the small-sized nanotubes.

Zigzag CNTs can be either metals or semiconductors, depending
on the chiral vectors (m, n). If m +n = 3¢, where ¢ is an integer
is, it is a metal; if m + n # 3q, it is a semiconductor. Other zigzag
silicon and germanium nanotubes do not have a regular appearance
like the zigzag carbon ones.

Tubular structures are one of the most fascinating materials.
Since CNTs were first created experimentally in 1991, they have
aroused great interest due to their specific electronic properties.
Other tubular structures, such as silicon and germanium nanotubes,
have also subsequently been fabricated successfully a few years later.
A wide array of their features have been investigated, such as their
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mechanical, electrical, and optical properties and thermodynamics.
However, there are still some interesting topics which can be further
discussed. Adatoms on tubular structures can be classified into two
types: adsorbed and substituted. The former focus on the interaction
of adatoms and tubular structure atoms. The latter, combined with
other atomic structures, can influence the covalent interaction and
orbital hybridization. The application of electric field to tubular
nanostructures is another interesting topic for investigation. The
intensity of the electric field could induce the electrical properties
of tubular nanostructures and further expand their applicability.
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The current book is successful in expanding a grand quantum quasi-
particle framework though delicate first-principles calculations and
analyses of the chemical modifications of mainstream materials. The
strong partnerships between phenomenological models and experi-
mental observations are established in detail. All significant orbitals
from the outermost (s, ps, Py, pz), five types of 3d/4d/5d/6d and
seven types of 4f/5f are thoroughly identified to dominate the multi-/
single-orbital hybridizations and ferromagnetic/antiferromagnetic
spin configurations under chemical adsorptions, intercalations, sub-
stitutions, decorations, and heterojunctions. The concise pictures
of physics and chemistry directly reflect the featured quasi-particle
properties: the position-dependent crystal symmetries, the atom-
and spin-dominated band structures, the spatial charge/spin-density
distributions, the atom- and spin-decomposed magnetic moments,
the atom-, orbital-, and spin-decomposed densities of states, and
the prominent absorption peaks associated with the photon—orbital
couplings. The drastic changes in orbital probability distributions
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(the dramatic transformations between the spherical and highly non-
uniform charge densities) and the merged van Hove singularities are
very useful in verifying the critical mechanisms in chemical bonds.
A number of potential applications and open issues are discussed
in detail. The basic and applied sciences require close combina-
tions, especially for functional chips with many semiconducting
components. Similar studies could be generalized to other main-
stream materials, e.g., binary semiconductor compounds and ternary
lithium oxides/sulfides, solar cells, and hydrogen energies. The time-
dependent intermediate crystal phases of cathode/electrolyte/anode
materials in ion-based batteries need to be thoroughly investigated
under the first-principles method and molecular dynamics. Theoret-
ical models are urgently needed to explain stationary ion transports.
Their near-future researches can greatly promote the quasi-particle
development in a series of published books and be helpful for the
establishment of an international quantum quasi-particle center.
The delicate first-principles calculations have successfully identi-
fied the concise multi-orbital hybridizations and spin configurations
due to the 14 kinds of active orbitals. All the active bondings are
as follows: (1) (2s, 2ps, 2py) — (2s, 2pg, 2py) and 2p,—2p, for a
planar carbon-honeycomb crystal, (2) (3s, 3ps, 3py, 3pz) — (38, 3pa,
3py, 3p-) for a buckled silicene/3D silicon, (3) 2p,—2p. interlayer for
the weak but significant van der Waals interaction, (4) 2p, — (d,z,
dg2_y2, dyz, dog, dgy) for the interlayer carbon-transition-metal inter-
action, (5) (d,z, dxz_yz, dyz, dzz, dxy) — (d,e, dxz_yz, dyz, dzz, dzy)
for the intercalant-intercalant interaction, (6) 2p. — (f3, .2, f;.2,
fryzs fo@2—y2) fo@2—y2)s fa@2—3y2)) for the interlayer carbon-rare-
earth-metal interaction, (7) (f,3, 5.2, f.2, foysy foe2—y2)s fo@r—y2),
fx(m2_3y2)) - (fms, fxz2, fyz2, fmyz, fz(mQ_yQ), fx(mQ_yQ), fx(m2_3y2)) for
two rare-earth-metal atomic interaction, (8) (2s, 2ps, 2py, 2p.) —
(dy2, dy2_y2, dys, dua, dgy) for the 2D dominating/3D carbon-
transition-metal bonds, and (9) (2s, 2ps, 2py, 2p.) — (fi3, f..2,
fy22, foyes Lo@2—y2)s fa@2—y2)s fa@2—3,2)) for the 2D dominating/3D
carbon-rare-earth orbital hybridization. The critical mechanisms,
which are achieved under a unified quasi-particle framework, are
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responsible for the featured energy spectra, the orbital- and spin-
enriched wave functions, the unusual van Hove singularities, the
unique optical transitions with/without excitonic effects for the
semiconducting/metallic cases, and the diverse quantum phonons.
The low-lying valence and conduction energy subbands are useful
in establishing the tight-binding/generalized tight-binding model.
The orbital-hybridization-dependent hopping integrals and on-site
ionization energies and the Hubbard-like spin-induced electron—
electron Coulomb interactions play critical roles in the Hamiltonian.
The first-principles predictions require high-resolution experimental
examinations, such as X-ray/STM/TEM/RLLED, ARPES, STS,
and reflectance/absorption/transmission/photoluminescence spec-
troscopies, respectively, corresponding to crystal structures, occupied
energy spectra, energy-dependent densities of states, and optical
properties. The close relations among the first-principles method,
phenomenological models, and experimental observations are suc-
cessfully established in this book.

