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Underneath the fascinations of carbon nanotubes and graphene nanoribbons
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As a new class of materials, carbon nanotubes (CNTs) and graphene nanoribbons (GNRs) have been
continuing fascinating the community with properties that can be seen from neither bulk graphite nor
diamond. Although the physics and chemistry of these carbon allotropes have been intensively investigated
from various perspectives, the laws governing the fascinations and their interdependence remain as yet
undetermined. From the perspectives of bond and nonbond formation, dissociation, relaxation, vibration,
and the associated energetics and dynamics of charge repopulation, polarization, densification, and
localization, this article aims to show that the broken-bond-induced local bond contraction and bond
strength gain, quantum entrapment and densification of charge and energy, polarization of the unpaired
edge dangling o-bond electrons, and the formation of the pseudo-mt-bond between the dangling 6-bond
electrons along the edges are responsible for the anomalies. Theoretical reproduction of the experimentally
observed elastic modulus enhancement, melting point depression, layer-number, strain, pressure and
temperature induced Raman shift, C 1s core-level positive shift, work function reduction, band gap
expansion, edge and defect selective generation of the Dirac-Fermi polarons and the associated magnetism
consistently confirmed that the shorter and stronger bonds between undercoordinated carbon atoms
modulate locally the atomic cohesive energy, the Hamiltonian, and hence the detectable bulk properties. The
polarization of the unpaired dangling o-bond electrons by the densely, deeply, and locally entrapped core
and bonding electrons generates the massless, magnetic and mobile Dirac-Fermi polarons at sites
surrounding vacancies and zigzag-GNR edges. The pseudo-m-bond formation between the nearest dangling
o-bond electrons along the armchair-GNR and the reconstructed zigzag-GNR edges discriminates them
from the zigzag-GNR edges or vacancies in the electronic and magnetic properties. Consistency between
predictions and observations confirmed that the C—C bond contracts by up to 30% with a 152% bond
strength gain at the edges with respect to those in the bulk diamond.
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Broader context

Although the chemistry and physics of carbon nanotubes (CNTs) and graphene nanoribbons (GNRs) have been intensively
investigated, the laws governing the fascinations remain as yet undetermined. From the perspectives of bond and nonbond
formation, dissociation, relaxation, vibration, and the associated energetics and dynamics of charge repopulation, polarization,
densification, and localization, we show that the broken-bond-induced local bond contraction and strength gain, quantum
entrapment and densification of charge and energy, polarization of the unpaired dangling o-bond electrons, and the formation of the
pseudo-mt-bond between the edge electrons originate the anomalies. Theoretical reproduction of the experimentally-observed elastic
enhancement, thermal stability depression, C 1s core-level positive shift, work function reduction, band gap expansion, edge
discriminative generation of the Dirac-Fermi polarons consistently confirmed that the shorter and stronger bonds between
undercoordinated atoms modulate locally the atomic cohesive energy, the Hamiltonian, and hence the detectable bulk properties.
The polarization of the unpaired nonbonding electrons by the densely and locally entrapped core and bonding electrons generates,
however, the massless, magnetic, and mobile Dirac-Fermi polarons at sites surrounding vacancies and zigzag-GNR edges. The
pseudo-m-bond formation between the nearest edge electrons of the AGNR and the reconstructed-ZGNR discriminates them from
the zigzag-GNR edges or vacancies in the electronic and magnetic properties.
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1.1 Key identities of CNTs and GNRs

Since the discovery of carbon nanotubes (CNTs) in earlier
1990s," there has been ever-increasing interest in the new forms of
carbon because of not only the novel structures and properties
that the bulk graphite or diamond do not demonstrate but also
the potentially important applications in scientific and engi-
neering thrusts such as atomic-force microscope tips,> cathode
field emitters,>* electronic circuit devices,> hydrogen storage,” ¢
chemical sensors,''? energy storage and management.!'>16

Unrolling a single-walled CNT (SWCNT) generates a gra-
phene nanoribbon (GNR)'7'® with high fraction of under-
coordinated carbon atoms located at the open edges. The
undercoordinated edge atoms and the abnormal performances of
electrons surrounding the edges have inspired even more
increasing interest because of the edge-associated intriguing
phenomena. The edge associated anomalies can be seen from
neither the SWCNTSs nor the infinitely large graphene sheets
(LGSs).127

Graphene is a wonder material with many superlatives to its
name. It is the thinnest known material in the universe and the
strongest ever measured. Its charge carriers or Dirac fermions
(we call them Dirac-Fermi polarons as will be justified in later
section) exhibiting giant intrinsic mobility can travel for micro-
metres without scattering at room temperature. Graphene can
sustain current densities six orders of magnitude higher than that
of copper, shows record thermal and electric conductivity, is
impermeable to gases, and reconciles such conflicting qualities as
brittleness and ductility. Serving as vehicles for the quantum spin
Hall-effect in topological insulators,***3* Dirac-Fermi
polarons®*-*¢ exhibit unique electrical supercurrent properties®’
on account of its reduced dimensionality and “relativistic” band
structure.® When contacted with two superconducting elec-
trodes, graphene can support Cooper pair transport, resulting in
the well-known Josephson effect.® Scanning tunneling micros-
copy/spectroscopy (STM/S) measurements***? have uncovered
the Dirac-Fermi polarons as high protrusions in image and as
sharp resonant peak at Eg in spectrum from sites surrounding

Fig. 1 STM image of a GNR with three types of edges: I: ZGNR edge
with identical (v/3d) atomic distance, II: AGNR edge with the alternative
d and 2d atomic distances, and III: rec-ZGNR with atomic distances
being similar to that of the AGNR.**%* The ZGNR edge generates Dirac
fermions with magnetic and metallic nature while the AGNR and rec-
ZGNR edges are the otherwise.

atomic vacancies, the edges of monolayer graphite terrace and
graphene nanoribbons.*** These polarons demonstrate anom-
alies including the extremely low effective mass,*” extremely high
group velocity, and a net ¥ spin,*** following the Dirac equa-
tion, and a nearly linear dispersion (Dirac cone) with energies
crossing Fermi energy.?*?$-315%57 Electron transport in graphene
allows the investigation of relativistic quantum phenomena in
a bench top experiment. These phenomena and the strip-width-
induced band gap expansion demonstrated by the AGNR can
never be observed in the SWCNT, graphene or graphite
crystal 28

There are typically three types of GNRs according to their
chirality or shapes of edges: the zigzag- (I: ZGNR), the armchair-
(II: AGNR), and the reconstructed- (III: rec-ZGNR) edges, as
indicated in Fig. 1. Compared with LGSs or CNTs, the ZGNRs
and vacancies share the hexagonal-sublattice possessing
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strongly-localized edge states® with magnetic and metallic
nature, whereas the AGNRs have larger band gap (Eg) with
semiconducting nature. The Eg of the AGNR is found roughly
proportional to the inverse width of the GNRs.*3%2 The rec-
ZGNR shares considerable similarity to that of the AGNR. One
may note the difference between these edges is the distances
between atoms along the outermost-edge. The atomic distance at
the ZGNR edge is periodic with /3d but at the AGNR the
distance is d and 2d alternatively. A SWCNT can be viewed as
a LGS without edges though the rolling of the GNR may
introduce some slight strains.

1.2 Challenges and objectives

Overwhelming experimental efforts have been exerted primarily
in the CNTs and GNRs growth, characterization, and func-
tioning for practical applications. Considerable theoretical
efforts have been made on the performance of the Dirac fermions
that follow the relativistic Dirac equations and the energetic and
structural optimization. However, physical insight into the origin
behind the fascinations and their interdependence of the CNTs
and the GNRs remain challenging. Opening questions may be
exampled as the following:

1) GNRs and CNTs are mechanically stronger yet chemically
and thermally less stable. CNTs exhibit extremely high strength
yet relatively lower chemical and thermal stability compared to
their bulk counterparts. Compared with the bulk value of 1.05
TPa, the elastic modulus of the SWCNT was measured to vary
from 0.5 to 5.5 TPa depending on the presumption of the wall
thickness of the CNT.**"* The Young’s modulus of the multi-
walled CNTs (MWCNTSs) drops with the inverse wall thickness
and is less sensitive to the outermost radius of the MWCNTs if
the wall thickness remains unchanged.”>”® Atoms in the open
edge of a SWCNT coalesce at 1593 K™ and a ~280% extensi-
bility of the CNT occurs at ~2000 K.”® Under the flash of an
ordinary camera, the SWCNT burns under the ambient condi-
tions.” Generally, for bulk materials, the elastic modulus is
always proportional to the melting point.”” The mechanism
behind the paradox of elastic enhancement and T, suppression
of the CNTs is still a puzzle.

i) The wall thickness, the C—C bond length and energy, and
the role of atomic undercoordination remain a challenge. The
wall thickness and the Young’s modulus of the C-C bond in the
SWCNTs are correlated, which leads to the uncertainty in both
quantities. Although the atoms that surround defects or are
located at the tip ends or at the surface are expected to play some
unusual, yet unclear, roles in dominating the mechanical and
thermal propertied of the CNTs and GNRs. A consistent insight
into the mechanism behind the fascinations from the perspective
of under-coordination is necessary.

iii) Mechanisms for the metallic and magnetic ZGNR and the
semiconductive AGNR remain unclear. Compared with the LGS
or CNTs, the ZGNRs possess strongly-localized edge states®
with magnetic and metallic nature, whereas the AGNRs have
a larger band gap (Eg) with semiconductive nature. The Eg is
roughly proportional to the inverse width of the GNRs.%%*
However, discrepancy remains between the theory and the
experimentally derived Eg of GNR. Measurements® and theo-
retical calculations**%%7® showed less consistence in the band gap

opening of GNR. Mechanisms remain yet unclear regarding the
generation of the localized edge states and the expansion trends
of the Eg in spite of the possible mechanisms such as doping,”
defects forming,**#*8! symmetry breaking,®* substrate interac-
tion,® edge distortion,* strain,® quantum confinement** and the
staggered sublattice potentials modulation.?®®

iv) The mechanism of the edge selective generation and
hydrogen annihilation of the Dirac fermions remains open. The
Dirac-Fermi polarons*** generate at sites surrounding atomic
vacancies, the edges of monolayer graphite terrace and the
ZGNRs,* ¢ other than the edges of the AGNR or the rec-
AGNR. It remains unclear why the edge and site discriminate the
generation of Dirac fermions.