Based on detailed calculation results, we conclude that the
magnetic and electronic properties of graphene are enriched and
diversified after Mn and Cr adsorption. After optimization, both Mn
and Cr prefer to be adsorbed at the hollow sites rather than at the
top or bridge sites. There exists a strong and complex hybridization
between the orbitals of the transition metals and graphene, which can
be clearly seen in the graph of the density of states and the charge
and charge density difference. Besides, the band structure shows that
the adsorption of Mn and Cr can change graphene from behaving as a
semiconductor with zero bandgap to a metallic one. In addition, the
separation of spin states in the band structure and density of states
and the positive magnetic moment and spin distribution indicate
that the adsorbed graphene has a ferromagnetic configuration.

The rare-earth metal La/Ce-adatom adsorptions on monolayer
graphene described in Chapter 4 have clearly indicated the diverse
modification phenomena through an enlarged quasi-particle frame-
work. The composite quasi-particles, which are very complicated
in the delicate VASP simulations, are thoroughly examined in



576  Chemical Modifications of Graphene-Like Materials

the unique adsorption structures (the hollow-site positions without
the buckled carbon honeycomb), the semiconductor-metal transi-
tions under the stronger electron affinity of guest adatoms, the
blueshifts of the Fermi level (the distinct Fermi surface), the
spin-degenerate/spin-split hole and electron energy spectra with
C and La/Ce dominances within the specific ranges, the van-
ishing/finite magnetic moments with the C-sp3- and La-d®/Ce-
f"-decomposed contributions (the zero/net spin polarizations), the
highly non-uniform and anisotropic charge density distributions in
the presence of many active orbitals of C-sp® and La-d®/Ce-f’
orbitals, the spin-up and spin-down spatial configurations under
the Ce adsorption cases, the atom-, orbital-, and spin-enriched
van Hove singularities (the merged structures associated with the
orbital mixings through the same spin-up/spin-down configurations),
and the optical transitions of the dielectric function, energy loss func-
tion, reflectance, and absorption coefficient (the special orbital
hybridizations for each prominent transition from the initial and final
states). These featured properties are consistent with one another,
making them very useful in identifying the concise pictures of
charge- and spin-dependent interactions. The well-defined Hubbard
model and the generalized tight-binding model need to be urgently
developed in near-future scientific researches for further verifications
and developments of the critical mechanisms. The current chemical
adsorptions are totally different from the alkalizations, hydrogena-
tions, oxidizations, and halogenations since only La- and Ce-related
graphene adsorptions, respectively, present the almost perpendicular
bondings of 2p.,—2p. and (2s, 2p,, 2py) — (2s, 2ps, 2p,) (the
almost perpendicular m and ¢ bondings in the absence of honeycomb
buckling), 2p, — (fzy, fyzz, f.3, f,.2, fz(x2_3y2), fr(x2_3y2), fy(y2_3m2))
and (fmyz, fyz2, f.5, f,.2, fz(r2_3y2), fr(x2_3y2), fy(yz_gmz)) through the
C-C and C-La/C-Ce bonds. More interestingly, the orbital- and
spin-enriched composite quasi-particles are thoroughly illustrated
by the seven kinds of f7 orbitals and non-magnetic/ferromagnetic
spin configurations in the La-/Ce-based materials. Similar studies are
urgently needed in the current and near-future scientific researches,
e.g., the extremely observable ranges of the magnetic moments and
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the blueshift Fermi level for all rare-earth and transition metals
under various chemical modifications. The above-mentioned phe-
nomena could be greatly diversified through chemical adsorptions,
substitutions, intercalations/de-intercalations (charging/discharging
processes in ion-based batteries), decorations on open edges, hetero-
junctions, and compositions.