v) Origin of and correlation between the positive C 1s core
level shift of the GNR edge, GNR interior and the associated
work function reduction with the number of GNR layers are
ambiguous. Three XPS Cls components have been resolved from
graphene flakes produce,®® corresponding, respectively, from
lower (larger value) to higher binding energies, to the contribu-
tions from the GNR edge, the mono-layer GNR or the surface of
the triple-layered graphene, and the bulk graphite in multi-
layered graphene. The Cls spectrum of the multilayered gra-
phene is dominated by the surface and the bulk components
while the spectra for the mono- and the triple-layers are domi-
nated by the surface and edge components. It has been found®’
from the epitaxial few-layer graphene that the work function
decreases from 4.6 to 4.3 eV and that the Cls core level shifts
positively from 284.42 to 284.83 eV simultaneously when the
number of graphene layers is decreased from ten to one, which is
consistent with the reported thickness dependence of the Dirac
point energy. The same thickness trend has also been observed
from the Cg.3 Unfortunately, few theoretical models have been
available to account for the origin and interdependence of the
coordination-resolved C 1s binding energy shift and the associ-
ated work function reduction.

vi) When the layer-number, strain, temperature, and pressure
change, the vibration frequencies of the GNRs shift; formulation
of the lattice dynamics is necessary.

vii) The common origin of these anomalies and their interde-
pendence needs to be established. The difference between the
graphite and the GNRs or the CNTs is nothing more than atomic
coordination reduction that could be the point of starting. From
the observation of the atomic dynamics of carbon at the edge of
a hole in a suspended, single atomic layer of graphene, Girit
et al*® found that the bonds rearrange and carbon atoms are
ejected by the energetic electron beam as the vacancy hole grows.
They observed the edge reconstruction and the stability of the
“zigzag” edge configuration, revealing the complex behavior of
atoms preferentially occurring at the boundary. Therefore,
atomic coordination reduction and its consequences on the bond
length, bond energy, and the associated electronic dynamics
should be the origin of the anomalies and their interdependence.

In order to harness the GNRs and CNTs, we have to get these
concerns be understood. It should be clear what the advantages
are and what the limitations would be, and how to make use of
the advantages and to overcome the limitations in practical
applications. In fact, the properties of a substance are determined
by the process and consequences of bond and nonbond forma-
tion, dissociation, relaxation and vibration, and the associated
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energetics and dynamics of charge repopulation, polarization,
densification, and localization.®® From this perspective, this
article attempts to address the above challenging issues by
reporting the progress we made in recent years focusing on the
fundamentals behind the fascinations and their interdependence.
It is demonstrated that the atomic-undercoordination-induced
local bond contraction and quantum entrapment, the polariza-
tion of the unpaired dangling o-bond sp? electrons by the
entrapped core and bond charges at the atomic vacancy and the
ZGNR edges, and the formation of the pseudo-m-bond between
the nearest dangling o-bond electrons along the AGNR and the
rec-ZGNR edges result in the fascinations. Theoretical repro-
duction of the experimentally observed -elastic modulus
enhancement, melting point depression, C 1s core-level shift,
band gap expansion, edge and defect Dirac-Fermi polarons

c: =d;/d =2/{1 +exp[(12
<" =E/E,

D = Ey/Ep

zpe;™ = E/Eg,

generation and the associated magnetism will be demonstrated,
which consistently confirmed that the shorter and stronger bonds
between undercoordinated carbon atoms modulate locally the
atomic cohesive energy and the Hamiltonian which alter the
detectable bulk properties. The polarization of the unpaired sp>
electrons by the densely, deeply, and locally entrapped core and
bonding electrons generates the massless, magnetic and mobile
Dirac-Fermi polarons at sites surrounding defects and ZGNR
edges. The pseudo-mt-bond formation at edges discriminates the
AGNR and the rec-ZGNR from the AGNR in the electronic and
magnetic anomalies.

II Principles

e Atomic undercoordination induces local bond contraction and
strength gain, quantum entrapment and densification of charge and
energy, and nonbonding electron polarization.

e The BOLS provides perturbation in the Hamiltonian and the
cohesive energy, which dominates the change of the observable bulk
properties and their interdependence.

e The polarization of the dangling a-bond sp? electrons at vacancy
and ZGNR edges originates the anomalies of the magnetic,
massless, metallic and mobile Dirac-Fermi polarons as carriers for
quantum spin Hall Effect.

e The pseudo-tt-bond formation between the nearest dangling bond
sp? electrons along the outermost AGNR and rec-ZGNR edges
makes them different from the vacancy and ZGNR.

2.1 Undercoordinated bond strain and strengthening

2.1.1 BOLS: Quantum entrapment and densification. In order
to cope with the undercoordinated systems, we have developed
the bond-order-length-strength (BOLS) correlation mechanism*®
by extending the “atomic coordination — radius” correlation
premise of Goldschmidt,® Pauling,®> and Feibelman,” to include
the energetics and electronics of the spontaneous process of bond

—2)/(82)]}

relaxation. The key idea of the BOLS is that if one bond breaks,
the remainders become shorter and stronger. The broken-bond-
induced local strain and quantum entrapment cause strong
localization and densification of charge, energy, and mass at sites
surrounding atomic vacancies, defects, adatoms, terrace edges,
and surfaces of various curvatures, resulting in perturbation to
the atomic cohesive energy, electroaffinity, Hamiltonian, etc.,
and associated properties of a substance. This theory has resulted
in discoveries of the common factors dictating the size depen-
dency of nanostructures and enabled the unification of the size
dependency of nanostructures in mechanical strength, thermal
and chemical stability, lattice acoustic dynamics, photonic,
electronic, magnetic and dielectric properties and their interde-
pendence.®

The BOLS correlation is expressed as follows:****

bond strain coefficient)

bond strength)

(

( 1)
(binding energy density)

(

atomic cohesive energy)

where 7 is the dimensionality, z,, = z/z, is the reduced atomic CN
with z, = 12 being the bulk standard. The effective z values for
a C atom in an isolated state and in the bulk of a diamond are
0 and 12, respectively. The atomic CN for diamond is 12 instead
of 4 because the diamond structure is an interlock of two fcc
structures.®® The bond nature indicator for carbon, m, has been
optimized to be 2.56. The CN for a C atom at the open edge of
a graphene or a SWCNT is 2; in the interior of graphene or
SWCNT it is 3; at a plane surface of a bulk diamond, the effective
CN is 4. With the known C-C bond lengths of 0.154 nm for
diamond and 0.142 nm for graphite, one can derive the effective
CN for graphite as 5.335, according to the bond strain coefficient
(eqn (1)). Fig. 2a illustrates the BOLS correlation at the GNR
edge with the lattice strain and the potential well depression.®®

2.1.2 Energy density vs atomic cohesive energy. According to
the local bond averaging approach,® any detectable quantities of
a bulk can be connected directly to the identities (nature, order,
length, strength) of a representative bond for the specimen and
the response of these identities to the applied stimulus such as the
coordination environment, pressure, temperature. etc. With

Vel Ol ® .'O. €

\ Ccd d
Vcry(r)(l+Az @‘ |
Cd
Fig. 2 Schematic illustration of the BOLS derived GNR edge bond

strain (C.d) and potential well depression from the bulk V..(r) to
[Very(r)(1 + A.)] with A being the Hamiltonian perturbation.
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a given interatomic potential, one can derive that the binding
energy per unit volume determines the elastic modulus and the
yield strength at an atomic site,”’

0*u(r) " e
B=—v 92 «Eyd—> (Bulk modulus at equilibrium)
r=d-
P=— 61(49(:) cu(r)r-3  (Stress at non-equilibrium)
r#d

2

The difference between the elastic modulus and the yie(vl(i
strength in definition is that the former is the second derivative of
the potential at the equilibrium while the latter the first derivative
at a critical r of plastic deformation. These two quantities share
in the same dimension of energy density but they are different in
physical meanings. Therefore, simply relating the elastic modulus
to the plastic yield strength is questionable.

Likewise, the critical temperature for phase transition such as
solid-solid, ferromagnetic—paramagnetic, melting and evapo-
rating at a specific atomic site is proportional to the atomic
cohesive energy, being the product of the cohesive energy per
bond and the total number of bonds of the specific atom:*®

ch o ZjE,' (3)

It has also been derived that the Raman shift is expressed as:*®

(E:
(w«%(j> @)
where u is the reduced mass of the pair of bonding atoms.

2.1.3 Hamiltonian perturbation vs band engineering. Accord-
ing to the energy band theory,'® the coupling of the interatomic
potential, V. (r), and the respective Bloch wave functions, being
proportional to the mean cohesive energy per bond at equilib-
rium, (E,), determine the energy band identities as the common
origin such as the gap between the conduction and the valence
band in semiconductors, Eg, the energy dispersions, and the
energy shift, AE,(12) = E,(12) — E,(0), of a specific vth core band
from that of an isolated atom, E,(0). The single-body Hamilto-
nian, H, and the related band identities are given as,”

n’v?
H =t Vaom(r) + Very(r)  (Hamiltonian)
Eo(12) = 2|Vil>(Ey) (Band-gap)
E(12) =E0)—a—t)e*R (Energy-dispersion)
E,(0) = (U, i|Varom(r)|v, 1) (Core-level-energy)
o = W, i| Ve (r)|p, i) < (E}) (Exchange-Integral)
t; = 0, i| Ve (r)|p,J) < (Ej) (Overlap-Integral)
AE,(12) = a+ zptoc(Ep) (Core-level-shift)
AL, =ty 'e® R o (Ep) (Band-width)

®)

The intra-atomic trapping potential, V,om(r), determines the
value of E,(0). The crystal potential for an extended solid, V (1),
determines the core level shift, AE,(12) = E,(12) — E,(0) and the
band width. It is stressed that the E,(0) and its bulk shift keep
constant under any circumstances. The (v, i| (i # j) is the specific

Bloch wave function for an atom at a specific site i. Because of
the strong localization of the tight binding electrons in the inner
shells, (v, ilv, j) = ;. The value of ¢ is much smaller than «. From
the XPS spectrum bulk component whose maximal width is 2z«
(0.1-1.0 eV level), one can estimate that the 7 is in <10~7~? eV
order.'®* The « is in the 10° eVs level. Therefore, the BE shift is
dominated by « and is proportional to the bond energy, Ey,. The
Eg depends uniquely on the Fourier coefficient of the periodic
crystal potential V.y(r), |V;]. The k is the wave vector. Hence, the
chemical bond, crystal potential, and the energy band structure
can thus be correlated.