Through the quasi-particles framework implemented in VASP
calculations, the structural, electronic, and optical properties of
the 4d transition metal-intercalated graphite were investigated, as
discussed in Chapter 5. The structural features indicated the modifi-
cation of Zr/Nb intercalation, resulting in non-uniform environments
in the system and charge density. The electronic properties of
GICs were also adjusted based on the effect of the intercalants,
indicating metallic behavior, and the strong dominance of Zr and
Nb in the conduction band and the energy band near the Fermi
level. Importantly, the induced magnetism was present in the system,
demonstrating the main contribution of these transition-metal atoms
to magnetic behavior. The optical properties, as shown in absorption,
reflectivity, and refraction, also displayed the effect of intercalants in
the system compared to pristine graphite. In addition, the strong
hybridization of s-, p- orbitals and s-, d- orbitals of C and Zr/Nb
atoms, respectively, was significantly exhibited, corresponding to the
hybridized C-C and C—Zr/C-Nb bondings. The results portray the
similarities and distinctions with alkali intercalation into graphite,
indicating the unique and interesting properties of transition-metal
atoms in intercalated compounds.

The delicate VASP simulations and analyses are very use-
ful in exploring the intercalation effects of graphite rare-earth
metal compounds, especially for the magnetic seven-5f orbitals. A
wider /broader/deeper quasi-particle framework is clearly revealed in
Chapter 6 through the close superposition of complicated orbital
hybridizations and Pa-/U-initiated ferromagnetic spin-density dis-
tributions. The concise mechanisms of chemistry and physics are
thoroughly examined from the unified results: the stage-n periodic
structure with the planar carbon-honeycomb lattices and intercalant
layers, the featured band structures and wave functions due to
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the significant intercalant and zone-folding effects (many strong
energy dispersions and more critical points in the energy—wave-vector
space), the ferromagnetic metals in the presence of multi-Fermi
surfaces, the sensitive atom dominances at different energy ranges,
the subband non-anticrossings of n- and o-electronic states, the
intralayer o /m and Pa-Pa/U-U bondings and the interlayer C-P/C—
U and van der Walls interactions, the atom- and orbital-decomposed
magnetic moment, the intercalant-based spatial spin-density distri-
butions, the atom-, orbital-, and spin-projected density of states,
and the spin-dependent dielectric functions and energy loss spectra.
More interestingly, the very complicated multi-orbital hybridizations
include (I) C-Pa/C-U about (2s, 2ps, 2py, 2pz) — (5f,3, 5f, .2, 5f, .2,
5fmyz, 5fz(m2_y2), 5fx(m2_y2), 5fm(x2_3y2)), (2) Pa—Pa/U—U for (5fx3,
5f,.2, 5fyz2, 5fmyz, 5fz($2_y2), 5fr(x2_y2), 5fx(m2_3y2)) - (5fx3, 5f, .2,
5fyz2, 5fzy2, 5fz(r2_y2), 5fr(x2_y2), 5fr(x2_3y2)), (3) the intralayer C-C
(28, 2pg, 2py) — (2s, 2pga, 2py) and 2p,—2p., and (4) the interlayer
2pz—2pz hybridizations. All orbital hybridizations, which are fully
supported by the spin-density distributions, are rather helpful for
developing the tight-binding/generalized tight-binding model, in
which the orbital-dependent hopping integrals and on-site ionization
energies and the spin-related electron—electron Coulomb interactions
(the Heisenberg-like ones) are required as the reliable parameters.
The first-principles predictions on the optimal stage-n layer struc-
tures, the ferromagnetic valence and conduction subbands and spin-
split multi-Fermi surfaces, and the spin-dependent dielectric func-
tions/energy loss function/reflectance spectra/absorption coefficients
in the absence of excitonic effects could be verified, respectively,
using the X-ray diffractions/RLLED, the spin-polarized ARPES, and
the spin-polarized optical reflectance/absorption/transmission spec-
troscopy. Similar studies could be generalized for the intercalation
effects of layered materials, e.g., the binary/ternary semiconductor
compounds of GaS/GaSe/GaTe and InS/InSe/InTe. These scientific
studies can greatly enhance the composite quasi-particles, espe-
cially for effective optical excitations associated with the significant
atom/orbital/spin dependences of the initial and final subband
states. More interestingly, the Coulomb-field perturbations need to
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be thoroughly investigated in the current work, in which the time-
dependent LDA is partially supported by the phenomenological mod-
els. The many-body electron—electron Coulomb interactions could be
fully understood from the diverse (momentum, frequency)-excitation
phase diagrams or the featured electron—hole pair excitations and
plasmon modes.