Incorporating the BOLS to the band theory, one can obtain
the broken-bond-induced perturbation A, to the interatomic
potential in the Hamiltonian at the z-coordinated C atomic site:

Vcr% = I/cr' 1 + Az
A =Cm—1

This perturbation leads to the band gap expansion and core
level shift, upon the undercoordinated atoms being
involved.**1%1% Therefore, a measured XPS spectrum can be
decomposed into component Gaussian peaks with each compo-
nent corresponding to a particular value of z, as illustrated in
Fig. 3. The intensities of the components are subject to the
detectable fraction of the specifically z-coordinated atoms and
the energy values of the peaks satisfy the constraint:

EI.Y(Z) — Eh(O) E.

_ z —2.56
En(12) —En0) B~ @

Any perturbation such as bond relaxation caused by under-
coordination and band nature alteration by compound or alloy
formation to the V. (r) or to the mean bond energy (E,) will
modulate the entire band structure and related properties of the
given specimen. A geometric orientation alteration of a surface
changes the effective CN slightly®>-'%7 but such alteration could
change neither the Eg nor the AE, (k) of the monolayer graphene.
One can modify the bond energy by applying bond nature
alteration through a chemical reaction or by applying bond

282 283 284 285 286 287
Binding energy (eV)

Fig. 3 Illustration of the atomic-CN-resolved Cls energy shift that can
be decomposed into components corresponding to the specific atomic
CNs. Lowered CN derives positive Cls energy shift. The intensities of the
spectral components are determined by the detectable fractions of the z-
coordinated atoms in the specimen. The energy between the specific
component (z) and the E;(0) depends on the cohesive energy per bond of
the specific z-coordinated atoms, which satisfies:'*
E]S(Z) — E]S(O) _E

_E _ 256
E(12) — E;,(0) B G
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relaxation through external stimulus such as changing coordi-
nation environment, temperature or pressure.’*%

2.2 Nonbonding electrons polarization

2.2.1 Impurity midgap states. It is emphasized that the Eg
derived from the band theory is intrinsic for ideal crystals
without involvement of the nonbonding or antibonding inter-
actions. The interaction through regular bonds dictates the
framework of band structures.? The nonbonding lone pair states
generated by the sp® hybridization of oxygen and nitrogen and
the nonbonding unpaired -states in the sp>hybridized carbon
contribute insignificantly to the band framework because the
interatomic interactions through such nonbonding or anti-
bonding states are extremely weak, with energy around 1072
eV.1% These nonbonding electrons will form however mid-gap
impurity states''® as the nonbonding electrons neither raise nor
lower the energies of the initial p orbit of the isolated O, N and C
atoms.! On the other hand, the nonbonding lone pairs will
polarize atoms nearby, forming dipoles with electronic states
above the Fermi energy. The unpaired o dangling bond electrons
of carbon can be polarized by the nearby electrons and the extent
of polarization depends on the density of the latter. This polar-
ization will raise the energy of the unpaired nonbonding elec-
trons, forming the Dirac-Fermi polarons.''* Extrinsic factors
such as the number and the total energy of the electron-hole pairs
(excitons) contribute neither to the Hamiltonian nor to the entire
band structure.

Upon sp? orbits hybridization, electrons of each carbon atom
in the LGS form three ¢ bonds to the neighboring atoms in a Cs,
symmetry and the unpaired nonbonding electron of the carbon
develops into the 7 and 7t* states at the corner of the Brillouin
zone or below the Dirac point'"? in the midgap region. Generally,
the unpaired m-bond electrons are responsible for both the
conductivity and the weak interactions between the layers of
graphite. The involvement of nonbonding 7t-bond electrons
distinguishes graphite from diamond in performance—graphite
is a conductor yet diamond is an insulator though the covalent
bond in graphite is shorter (0.142 nm) and stronger (vibration
wave number of 1553 cm™!) than those of diamond (0.154 nm,
1331 cm™'). However, edge creation derives the additional o
dangling bond electrons that are responsible for the Dirac-Fermi
edge states.!™

Charge transition from the mid-gap impurity or the
nonbonding states to the upper band edge gives rise to the
apparent Eg that is entirely different from the intrinsic Eg
calculated under ideal conditions. Unfortunately, the presence
and polarization of the nonbonding states are hardly described
from the self-consistent optimization in DFT or tight-binding
approximations at the present because of the limitation of
interatomic potentials. Broken-bond-induced local strain and
quantum entrapment at edge that is sometimes several folds
deeper than the potential at the usual atomic site in the bulk need
to be considered. Potentials suitable for the weak interaction
between the nonbonding and the polarized antibonding states
are highly desirable for computations.

2.2.2 Edge discriminative Dirac-Fermi polarons generation.
At sites surrounding atomic vacancies or at the terminating end

of a solid, the characteristics of the nonbonding lone-electron
states become even more pronounced. Polarization occurs to the
lone electrons, if existing, by the densely, deeply, and locally
entrapped bonding and core electrons of the undercoordinated
atoms, as illustrated in Fig. 4.

The following phenomena are expected to happen due to the
coupling of the local bond relaxation, quantum entrapment, and
lone electron polarization:

(1) The locally locked lone-electron dipoles will form at sites
surrounding atomic vacancies, defects, adatoms, GNR edges,
atomic chain ends, terrace edges, efc.

(ii)) The dipole states are readily probed as the Dirac-Fermi
polarons using STM/S as high protrusions with energies at Eg.

(iii) The polarized lone electrons demonstrate non-zero spin
values being responsible for the measured magnetism in the

o hdh A

trap depression

!

E

Fig. 4 (a) Atomic-undercoordination-induced local bond contraction
(d; < dy), the associated quantum entrapment (T) and, the polarization of
the nonbonding states (P) by the densely, deeply and locally entrapped
bonding and core charges.? The locally polarized unpaired electrons add
impurity states in the midgap region demonstrating non-zero spin each.'s
These processes modulate the Hamiltonian by crystal potential screening
and splitting, which determine the charge distribution in the full span of
energy.'™*

-~
1
1
1
'

! @

Fig.5 Schematic illustration of (a) the orbital of graphene atoms with H
terminated edge; (b) the “pseudo-m-bond” formation between the nearest
(d) dangling o-bonds for the AGNR and rec-ZGNR edges, and (c) the
uniform distance (y/3d) between the dangling 5-bonds at the ZGNR edge
seems too large to allow the “pseudo-m-bond” formation. D, and D.
represent the AGNR and ZGNR edge states.
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graphene edge,* graphite atomic vacancy,* monolayer terrace
edge*! or graphene ribbon edge''¢ terrace edge and nonmagnetic
metal clusters,''” but their stability and intensity are subject to
confirmation for practical device applications.

(iv) Due to the potential screening and splitting, the core band
may create two extra DOS components at both ends of the core
bands. One is the trapped and the other the screened states.'*

Fig. 5 shows that the GNRs can be categorized in two groups
according to the distance between the dangling 6-bond along the
edges. The ZGNR and vacancy edges are grouped as I; the
AGNR and rec-ZGNR edges as II. The identical but longer
atomic distance (y/3d) at the ZGNR edge and surrounding an
atomic vacancy retain the dangling sp? orbital nature. Thus,
group-I dangling ¢ bond states are more significant with the
Dirac-Fermi polarons generation as a consequence. However,
the alternative distances (d and 2d) between the dangling o-bond
along the edge in group II may enable the pseudo-m-bond
formation, which reduces the impurity mid-gap states, demon-
strating the semiconducting nature.

III C-C bond dimension and strength

o The elastic modulus is proportional to the binding energy density
(E./d?) while the melting point to the atomic cohesive energy (zE.),
which causes the paradox in observations compared to bulk spec-
imens.

o With the experimentally determined stiffness of 0.368 TPa-nm
and the tip-end melting point of 1593 K, the C-C bond in the
SWCNT is determined to be ~0.142 nm thick and ~0.125 nm long
with a 68% magnitude rise in binding energy, the edge C—C bond is
0.108 nm long and 152% times stronger, in comparison to the bulk
diamond values.

e The Young’s modulus of SWNT is asserted to be 2.60 TPa, 2.5
times the bulk value of 1.02 TPa.

e The Young’s modulus of MWCNT is proportional to the inverse
number of walls and varies insignificantly with the MWCNT radius
because the dominance of the outermost walls.

3.1 Elasticity, chemical and thermal stability

Determination of the Young’s modulus (Y) of CNT and GNR
has been a confusing issue for a long time; the Y value for the
SWCNT has been reported to vary over a range of 0.5-5.5 TPa
compared with that of the bulk graphite and diamond (1.02 TPa)
irrespective of the single-wall (C—C bond) thickness (t).*7* If one
assumes the equilibrium interlayer spacing of the graphite sheet,
t = 0.34 nm, to represent the wall thickness, the derived Y is ~1.1
TPa.”>"8 If t = 0.066 nm, which is close to the radius of a free C
atom (0.0771~0.0914 nm), the Y is derived to be 5.5 TPa.” The
apparent thickness may change slightly due to the thermal
vibration,!" which should be limited to 5% or lower of the bond
length at the temperature of melting.’*® Although the wall
thickness and the scattered Y-values need to be certain, the
product of Yt was found surprisingly approach to a constant
value of 0.368 + 0.005 TPa-nm.*

For the SWCNTs, under the presumed t values, the Y values
vary slightly with the tube diameter and the tube chirality
because of the curvature-induced strain.'?* However, for the

multi-walled (MW) CNTs, two typical trends of the change in Y
have been observed:

(i) The Y is almost independent of the tube diameters,”* and,

(ii) The Y increases as the number of the wall is reduced.”