Chapter 7 thoroughly investigated the crucial properties of
substitution systems. The four outer orbital hybridizations (2s,
—y2s gy,
5dy., 5dy., 5d,2) of transition metals play substantial roles in
determining the rich properties of modification systems. The optimal
stability structures show fascinating buckling structures, mainly
originating from the complicated chemical bonds of transition metals
with carbon and among the carbon atoms. Tungsten (W), osmium
(Os), and platinum (Pt) substitution systems reveal semiconducting

2p2, 2py, 2p.) of carbon and the six orbitals (6s, 5d,2

behavior, whose bandgaps are in the range of 0.22-0.40 eV, depending
on the atoms and (4 x 4) or (5 x 5) supercells, while Iridium
show a semi-metallic feature with a direct bandgap of 0.04eV. The
significant magnetic properties depict spin-split band structures, the
spin configurations of the Heisenberg model, and diverse insensitive
van Hove singularities with spin-up and spin-down configurations.
Importantly, nine prominent peaks appear in the case of the W (1:31)
case, resulting from the various transitions from the band-edge states
and their strong combination with the joint densities of states.

The rare-earth element La/Gd-adatom substituted in monolayer
graphene has clearly illustrated the diverse modification phenomena
in its structural, electronic, and magnetic properties through an
expanded quasi-particle framework, as further developed in a series of
published books. The composite quasi-particles, which are very com-
plicated in the delicate VASP simulations package, are thoroughly
examined through a unique substitution in the carbon honeycomb of
a graphene sheet. In addition, the spin degeneracy/spin split of hole
and electron energy spectra with the C and La/Cd dominances within
the specific ranges, the vanishing/finite magnetic moments of the C-
sp?- and La-d5/Gd-f7-decomposed contributions (the zero/net spin
polarizations), the highly non-uniform and anisotropic charge density
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distributions in the presence of many active orbitals of C-sp?- and La-
ds-/Gd-f7-orbitals, the spin-up and spin-down partial configurations
in the Gd-adsorption cases, the atom-, orbital-, and spin-enriched
van Hove singularities, the merged structures associated with the
orbital mixings through the same spin-up/spin-down configurations).
These featured properties are consistent with one another, making
them very useful in identifying the concise pictures of charge and
spin-dependent interactions. The current chemical substitutions are
totally different from the alkalizations, hydrogenations, oxidizations,
and halogenations since only La- and Gd-related graphene sub-
stitutions, respectively, present the almost perpendicular bindings
of 2p,—2p. and (2s, 2p,, 2p,) — (2s, 2ps, 2py) orbitals. Besides,
2p. — (4d,2, 4dg2 2, 4dgy, 4dy., 4de.) — (4d,2, 4d,2_ 2, 4dyy,
4dy., 4d,.) and (4d,2, 4d,2_,2, 4dyy, 4dy., 4d,.)/2p. — (4f,s, 4F, 2,
4fy22> 4fxyza 4fz(r2—y2)> 4fx(m2—3y2)7 4fy(3m2—y2)) and (4fx37 4fx227 4fy227
4fxyz, 4fz(x2_y2), 4fx(m2_3y2), 4fy(3x2_y2)) - (4fx3, af 2, 4fy22, 4fxyz,
A (22_y2), M2 342, 4y (322—y2)) form through the interaction of C—
C, C-La/C-Gd, and La—La/Gd—Gd bonds. On the other hand, the
orbital- and spin-enriched composite quasi-particles are thoroughly
illustrated by the five kinds of d® orbitals and seven kinds of 7
orbitals and the non-magnetic/ferromagnetic spin configurations in
the La/Gd-substituted graphene. As for experimental examinations,
most of the current techniques are available for achieving simultane-
ous progress, such as high-precision measurement using STM/TEM,
non-/spin-polarized ARPES, REELS, non-/spin-polarized STS, and
optical transmission spectroscopy. Whether the phenomenological
models are worthy of further development and need to be evaluated
in detail because of the very complicated multi-hopping integrals,
the on-site ionization potentials, and the spin-up and spin-down
electron—electron Coulomb interactions.