Lee et al'* measured the elastic properties and intrinsic
breaking strength of a free-standing monolayer graphene
membrane by nanoindentation in an atomic force microscope
(AFM) and found that the force-displacement behavior is non-
linearly elastic, and yields second- and third-order elastic stiff-
ness of 340 Newton per meter (Nm~' = TPa-nm) and —690
Nm~!, respectively. The breaking strength is 42 Nm~' and
represents the intrinsic strength of a defect-free GNR sheet.
These quantities correspond to a Young’s modulus of Y = 1.0
TPa, a third-order elastic stiffness of D = —2.0 TPa, compared
with the intrinsic strength of o;,; = 130 GPa for bulk graphite.
These experiments established graphene as the strongest material
ever measured, and showed that atomically perfect nanoscale
materials can be mechanically tested to deformations well
beyond the linear regime.'®* With a transmission electron aber-
ration-corrected microscope capable of simultaneous atomic
spatial resolution and one-second temporal resolution, Girit
et al.* observed in situ the dynamics of carbon atoms at the edge
of a hole in a suspended, single atomic layer of graphene. The
rearrangement of bonds and beam-induced ejection of carbon
atoms are recorded as the hole grows. They demonstrated the
edge reconstruction and the stability of the “zigzag” edge
configuration, revealing the complex behavior of atoms prefer-
entially occurring at the edge boundary. Most strikingly, they
discovered that breaking a C—C bond of a 3-coordinated carbon
atom in the graphene requires a minimal energy of 5.67 eV per
bond and breaking the C—C bond of a 2-coordinated carbon near
atomic vacancy needs 7.50 eV per bond; the latter is 7.50/5.67 =
1.32 times that of the former. DFT computations revealed that at
room temperature, the ZGNR edge adatom is much more mobile
than the atomic vacancy.'?* The findings evidence that the BOLS
expectation of atomic undercoordination induced bond
strengthening associated with cohesive energy loss due to z
reduction.

In contrast, atoms at the tip-end of a SWCNT could melt or
coalesce first and then the tube body follows at temperature
much lower than the melting point of the bulk diamond
(Twm(12) = 3800 K). It has been found that the coalescence of
a SWCNT happens at 1073 K under the energetic (1.25 MeV)
electron beam irradiation. The coalescence starts at vacancies via
a zipper-like mechanism,'** agreeing with that happening to the
graphene atomic vacancy.* The STM tip-end that is made of
CNT starts to melt at 1593 K in ultrahigh vacuum.™ Annealing
at 1670-1770 K under medium-high vacuum, in flowing Ar and
N, atmospheres, 60% of the SWCNTs coalesce with their
neighbors.” Heating under Ar gas flow in the temperature range
of 1873-2273 K results in a progressive destruction of the
SWCNT bundle, followed by the coalescence of the entire
bundle.’>> SWCNTs transform at temperatures of 2473 K or
higher to MWCNTs with external diameter of several nano-
metres, and the Fe—C impurity bonds can be completely removed
at 2523 K.*?¢ An ordinary camera flash’® could burn the SWCNT
at the ambient conditions, showing the higher chemical reactivity
for oxidation of the SWCNT. These results consistently show the
lower thermal and chemical stability of the CNT. In particular,
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the tip-end of the SWCNTSs melts first and then is followed by the
wall of the SWCNT. MWCNTSs are more thermally stable than
the SWCNTSs, and the stability of the MWCNTs increases with
the number of walls (1).6+127:128

The mechanisms behind the paradox of Y enhancement and
the T,, suppression of the CNTs and the certainty in the wall
thickness of the SWCNTs are still puzzles, although the atoms
that surround defects or are located at the tip ends or at the GNR
edges are expected to play unusual, yet unclear, roles in domi-
nating the mechanical and thermal behavior of the CNTs.'*
With the known identities and their functional dependence on
the atomic coordination, the dimension and strength of a single
C-C bond can be uniquely determined by solving a group of
equations, to advance a consistent understanding of the
mechanical strength and the chemical and thermal stability of the
CNTs, which also applies to the GNRs.

3.2 Formulations

As mentioned, the striking difference between the bulk diamond
and a SWCNT is that the effective atomic CN of a C atom
reduces from a bulk value of 12 to 3 and the sp orbits hybrid-
ization transits from the sp® to the sp? type upon SWCNT or
GNR formation. For an atom near to the defect vacancy or at
the open edge of a CNT or a GNR, the CN is 2. One of the sp* o-
bond becomes dangling with generation of an unpaired electron
in addition to the unpaired w-bond electrons.

With the specified atomic CN for diamond, graphite, and the
CNT edges, we can readily determine the shortened bond-length
(d.), the enhanced bond-energy (E.), and the cohesive energy
(Econ = zE.) of a single atom of concern as well as the binding
energy density (Eq = n.E.) in a specific atomic site. The value n; is
the bond number per unit volume. Since the E.,, defines the
thermal stability,”® and E4 the mechanical strength,'* the func-
tional dependence of Y(z) and T,,(z) on the atomic CN and the
bond energy at the equilibrium atomic separation are given as:

Y(Z) ocn:E: = d;ZE:
{ T,(z) % Ecoi(2) = zE: ®)

For a SWCNT or a monolayer GNR, n. « d.7? is the bond
number per unit area, which is independent of the wall thickness.
Obviously, no other argument could change the Y value unless
the bond length was shortened and/or the bond energy was
increased. At the melting point, the bonds between the under-
coordinated atoms will be thermally loosened and the under-
coordinated atoms will coalesce with their neighbors.

3.3 CN-dependence of C—C bond length

From Table 1 we can find the BOLS predicted bond strain in
comparison to the evaluated values for C allotropes.”® On the
other hand, the C—C bond was suggested to contract varying
from 11.2 to 39.8% in the first interlayer spacing of diamond,
according to molecular dynamics computations.’® The
mechanical transverse deformation of single layer and bilayer
graphene under central loading using a mixed atomistic
continuum - Finite Element technique suggested that the C-C
bond length is within the range of 0.111 and 0.116 nm for the
bilayer,'*? and 0.10 nm for the single layer,'** agreeing with the

BOLS expectation. The DFT optimized C-C bond lengths'®
follow the BOLS predicted trend but the extent deviates signifi-
cantly at smaller CN values. The effect of the deviation is enor-
mous as all the quantities discussed herewith depend on the
extent of bond contraction.

3.4 SWCNT C-C bond energy and elasticity

Correlation between the measured stiffness (Yt),—3 (0.368
TPa-nm) and the melting point T (z = 2) (1593 K) for
a SWCNT with the corresponding values for bulk diamond
(Tm(12) = 3800 K, Y(12) = 1.02 TPa) satisfy the relations:**

T,(2) 1593 2 - 0.6973 "

T,(12) 3800 2@ 6 (tip-bulk)
T,(2) _ 1593 _ 2(c(2)\™"_2x0.8559 " .

- =\my) == — II-
T,(3) Tw(3) 3(c(3) 3 (wall-tip)
(Yer)., 0368 o —(24m)
Y(12)t..3  1.02t._; «(3) = 0.8147 (CNT-wall)

)

This set of equations defines the three unknown quantities of
m = 2.5585 = 2.56, t,_3 = 0.142 nm and the tube-wall melting
point, T,(3) = 1605 K, as listed in Table 2. It is seen that the
bond energy enhancement for the 2- and 3-coordinated carbon is
2.52 and 1.69 times (2.52/1.69 = 1.49) the bulk values, respec-
tively, being comparable to the experimental value*® of 7.5/5.67 =
1.32 with a 10% error tolerance. Furthermore, the activation
energy for chemical reaction is also proportional to the atomic
cohesive energy. Therefore, the chemical stability of the under-
coordinated atoms is lower than the atoms in the bulk, which

Table 1 Comparison of BOLS predicted with the measured and the
DFT calculated CN dependence of C—C bond train. z = 2, 3, 4, and 5.335
correspond to the atomic CN of graphene/CNT edge, graphene interior,
diamond surface and bulk graphite, respectively. The BOLS prediction
has been confirmed by decoding the thermal stability and elasticity of
SWCNT® and the C 1s core-level shift of carbon allotropes.'®®

Atomic CN 2 3 4 5.335
BOLS!"™ ~0.3027° —0.1853% —0.1243 —0.0779'%¢
Experimental -(0.091-0.058)" -(0.112— 0.398)"!

DFT® ~0.1649  —0.1104 ~0.0926 ~0.0758

Table 2 With the measured Yt,_; and T,(2) data as input, solving eqn
(9) derived the unique solutions to the C-C bond length, bond thickness,
bond energy, the m values, the elastic modulus and the wall interior
melting point, which in turn verifies that the quoted data represent true
values

(Yt),—3 0.368 TPa-nm
Tip-end T,(2) 1593 K
m 2.5585
Tube wall T,,(3) 1605 K
Elastic modulus Y 2.595 TPa
CNT effective thickness t(3) 0.142 nm
Bond length d(2) (c(2) = 0.6973) 0.107 nm
Bond length d(3) (c(3) = 0.8147) 0.126 nm
Bond energy enhancement, E(2)/ 2.52
E(12)
Bond energy enhancement, E(3)/ 1.69
E(12)
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may explain why the CNT could burn using an ordinary camera
flash under ambient conditions. The conclusion is that the CN
dependence of C—C bonding identities applies to GNR as well if
the curvature effect is weak.

The accuracy of the numerical solutions is subject to the initial
input of the measured T,(2) and Yt,_3 values. Errors in
measurement or due to structural defects of the CNT may affect
the accuracy of the solutions but they never alter the nature of the
observations. However, in the current iteration, any variation of
the input parameters leads to solutions that are physically
forbidden.”® Therefore, the solution with the quoted Yt,_3 and
Tu(2) values is unique and, hence, the quoted Yt,_3 and T,,(2)
values are essentially true for the SWCNT.

3.5 MWCNT elasticity: wall thickness dependence

For the hollow or solid nanobeams (nanorods and MWCNTs),
the relative change of a measurable quantity (denoted as Q),
which is dependent on shape and size, of a nano-system with
dimension K can be quantized with the core-shell configuration
as:»

AQ(K) _ _AC]i(thhEi)
o(=) Z* 4(d. 21, Ey)
K K—A+i
o J, e ], s K i)+ (K -2+ )
: JK i 12K — 2)
K—2
202K - i 1
T A2K-2) 2

(10)

with q; being the density of quantity, Q, on an atomic scale is
functionally dependent on the bond length d;, the effective z;, and
the bond energy E;. The difference of Aq; between the surface
region and the bulk originates the change of the value Q; the
surface-to-volume ratio, v;, of a nanosolid dominates the trends
of Q change. The index value i is counted from the vacuum sides
inwards up to a value of 3, because no CN-imperfection is
expected for i > 3. The weighting factor, ; is the volume ratio of
the ith atomic layer to the entire NT with an outer radius K and
wall thickness of A for MWCNT. The ratio ys = > i=3v;
decreases in an inverse fashion (1~') from unity to being infinitely
small, when the A grows from unity to infinity. Therefore, it is not
surprising that, for a solid rod or a MWCNT with K and 4, the
overall AQ(K)/Q( «) varies with the inverse radius (1/K) and the
AQ(K)/Q( =) value differs from the corresponding bulk value
(AQ(©)/Q(w) = 0). For a hollow MWCNT of A thick, the
AQ(K)/Q( ) should not vary with the diameter of the MWCNT.

These predictions agree with the observed trends in the Y
enhancement and the T,, suppression of the nanobeams. The
direct evidence for the A dependence is that the Y value was
calculated to vary over a range of 4.7-1.04 TPa when the wall
number A increases from unity to infinity. AFM measurements''®
of the K dependence of the Young’s modulus of SiC nanorods
and MWCNTs revealed that the MWCNTs are about twice as
stiff as the SiC nanorods and that the strengths of the SiC
nanorods are substantially greater than those found for large SiC

structures (600 GPa). The Young’s modulus is 610 and 660 GPa
for SiC rods of 23.0 and 21.5 nm, respectively. For MWCNTs,
the modulus is 1.28 + 0.59 TPa without apparent dependence on
the diameter of the nanotubes. The broad range of measured
values should be more attributable to the scattered number of
walls of the nanotubes than to the error in measurement.

3.6 Summary

Thus, the known Yt,_; value and the known temperature of tip-
end melting for a SWCNT, and their functional dependence on
the bonding identities, have enabled the dimension and energy of
a single C—C bond in SWCNT to be uniquely quantified, which,
in turn, deepens our insight into the fascinating mechanical and
thermal properties of CNTs and GNRs. The C-C bond between
the 2-coordinated carbon contracts by 30% with an association
of energy rises by 152% while the C—C bond between 3-coordi-
nated atoms contracts by ~18.5% with energy rises by ~69%.
The effective thickness of the C-C bond is ~0.142 nm, which is
the diameter of a C atom, rather than the c-axis separation (0.34
nm) of graphite or the radius of a free carbon atom (0.066 nm).
The melting point of the tube-wall is slightly (~12 K) higher than
that of the tube-end. The unique solution clarifies that the quoted
values essentially true for a SWCNT of which the Young’s
modulus is 2.5 times and the melting point is 0.42 times that of
bulk diamond. Predictions of the wall thickness dependence
agree well with the insofar-observed trends in T, suppression
and Y enhancement of the nanobeams. The findings provide
consistent insight into the unusual thermal, chemical and
mechanical behaviors of nanobeams, as well as an effective
approach toward bonding identities that are beyond the scope of
direct measurement.

IV Binding energy and work function

e The core level shift upon a carbon allotrope formation from that
of an isolated C atom is proportional to the C—C bond energy at
equilibrium, and hence the effective atomic CN of the allotrope.

e The C—C bond length and energy derived from reproducing the Y
and T, of SWCNT allows the quantification of the Cls binding
energies of carbon allotropes with different atomic CNs.

o The Cls energy shifts positively by values from 1.32 eV for bulk
diamond to 3.33 eV for graphene edges with respect to that of
282.57 eV of an isolated C atom.

o The z-resolved Cls energy shift is generalized as: E,(z) = 282.57
+ 1.32C->%(eV).

o The simultaneous work function reduction and Cls shift evidences
the coupling of quantum entrapment and polarization due to
undercoordination.

4.1 C 1s core level shift and work function reduction

Kim et al.3 measured the Cls core-level spectrum of graphene
flakes deposited on a SiO, substrate with three well-resolved
components at 285.97, 284.80 and 284.20 eV (see Fig. 6(a—)).
The layer-number dependence of the graphene grown on SiC
substrate has also been reported to follow the same trend.'*® The
measured data for other allotropes in Table 3 need to be
decomposed and the accuracy of the energy shifts is subject to
experimental conditions, such as the incident beam energy and
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Fig. 6 (a—c) Photoemission spectra of C Is core-level measured from
GNR flakes at the photon energy of 635 eV with resolved components of
monolayer, and multilayer, surface and bulk (B),* showing the CN-
reduction induced positive core-level shift. (d) C s core level spectra for
the initial stages of graphitization of SiC(0001) with different graphene
layer thicknesses.'*®* The number-of-layers dependence of the graphene
sheet (e) C s core-level shift and (f) work function reduction®”-'*°
evidence the coupling of quantum entrapment and polarization.

C:2'56E]_¢(Zl) _ C;Z.SGEIS(Z)
Els(o) = C-256 _ C;,Z'S()

AEls(lz) = Els(lz) - El.v(o) = [Els(z)

the angle between the photoelectron emission beam and surface
normal in the experiments.®* Using a high-resolution NEXAFS,
Stacey et al.**” demonstrated that the near-surface diamond C Is
core-level bulk excitons (near surface excitons) are sensitive to
the surface termination of each crystal. Blue shifting as well as
spectral broadening were measured for a range of surface
terminations, most noticeably following surface reconstruction
to hybridized sp*. Lizzit et al.**® found the C 1s peak energy and
intensity change with the emission and the azimuth angles, sug-
gesting the contribution of the C Is core electrons to the bond
and antibond formation. Nevertheless, these resolved peaks
counted from lower (larger value) to higher binding energies®
can be attributed to the contributions from the GNR edge (E),
the mono-layer GNR or the surface (S) of the triple-layered

— Ey(0)]C2%
E(2) = Ei(0) + [E1s(12) — Els(O)}C;Z'SG

graphene, and the bulk graphite (B) in multi-layered graphene,
respectively, according to the BOLS consideration.

It can be seen that the Cls spectrum of the multilayered gra-
phene is dominated by the S and B components while the triple-
and mono-layers are dominated by the E and S components.
Hibino et al® also investigated the electronic properties of
epitaxial few-layer (1, 2, 3 and 10 layers) graphene grown on 6H—
SiC(0001) substrate using spectroscopic photoemission and low-
energy electron microscopy and found that the Cls core-level
shifts positively from 284.42 to 284.83 eV associated with a work
function reduction from 4.6 to 4.3 eV when the number of gra-
phene layers is decreased from ten to one, which is consistent
with the reported thickness dependent shift of the Dirac-Fermi
polarons energy.®” The same trends of thickness dependence of
the work function reduction and C 1s positive shift of Cg
deposited on CuPc substrate have been observed using He I UPS,
XPS, and synchrotron radiation spectroscopies.®® The correlated
evolution of the Cls core-level and the work function with the
number of layers in Fig. 6(e, f) indicates clearly the effect of
quantum entrapment and polarization; the former originates the
positive core-level shift and the latter results from dipole
formation with the reduction of effective atomic CN.

4.2 Formulations

Calibrated using the well-measured set of experimental data,? we
can gather quantitative information about the Cls energy of
atomic carbon and its shift upon allotropes formation. Because
the CN-resolved Cls energy shift is proportional to the bond
energy, we have'®

E(z) - E,(0) E. C>%

7E|S(z’) ~E,(0) = E = —ngis(); (Z#2) (11)

This expression gives rise to the immediate solutions:

(Atomic Cls binding energy)

12
(Cls shift ofbulk diamond) (12)

(z — resolved Cls energy shif?)

4.3 The atomic C 1s energy and its allotropes shift

With the given E i values (for z = 2, 3, 5.335) of 285.97, 284.87,
and 284.27 eV components,® we can easily calculate the desired
values as formulated above. The mean value of (E;4(0)) is
calculated as 282.57 + 0.01 eV for an isolated C atom and the
bulk shift E;4(12)-E4(0) is 1.321 £ 0.001 eV. Therefore, the
generalized form of the CN-resolved Cls level energy becomes:

E\(2) = E1|(0) + [E1(12) — E(0)]C-*° = 282.57 +
1.32C%(e V) (13)

Fig. 7 compares the BOLS derived E4(z) with the measured
Cls energy shifts of carbon allotropes. The derived E(12) is
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Table3 Comparison of the BOLS derived with the measured Cls binding energies of carbon allotropes. z = 0 and 12 correspond to an isolated C atom
and a C atom in the diamond bulk, respectively. z = 2, 3, 4, and 5.335 correspond to the atomic CN of graphene/CNT edge, graphene interior, diamond

surface and bulk graphite, respectively

Atomic CN 0 2 5.335 12
BOLS derivatives 282. 57 285.89 284.80 284.20 283.89
Measurements — 285.97%¢ 284.80%¢ 284.208¢ 283.50-289.30144-146
2844214 284.3011:142
284.9042 284.351%
284.53-284.74'43 284.451
286.0- photoelectron emission data of the carbon allotropes, we have
= 085,51 been able to derive information about the CN-resolved Cls
‘% ’ binding energy with a consistent understanding of their physical
§ 285.01 origin. It is further confirmed that the C—C bond contracts by up
@ 284.51 to 30% with respect to the bulk-diamond value of 0.154 nm and
§284.0- the Cls binding energy shifts by up to 3.33 eV for graphene edge
i:‘En 283.51 with respect to the Cls energy of 282.57 £+ 0.01 eV for an isolated
2 5e3] ;& Data 2 carbon atom. Reproduction of the observations of the C Is
O 282.': —E, (2) =28257+1.32C** energy shift and the work function change of the under-coordi-

0 2 4 6 8 10 12
Coordination Number (z)

Fig.7 The BOLS quantified Cls level energies of carbon allotropes. The

results are calibrated using the data of graphene ribbons (data 1).%¢

Fitting the layer-resolved Cls energy shift (data 2)* leads to the corre-

spondence of the effective CN for layer 1(z = 2.97), 2(3.20), 3(3.45) and

10 (4.05), see the inset.

within the broad data range of measurements.'**14¢ Exceedingly
good agreement between predictions and measurements has thus
been realized. Matching the measured layer-resolved Cls level
shift®” has led to the estimation of the effective atomic CN of the
few-layer graphene, as can be seen from the inset of Fig. 7. The
corresponding effective CNs of the few-layer graphene sheets
have been estimated to be 1(z = 2.97), 2(3.2), 3(3.45), and
10(4.05). The graphene sheet size will affect the values slightly.