The transition-metal atoms, which possess 5d orbitals, make
great contributions to the compounds in low-lying energy, such as a
number of many merged structures of the atom-, orbital-, and spin-
projected van Hove singularities, the atom- and orbital-decomposed
magnetic moments, the Ta-/W-induced spin arrangements, and the
spin-enriched optical transitions in dielectric functions. The critical
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properties of the transition-metal-edged decorations arise mainly
from the orbital hybridizations of host—guest, host—host, and guest—
guest atoms. In addition, the bonding of C—-C includes 2p,—2p..
Moreover, according to the spatial spin distributions, the interaction
of spin just appears between transition-metal atoms, irrespective of
the system being an armchair or zigzag type. Based on the calculated
results, the C-2p, and five 5d orbitals almost co-dominate the
physical and chemical properties of the transition-metal-decorated
graphene nanoribbons within the low-lying energy. In summary, the
quasi-particle properties, including spin-split orbitals and optical
properties, have been seldom studied in the past years. It is very
difficult to fully and accurately investigate the transition-metal-based
compounds due to the five complicated 5d orbitals: (5d,y, 5d,., 5d.2,
5dyz, bd,2).

The specific heterojunctions, which frequently arise in composite
compounds, are outstanding candidates for providing the diversified
quasi-particle phenomena and thus developing a grander framework.
For example, layered Group-IV systems as well as binary and ternary
semiconductor compounds of ITI-VI/III-V/II-VI/II-V/IV-IV, have
been successfully grown on various substrates. Furthermore, the
composite cathode/electrolyte/anode materials clearly illustrate the
stationary ion transport through real boundaries during the charging
and discharging processes of ion-based batteries. Such mainstream
materials, at least, present three different orbital-hybridization /spin-
modulation regions because of the creation of significant host—
guest chemical bonds within the complicated boundary. Generally,
there exists a Moire superlattice with a number of active atoms,
even in a commensurate crystal environment. This will lead to a
giant barrier in the VASP simulations and delicate analyses. All
calculated results, which are consistent with one another within
an expanded framework, are available for achieving the critical
mechanisms associated with charge- and spin-dependent interac-
tions. The concise chemical bondings and the lattice-site-dependent
spin-density distributions are mainly determined from the opti-
mal crystal symmetries, the featured band structure and wave
functions with strong atom and spin dependences, the atom- and
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orbital-projected magnetic moments, the spatial charge/spin-density
modulation distribution along the top and side views, the merged
structures of the atom-/orbital-/spin-decomposed van Hove singu-
larities, and the orbital- and spin-enriched optical excitations in
the presence/absence of excitonic effects. In Chapter 11, monolayer
and bilayer graphene systems on Pt[111] are chosen for a model
study. Their fundamental properties are expected to reveal dramatic
transformations under the strong multi-orbital hybridizations and
spin-created many-body interactions, e.g., the low-lying valence and
conduction energy subbands due to Moire unit cells. It should
be noted that a too thick substrate would become meaningless
in the theoretical simulations since their electronic states cannot
escape from the surface even under the high-resolution measurement
of ARPES.

Chapter 11, which focused on the graphene—platinum com-
posites, is very successful in expanding the quantum quasi-
particle framework through unusual modulations of the spatial
charge/spin-density distributions. The delicate first-principles sim-
ulations and phenomenological analyses can solve very complicated
multi-orbital hybridizations. Such strategies are rather suitable for
semiconductor-metal, metal-metal, semiconductor—semiconductor,
and cathode/electrolyte/anode composite compounds. A number
of unusual heterojunctions, which possess highly non-uniform
chemical /low-symmetry physical environments, frequently come to
exist in the successful sample syntheses on the various substrates
and the combined materials of the commercial products. Their
rich and unique quasi-particle phenomena are thoroughly explored
using first-principles simulations, but not the phenomenological
models. The concise physics/chemistry pictures are closely related
to the featured quasi-particle behaviors, namely: (I) the highly
active crystal environments through the intralayer/interlayer C-C
and Pt-Pt bonds and C-Pt bonds at heterojunction, (II) the
atom- and orbital-dominated electronic wave functions, (III) the
unusual modulations of metallic bondings along the longitudinal and
transverse directions, (V) many merged van Hove singularities from
the multi-orbital hybridizations within five kinds of chemical bonds,



Concluding Remarks 583

and (VI) the prominent absorption structures in the imaginary-part
dielectric functions associated with the specific orbitals about the
initial and final states and the high-frequency plasmon peaks in
the screened response functions. Specifically, the redshift of the
Fermi level could be estimated from the minimum density of states
close to or below Er and the optical gap. The thorough analyses
clearly present (1) (2s, 2ps, 2py) — (2s, 2psz, 2py) & 2p.—2p.
perpendicular to each other for the C—C bonds on a planar carbon-
honeycomb crystal, (2) the interlayer van der Waals interactions of
2p.—2p. mixings, (3) 2p. — (5d,2, 5d,2_,2, 5dy., 5d.z, 5dgy, 6s)
for the carbon-transition-metal heterojunction, and (5d,2, 5d,2_,2,
5dyz, 5d.z, 5dyy, 6s) — (5d,2, 5dy2_y2, 5dy., 5d.s, 5dgy, 6s) within
the metallic substrate. More interestingly, the metallic bondings
mainly come from the neighboring platinum atoms, reveal strong
modulations near the two-subsystem boundary, and then exhibit
a massive decline within the very strong covalent o bondings
of honeycomb lattices. The atom- and position-dependent spin-
density distributions clearly illustrate the sensitive modulations of
ferromagnetic configurations. The physical perturbations (detailed
in Section 2.2; Refs) are expected to be very efficient in driving
the quasi-particle response abilities. It should be noted that carbon
and platinum atoms in the heterojunctions, respectively, display (2s,
2Pz, 2py, 2p.) and (5d,2_,2, 5dy., 5d.z, 5duy, 6s). The delicate
VASP studies are very reliable for analyzing the unusual hetero-
junctions, including semiconductor—semiconductor/semiconductor—
metal /metal-metal composites and the cathode/electrolyte/anode
linked materials within the ion-based batteries. As to experimental
observations, the high-resolution STM/TEM/RLEED/X-ray and
optical spectroscopies can, respectively, verify the first-principles
predictions on crystal structure, occupied quasi-particle energy
spectra, van Hove singularities, and single-particle and collective
excitations. However, the proper establishment of phenomenological
models would become very difficult under the rich and unique
orbital- and spin-dominated interactions, even with strong first-
principles cooperation. This open issue would be presented in the
near-future investigations. The well-characterized formulas of the
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atomic interactions are outstanding only for the C-C bonds, but
not the C—Pt and Pt—Pt ones.

The fundamental properties of graphene are dramatically
changed through the significant substrate effect, chemical bondings,
zone-folding effects, enhanced bucklings, and stacking configurations.
The sufficient substrate CeOs layers in the VASP calculations are
utilized to simulate the stable geometric structures. These monolayer
and bilayer compounds might exhibit similarities and differences in
band structures, including newly merged critical points, the enhanced
asymmetry of electron and hole states about the Fermi level, the
absence of modified Dirac cone structures, the low-lying intersecting
energy dispersions, the Ce-dominated weakly dispersion bands, the
strongly anisotropic Fermi momentum states, and ferromagnetic spin
configurations. The unique electronic and magnetic properties should
be difficult to simulate through the tight-binding model due to
the complicated orbital hopping integrals and atom-, orbital-, and
spin-dependent on-site Coulomb potentials. The distinct substrate
effects would greatly diversify the physical, chemical, or material
phenomena in layered materials, e.g., the diverse phenomena among
monolayer and few-layer silicene, germanene, or stanene on different
substrate effects.