On the other hand, the work function reduction arises from the
elevation of Fermi energy that is proportional to the density of
charge centered at a specific energy, E, in the form of [n(E)[*=."*" ¢
is the dimensionality. Polarization of the nonbonding electrons
will raise the density-of-states from lower to higher energies.
The observed work function reduction of the few-layer graphene
ribbon is in line with the BOLS prediction of the polarization and
densification of the nonbonding electrons. Hence, the observed
work function reduction and the Cls shift of the few-layer gra-
phene sheets and the graphene flakes can thus be reconciled using
the BOLS theory. Agreement between predictions and observa-
tions evidences further that the core-level shift results from the
broken-bond-induced charge and energy quantum entrapment
and the work function reduction arises from the polarization of
the nonbonding electrons by the entrapped core and bonding
charges. The understanding provides foundation for the Dirac-
Fermi polarons generation as demonstrated in section V.

4.4 Summary

Incorporating the BOLS correlation mechanism and the derived
bond length and bond energy from the measured elastic
enhancement and thermal stability depression with the

nated carbon allotropes indicates the dominance of broken-
bond-induced local strain and quantum entrapment and the
polarization of the unpaired nonbonding electrons by the densely
and deeply entrapped core and bonding electrons.

V  Dirac-Fermi polarons purification

e The photoelectron residual spectroscopy (PRS) enabled the
atomic scale, zone selective purification of bond and electronic
information from selected sites surrounding what a STMIS can
scope.

e The PRS revealed one extra C 1s component from graphite
surface as the consequence of surface entrapment and two at the
vacancies as the consequence and origin of the graphitic Dirac-
Fermi polarons.

e The Dirac-Fermi polarons are clarified as polarization of the
dangling-bond electrons by the densely, deeply, and locally
entrapped core and bonding electrons that generate the extra states
at the bottom of the core band.

e The Dirac-Fermi polarons in turn screen and split the crystal
potential and hence create an extra component at the top of the
core band.

5.1 STMIS: Dirac-Fermi polarons

STM/S measurements have uncovered the Dirac-Fermi polarons
as extraordinarily high protrusions and sharp resonant peak at
Er from sites surrounding atomic vacancies,*® the edges of
monolayer graphite terrace*'*> and graphene nanoribbons,*¢
as shown in Fig. 8. When the STM tip moves towards the edge,
the extent of polarization becomes more pronounced and the
Dirac peak moves nearer to Eg.**"® Such features can be
resolved neither at the clean graphite surface nor in the GNR
interior. The same type of protrusion and Fermi states has also
been observed from CNT point defects.’*® The interlayer inter-
action was suggested to play a crucial role in deriving the STM
protrusions and the sharp STS features.’*® One may note that the
Dirac-Fermi polarons generated at surface atomic vacancy and
at the ZGNR edge are naturally the same despite the spectral
sharpness. This fact allows us to investigate the origin of the
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Fig. 8 STM images of (a) graphite surface vacancy* and (b) the ZGNR edges* showing the Dirac-Fermi polarons with high protrusions and the
spectral resonant peaks. The Dirac fermions at vacancy and GNR edge are morphologically and energetically identical despite the spectral sharpness.
This fact allows us to focus on the fermions generated at graphite surface vacancies instead of the ZGNR edges using XPS.

polarons by focusing on the vacancy defect at graphite surface
using XPS because the weak signal of the GNR sheets.

However, the physical origin and the driving force for the
generation and retention of the Dirac-Fermi polarons remain
unclear. Zhang et al.™*® observed the fluctuations in graphene
charge density and attributed them to charge-donating impuri-
ties below the graphene. These impurities induce standing wave
patterns due to unexpected backscattering of Dirac fermions. In
order to identify the nature of the Dirac-Fermi polarons, infor-
mation regarding the behavior of the surrounding bonds and the
energetically low-lying electrons as the “roots” is highly desired.
Unfortunately, such localized information is as yet by no means
available. A method of photoelectron residual spectroscopic
(PRS) purification for this purpose has thus been developed,
which has enabled the fermions to be correlated with their
neighboring bonds and the performance of the low-lying elec-
trons. Findings confirm that the defect fermions result from the
polarization of the dangling-bond electrons by the under-
coordination-induced local quantum entrapment and densifica-
tion of the energetically low-lying electrons.

5.2 PRS purification

Using an STM/S, one can easily image an individual atom by
probing the flow of charge with energies in the vicinity of Fermi
level under bias across the tip and the sample surface. Informa-
tion obtained as such is limited only to the top edge of the valence
band in energy and to the open side of the surface atoms in real
space. In comparison, an XPS collects statistical and volumetric
information of electrons and bonding interaction up to several
nanometres in depth'*! with energies in the valence band and
below. From the conventional approach of XPS data decom-
position, one is hardly able to gain information of the contri-
bution from the subsurface before and after physical and
chemical conditioning as the signal due to such modification is
rather weak. Besides, uncertainty remains regarding the number
and the relative energies of the XPS spectral components.
Furthermore, the direction and the reference point for the core

level shift need to be certain. It has been -consistently
confirmed!*>1%%-152 that the undercoordination induces positive
shifts from the energy levels of an isolated atom. The missing link
between STM/S and XPS is how to combine the atomic-scale
STM/S and the volumetric statistical XPS to gain the atomic
scale, zone selective bond and electronic information from zones
surrounding undercoordinated atoms, from which the STM/S
can hardly scope.

One can imagine what will happen in the following processes.
Upon the spectral background correction and area normaliza-
tion, the difference between two spectra collected: (i) from the
same defect-free surface at different emission angles and (ii) from
the same surface after and before conditioning under the same
experimental conditions. The residual spectrum (i) keeps only the
extra features due to the skin up to two atomic spacings and
filters out the bulk information as the XPS collects more infor-
mation from the surface at larger emission angles'** and more
from the bulk at the smaller angles.’*! Using the same Al K,,
source, Speranza and Minati'*! found that the X-ray penetration
depth in graphite decreases from 8.7 to 0.7 nm when the emission
angle is increased from 0 to 85°. Likewise, the residual spectrum
(ii) purifies the features merely due to surface conditioning such
as defects generation in the current experiment. This technique
can be used for any surface conditioning such as crystal growth,
chemical reaction, alloy formation, efc. These processes purify
the energy states of concern limited to the atomic-scaled zones
surrounding the fermions as this process filters out the artifact
background and bulk information. Besides the information
purification,'! the additional advantage of the PRS is that it can
minimize the influence of extrinsic factors such as the back-
ground uncertainty, surface sensitivity, and the “initial-final
states” effect existing throughout the course of measurements.

In order to correlate the energetic behavior of electrons
detected using STM/S and XPS, we conducted XPS measure-
ments of graphite surface with and without artificial vacancies at
room temperature. We firstly collected the XPS data from
a graphite surface without vacancy defects at different emission
angles (between the surface normal and the emission electron
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beam) using the standard XPS (Al K, sourced at 1486.6 eV)
apparatus and standard procedures. The emission angle was
varied within the range of 25 and 75°. The highly oriented
pyrolytic graphite (HOPG) was cleaved using the adhesive tape
in air, and then transferred quickly into the XPS chamber. In
order to examine the effect of vacancy generation, the surface
was sputtered using Ar* ions with 0.5 keV energy and incident
along the HOPG surface normal. The spray dose was controlled
by the sample current and the duration of sputtering. The ener-
getic Ar* sputtering increases only the number of dangling bonds
and the density of surface defects in vacuum.'*

5.3 Edge and surface states: entrapment and polarization

The raw XPS spectra collected from the defect-free surfaces at
different emission angles and from the defect surfaces of different
doses at 50°, as shown in Fig. 9a and b, are well resolved,
exhibiting an attenuated and broadened nature, as reported in
the open literature.'*-15515 However, the overall intensities of the
raw spectra are relatively weaker for those collected at larger
angles or from roughened surfaces because of the scattering loss.
This effect can be compensated by the spectral area normaliza-
tion under the guideline of spectral area conservation, which
means that the area integration of each spectrum, and therefore,
the total number of excited electrons in each of the collected
spectrum is the same across spectra.

In practice, we firstly corrected the spectral background using
the standard Shelly process and then normalized the spectra area.
The spectra collected from the defect-free surface at larger
emission angles were then subtracted by the referential one
collected from the freshly-cleaved surface at the smallest (25°)
available angle. For the surfaces with defects, we simply repeat
the process at 50° without changing the emission angle.

Fig. 10 compares the evolution of the residual XPS spectra
with the emission angles of the defect-free surface and with the
surface defect densities as represented by the dose of Ar* sput-
tering at a fixed emission angle of 55°. The spectral areas above
and below the energy-axis represent, respectively, the gain and
loss of the energy states. The net spectral gain should be zero
because of the rule of spectral area conservation. The walleyes
centered at 284.1 and 284.4 eV of the residual spectra corre-
spond, respectively, to the bulk and the surface component.

For the defect-free surface, only one trapped peak (Ts) is
present at the bottom of the C 1s band, which shifts further to
a lower binding energy corresponding to the change of the
effective atomic CN from z ~ 4 to z ~ 3.2, as the emission angle
increases from 35° to 75°. The presence of the Ts component
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Fig. 9 Raw XPS spectra collected from (a) the vacancy-free HOPG
surface at different emission angles and from (b) the defect surface
collected at 55° of different Ar* spray doses.
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Fig. 10 The PRS of graphite surface shows only the trapped (Ts) surface
states evolving from z ~ 4 to z ~ 3.2 when the emission angle is increased.
The vacancy-density-resolved PRS shows both the trapped (Tp) and
polarized (P) states and their correlation. The energy separation between
the emerging entrapped component and the £,,(0) = 282.57 eV satisfies:
E14(z) — 282.57 = 1.32C-**%(e V). The valleys centered at 284.1 (z = 5.335)
and 284.4 eV (z = 4) correspond, respectively, to the removed obvious
bulk and surface information and the extra components are the energy
states due to the surface skin (Ts) between the outermost two atomic
layers and sites surrounding vacancy defects (Tp). The P component at
the upper edge arises from the screening and splitting of the crystal
potential by the Dirac fermions that originate from the polarization of
the entrapped core electrons.

indicates that the bonds between undercoordinated surface
atoms are indeed shorter and stronger. The trend of the Tg
evolution with the emission angle also indicates that the surface-
induced quantum entrapment is more significant when the
effective atomic CN is decreased.

As defects are generated, the Tg moves even deeper and evolves
into Tp. The Tp is accompanied by the presence of the Dirac-
Fermi polarons at the Fermi level* and the P component at the
upper edge of the C 1s band. As the defect density is increased,
the intensity of the Tp component grows and the P component
moves up in both energy and intensity. The effective CNs of the
defect atoms changes insignificantly if the Tp energy remains
unchanged. The presence of the Tg and Tp peaks in both cases
verify the BOLS premise of bond contraction and the associated
bond strength gain and quantum entrapment. The fact of the Tp
energy being lower than the Tg energy indicates that the bonds
between the defect atoms are even shorter and stronger than
those in the clean surface.

Fig. 11 summarizes our findings of the purified XPS collected
at 75° emission angle from surfaces with and without defects. The
effective atomic z of the graphite skin is ~3.2 and the z for the
vacancy neighbors is ~2.5. The P states are centered at 283.63
eV, 0.31 eV above that (283.94 eV) of bulk diamond. Therefore,
the polarization coefficient p = (283.63-282.57)/(283.94-282.57) =
1.06/1.32 = 0.80, which means that the screened potential is 20%
shallower than that in diamond, while the vacancy trapping
potential is C=%¢ — 1 = 0.97 times deeper. According to the
energy band theory,'® the ratio of the separation between the Tg
or the Tp and the E4(0) is proportional to the respective bond
energies The defect bonds (Tp components) are expected as

CZ%/C%%S = 1.23 times stronger than the surface bonds (Ts),
which agrees with the estimated values of (285.25-282.57)/
(284.70-282.57) = 1.25. This trend also agrees with the trend
(1.32) of energy requirement for the 2- and 3-coordinated gra-
phene bond breaking.*®
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Fig. 11 (a) Comparison of the purified XPS C 1s spectra collected at 75°
from the surface with (9 x 10" cm~2 dosed Ar* spray) and without
defects. The P, Ts and Tp, indicates the polarons screened, surface (z ~ 3)
and defect (z ~ 2.3) entrapped components; D and G indicate the C 1s
energies for the bulk diamond (z = 12) and graphite (z = 5.335). (b) The
purified XPS for the Pt and Rh adatoms'? and (c) the valence band of
CuPd and AgPd alloys's” showing the spectral similarity of C vacancy to
that of Rh adatoms and AgPd alloy and the similarity of graphite surface
to that of Pt adatoms and CuPd alloy. Pt and CuPd have been identified
as acceptor-type and the Rh and AgPd donor type catalysts.

With the obtained values of z = 3.2 for surface and 2.5 for
defects, one can estimate the local bond length (C.), bond energy
(C=27%), atomic cohesive energy (zC->°%/12), and charge density
(C=?) localized in the respective zones.

It is encouraging to note that from the comparison of the
purified core band to those in Fig. 11 obtained from the well-
defined catalysts of Pt and Rh adatoms'*? and CuPd and AgPd
alloys,'” graphite flat surface may serve as an acceptor-type
while the defect surface as donor-type catalyst because of the
respective polarization and entrapment. The former is more
beneficial to hydrogenation and the latter oxidation. One of the
key identities of a catalyst is the capability and direction of
charge flow between the catalysts and the reactant such as CO
and ON gaseous specimens.
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5.4 Summary

The findings verify the theory predictions and clarify the origin of
the defect charge polarization observed using STM/S and their
correlation with the PRS Cls band P and T states. It becomes
clear that: (i) the shorter and stronger bonds between under-
coordinated atoms cause local quantum entrapment of charge
and energy that produces the trapped component in the core
band; (ii) the densely, deeply, and locally entrapped core charge
polarizes the unpaired dangling-bond electrons to produce the
Dirac-Fermi polarons; (iii) and the Dirac polarons in turn screen
and split the potential and then generate the polarized compo-
nent in the core band. STM/S and PRS are correlated and
complement each other. The former collects the polarized states
near Er and images the surface dipoles as protrusions at the
atomic scale;'® the latter collects statistic information regarding
the entrapped T and the screened P states from zones right aside
that STM/S scoped. Complementing the STM/S, the PRS is
therefore much more revealing than using XPS or STM/S alone
in gaining bond and electron information at the atomic scale,
selected zones of surface, subsurface, defects and impurities as
well. A comparison with the spectral features of Pt and Rh
adatoms, AgPd and CuPd alloys suggests that the graphite
surface with and without defect may serve, respectively, donor-
and acceptor-type catalysts because of the respective dominance
of polarization and entrapment.

VI GNR band gap expansion

e A perturbation in the Hamiltonian by the edge strain and
quantum entrapment dictates the band structure change.

o The presence and polarization of the dangling-bond states
mediates the measured gap, resulting in discrepancy between
theory calculations and experimental observations.

e FEdge H-termination minimizes the midgap impurity states
without significant influence on the band gap width.

6.1 Width dependence inconsistency

The Eg of the AGNR has been found roughly proportional to
the inverse width of the GNRs.*¥662 Electron transport
dynamics measurement® at temperatures below 200 K revealed
that the Eg varies with the GNR width W in a way of: Eg = a/(W
— W), with the values of & = 0.2 eV nm and Wy = 16 nm. When

Conduction bapd

—FEy

Measured Eg

Nonbonding

Fig. 12 Discrepancy between the DFT calculated*® and the conductance-measured® Eg expansion of GNRs (left). Numerical fit based on BOLS
consideration can be realized by employing a width dependence of non-constant m values.'* The DFT describes more intrinsic Eg under ideal conditions
while the experimental presents more on the apparent Eg mediated by the mid-gap impurity states (right).
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the GNR is narrower than W, the Eg increases abruptly to
several eV and then approaches the values derived from DFT
calculations.'®*® The Eg in the electrically gated bilayer graphene
can be tunable up to 250 meV."™® Fig. 12 compares the DFT
calculated*® and the measured®® width dependence of Eg
expansion. Calculations suggested that the Eg of the AGNR
expand from some 0.25 to 2.5 eV when the K is decreased from
20 to 1.5 with the feature of 3n periodicity. However, the
conductance measurements revealed that the apparent Eg
increases from several meV to 2.0 eV when the width of the GNR
is decreased from K = 40 to K = 5. The measured data shows
neither the DFT-derived 3n oscillation nor orientation depen-
dence. This inconsistency indicates clearly that the measurements
in real situations and the calculations under ideal conditions are
dominated by different mechanisms.

Despite the magnitude difference between the measurements®
and the theoretical calculations,*®>7® the energetic origin for the
width-dependent Eg expansion is under debate. The Eg expan-
sion is attributed to the carrier confinement,*#1:9615% edge
distortion,*® edge energy pinning,**8'-%° doping,” defects form-
ing,® symmetry breaking,®? substrate interaction,®® and quantum
confinement.*> By introducing a phenomenological hopping
parameter t; for the nearest-neighbor hopping integral to
represent various chemical edge modifications, in the tight-
binding calculations, Wang et al.®' found that if the t, is identical
to that in the ribbon interior, no significant Eg expansion occurs.
Therefore, the Eg expansion originates from the hopping inte-
gral t; at edge should certainly be greater than those in the GNR
interior.®>%® A relaxation of the edge structure of AGNR is
crucial to obtaining a non-metallic band-gap.'®* Conductance
calculations suggested that edge disorder'®* in AGNRs could
cause short localization lengths which could make expected
semiconducting GNR devices insulating. A single edge defect
could even induce localized states and consequently zero-
conductance dips.’®® The edge and defect states are therefore
critical to the performance of GNRs® in addition to the edge
chemical passivation by boron,'®* nitrogen,'s® oxygen,'®® or
fluorine.’®” When the spin polarization is considered, both
symmetric and asymmetric ZGNRs present semiconductor
behavior, which is different from spin-unpolarized result
showing metallic nature.’® Transition between semiconductor
and metal can be induced by the combination of both radial and
elongation deformation.’®® The bandgap and conductance can
also be modulated by folding the graphene.'”® These addends not
only change the band structures of the AGNRSs but even result in
observable metal-to-insulator transition.