In Chapter 13, we have applied DFT calculations to system-
atically investigate the effect of the chemical modification on the
structural stability and optoelectronic properties of penta-graphene
quantum dots (PGQDs). We found that larger PGQDs are ther-
modynamically more stable than the smaller ones. For the same
system sizes, in the order of increasing absolute values of formation
energies, we can arrange the passivated PGQDs as follows: P-
77-36, F-77-36, Si-ZZ-36, and O-7ZZ-36. In single-doped PGQDs,
a subband appears to coincide with the Fermi level. This result
shows a transition from semiconductor to metal compared to the
pristine structure. In contrast, B and P co-doped PGQDs exhibit
semiconductor properties. Specifically, the bandgaps are 1.50 and
1.14 eV, respectively. Tailoring the optoelectronic properties of
semiconductor QDs is essential to designing functionalized nanoscale
devices.
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Graphene quantum dots (GQDs), a zero-dimensional material
with a size of less than 10 nm, is a newly developed member of
the graphene family. GQDs have become highly promising materials
in various applications, including catalysis, bio-imaging, energy
conversion, and storage, owing to their unique physicochemical
properties, such as excellent photoluminescence and biocompatibility,
low toxicity, easy fabrication, and the edge effect. Additionally,
oxygen-containing functional groups, such as -COOH, -COC-, -OH,
-CHO, and -OCHg, play a crucial role in the structure of GQDs.
Oxygen is located at different edges and on the basal plane of
GQDs. The unique architecture of oxygen inside the structure of
GQDs and the outstanding properties and performance of GQDs
provide a powerful impetus to use GQDs as a promising material with
applicability in various fields. In Chapter 14, we describe the possible
structure, application, and critical role of the oxygen-containing
functional group on the essential properties and application of GQDs.
We also provide a brief outlook to point out the issues that need to
be resolved for further development.

In Chapter 15, we calculated the hydrogen adsorption energy of
a pristine two-dimensional silicon carbide using the DFT approach.
Only two adsorption sites have been found to be stable, both of
which are on the top of the adsorbent atoms (C and Si atoms).
The highest hydrogen adsorption energy in the consideration of zero-
point energy was found in the TSi configuration. We conclude that
the most favorable adsorption site is the TSi site. This agrees well
with the vibrational energy calculation, where the hydrogen atom in
the TSi configuration has the lowest vibrational energy. We observe
that most of the hydrogen vibrational energy comes from the z-axis
vibration in all the configurations. The local deformations of 2D SiC
caused by H adsorption are also shown. In the Tc configuration,
the H atom caused more distortion compared to T'Si. The distortion
of the adsorbent atom is greatest along the vertical axis for both
configurations. Finally, we presented five defects that could be found
in 2D silicon carbide and calculated their formation energies. Those
defects are the linear (8-4) defect, the silicon interstitial defect, the
divacancy (4-8-8-4) defect, the divacancy (8-4-4-8) defect, and the
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divacancy (4-10-4) defect. The linear (8-4) defect is shown to have
the lowest formation energy and is the most expected to form. The
results of this study can be an important basis for future hydrogen
energy applications, with the defects showing many possibilities for
further experiments to consider.

Through first-principles calculations, the electronic properties
of p-SiCq nanoribbons (ZZ-ribbon, ZA-ribbon, AA-ribbon, and SS-
ribbon) with various edge shapes are explored. Moreover, the SS-
pSiCy energy gaps with various widths and the energetic stability
of SS-pSiCs-4 under a uniaxial strain of up to 10% are investigated
in detail. The results show that the bandgap of SS-pSiCs decreases
sharply as the width increases because the 1D confinements sig-
nificantly affect the feature of the narrow widths. The electronic
properties of SS-pSiCo-4 are sensitive to uniaxial strain. In combina-
tion with the NEGF formalism, the computed results show that the
value of the strain-effect current differs significantly at bias potentials
from 1.5 to 2 V. Consequently, SS-pSiC, is a potential candidate for
electronic devices development and an active part of strain sensors.
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