It is unexpected that the BOLS, the DFT, and the experi-
mentally measured results are inconsistent.'®* Although we have
reproduced the size dependence of the thermal stability,
mechanical strength, band gap and core-level shift of numerous
specimens including the SWCNT and the nanostructured
silicon,”® the BOLS appears uncertain to reproduce the width
trends of the Eg for GNRs. The inconsistency indicates however
the impact of the nonbonding mid-gap states and the inhomo-
geneous stress caused by edge chemisorption, which can hardly
be represented at the present in theoretical computations. The
nonbonding states dominate the apparent Eg as one can measure
the transition of electrons from the mid-gap impurity states to
the tail of the conduction band rather than from the valence to

the conduction band directly (Fig. 12, right panel)."*® From this
perspective, experiments measure the true but not the intrinsic
Eg. The measured trend of Eg expansion gives information
about the change of the separation between the upper edge of
nonbonding states and the conduction band tail, instead.

6.2 DFT: Dispersion of impurity states

It is our opinion that the Eg is determined intrinsically by the crystal
potential and hence the Hamiltonian matrix while the density and
energy of carriers in GNR play their roles in the transport dynamics.
In order to verify the contribution of edge strain and quantum
entrapment to the band gap expansion, DFT calculations were
performed on various carbon structures with different atomic CNs
to gain the valence DOS and C-C bond lengths and the Eg
expansion as shown in Fig. 12.* As compared in Table 1, the DFT
derived extent of C—C bond contraction follows not well the BOLS
expectation in particular at the lower CN values though the calcu-
lated Eg reproduces the results reported in ref [48]. As such, the
calculated charge densification is lower than that expected for the
BOLS. By taking the unusual edge strain-and-trap boundary
conditions into consideration, ie., a potential barrier followed
immediately by the deep potential trap, quantum calculations may
produce the BOLS expected results.

6.3 BOLS-TB: Edge quantum entrapment

Stimulated by the BOLS, DFT, and experimental discrepancy, we
developed an edge-modified BOLS-TB approach to examine the
Eg expansion of the AGNR(II) and the rec-ZGNR(I)** as illus-
trated in Fig. 13. An atomic vacancy is also shown at the N =11
point. The t is the overlap integral between two adjacent atoms in
the ribbon interior; t; and t, are the integrals at edges.”® The BOLS
derived strains and overlap integrals are listed in Table 4.

(a) ‘f

1
v

8 9 10 11..

N=1 2 34

Fig. 13 Atomic structures of (a) the AGNR(II) and (b) the rec-
ZGNR(II) edge of infinitely long ribbons with N represent the atomic
positions. t is the overlap integral between two adjacent atoms in the
ribbon interior; t; and t, are the integrals at edges.”® The I indicates the
ZGNR edges.

Table4 The BOLS-TB parameters for calculating the Eg of AGNR and
rec-ZGNR. The strain is set with respect to the bond length of diamond
according to the z-dependent contraction coefficient.

Bond H-C
position t; tr edge Interior Graphite'” Diamond'®
z 2 2.5 2,125 3 5.335 12
Strain -30.2 —-23.6 —11.5 —18.5 -7.8 0
(%0)
Integral 1.49t 1.17t L.11t t=-24¢V
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Fig. 14 compares the band structure of an AGNR-11 obtained
using (a) the conventional TB, (b) the BOLS-TB, with the strain
and overlap integrals as given in Table 4, and, (c¢) the DFT
calculation results. A high DOS degeneracy at E=+2.7 eV in (a)
suggests that the system is unstable. This frustration can be
avoided by using the modified BOLS-TB and DFT methods.
Since there are 22 unpaired p. electrons in the AGNR-11 unit
cell, 22 double-degenerated bands will be present. The Fermi
level lies at the middle of the Eg. The Eg opening can be
observed in the BOLS-TB (b) and the DFT (c) derivatives. The
dangling-bond electrons provide impurity level closing to the
Fermi energy, which has no significant effect on Eg.""!'"!

Fig. 15 compares the Eg of both the bare and the H-adsorbed
AGNRs as a function of the ribbon width N. The conventional
TB results in the zero Eg when N = 3p + 2 (p is an integer); while
the modified BOLS-TB results in the Eg opening, which is
consistent with the reported DFT*** and experimental obser-
vations.®* The edge absorption of H does not affect the Eg
generation or the expansion trend significantly. Findings confirm
further that the edge strain and quantum entrapment originate
the Eg expansion of GNR with and without H-termination and
rationalize further Wang and co-worker’s findings.®! The effect
of H-passivation on the band gap width is the same as the
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Fig. 14 The band structures of the AGNR-11 calculated using (a) the
conventional TB, (b) the BOLS-TB, and (c) the DFT methods. The
dangling-bond electrons provide impurity states (broken lines) near
the Fermi energy, indicated by D. An Eg is generated in (b) and (c), and
the dangling-bond states do not affect the Eg in calculations.®
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Fig. 15 Comparison of the width dependence of the Eg in bare and H-
passivated AGNRs shows absence of Eg expansion for the N =3p + 2in
the conventional TB approach.”® The BOLS-TB results have the same
trend to those of DFT,* clarifying the origin of the width trends of Eg
expansion. H-termination changes insignificantly the band gap.'®

hydrogenation of amorphous silicon.'"® The hydrogenation of
GNR edges annihilates the dangling bond states and hence
minimizes the midgap impurity states without affecting the band
gap substantially. Likewise, calculations of the rec-ZGNR with
and without H-passivation using these three methods derived the
similar results. A very small Eg (~0.1 eV) is generated near the T’
point using the latter two methods.*®

6.4 Dispersion linearization

As the GNRs C-C bond contracts by up to C,_, — 1 = 0.3, the
corresponding reciprocal lattice and the Brillouin zone edge will
expand by 0.77'(~1.4), the band width also expands by 0.7 2°¢ =
2.52. This reciprocal reconfiguration will stretch the dispersion
relation E(k) for the valence band and below with a certain
extent of linearization.” As we know, the energy dispersion
determined by the Hamiltonian determines the effective mass,
W [Vi’E\(k)]"!, and the group velocity, Vi E,(k)/#, of boding
electrons. The stretching and linearization of the dispersion may
result in a lowered group velocity, Vi E,(k), and enlarged effec-
tive mass of bonding electrons instead, because of the drop of
Vi’E, (k) with the linearization. The smaller effective mass and
the higher group velocity evidence that the Dirac-Fermi polarons
located at the corner of the Brillouin zone of the GNRs follow
neither the linear dispersion nor occupy the allowed states in the
valence band and below, as we expected.

6.5 Summary

The BOLS-TB algorithm has enabled us to clarify the energetic
origin of the width dependence of the GNR Eg expansion. The
shorter and stronger bonds between the under-coordinated edge
atoms and the associated edge quantum entrapment provide the
perturbation in the Hamiltonian and initiate the Eg opening with
the nonbonding states meditation. The discrepancy between
theory and experimental observations has been clarified as the
involvement of the nonbonding states. H passivation can remove
the midgap nonbonding states while the passivation has no
influence on the intrinsic band gap. In the conductance
measurements, however, the midgap states contribute to the real
Eg. As a consequence of the bond contraction, the Brillouin zone
will be stretched and the dispersion will be linearized, which will
lower the group velocity and enlarge the effective mass of the
bonding electrons, opposite to the trend that the nonbonding
states demonstrate.

VII Magnetism of Dirac-Fermi polarons

e Difference in the edge atomic distance is uncovered to govern the
selective generation of graphitic Dirac-Fermi polarons being
weakly anchored dipoles.

e The high spin densities of atoms surrounding atomic vacancy or
ZGNR edge result from the polarization of the dangling a-bond by
the densely entrapped bonding and core electrons.

e The low spin densities of the AGNR and the rec-ZGNR edges
originate from the pseudo-t-bonds formation between the nearest
dangling a-bonds along the edges.

e H tends to form bond with the polarized dangling sp’ electron and
to annihilate the DFPs with high-spin-density but hardly to the
entrapped dangling p. electron with low-spin-density. C—H bond
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Sformation annihilates the Dirac-Fermi polarons and turns the
LDOS from the asymmetric dumbbell-shaped sp* dominance to the
spherical-shaped p. dominance.

7.1 Observations

The occurrence of spin polarization of graphene zigzag ribbons
was first demonstrated by Fujita ef «l,' and confirmed by
subsequent first-principles calculations.**!”* Without considering
the edge strain and quantum entrapment, Fujita et al'”* found
that the graphite ribbons show a striking contrast in the elec-
tronic states depending on the edge shape in their TB Hubbard
model calculations. They showed that even an infinitesimal
onsite Coulomb repulsion induces finite magnetization of edge
atoms of about 0.2 up. The wup is the Bohr magnetron. In
particular, a zigzag ribbon shows a remarkably sharp peak of
density of states at the Fermi level, which does not originate from
infinite graphite. They suggested that the singular electronic
states arise from the partly flat bands at the Fermi level, whose
wave functions are mainly localized on the zigzag edge. A similar
magnetic ground state was found for the ZGNRs without
hydrogen termination, but in this case the magnetic moment per
atom is much larger, 1.28 ug.'™ It has further been confirmed
both experimentally and theoretically that the GNR or CNT
magnetism is closely related to the structure defects,’>"”®
vacancies,'®® edges,'® and spin polarization of p orbitals,’** dis-
regarding the magnitude difference.

The magnetic moment was found higher for samples fabri-
cated at 873 K than those fabricated at 673 K; higher tempera-
ture fabrication generates higher density of defects.’®> An
experimental work revealed that the resolved magnetic edge
states originate from the open edges as high-temperature
annealing can turn the open edges to loops and hence lowers the
magnetic moment.'®* The presence of the unusual magnetism at
GNR edge is selective and the magnetic momentum varies with
the shape, the density of the vacancies,'® the hydrogen termi-
nation position,'®* and the vacancy sites on the hexagonal sub-
lattice.'® It has been quite certain that the magnetic moment can
be easily detected from the ZGNR edge and the atomic vacancies
but hardly from the AGNR edges.**-**'% Partially opened CNT
also demonstrate magnetic properties.’®” The magnetism of the
newly discovered rec-ZGNR edge®® is to be explored.

Theoretical computations have been extensively conducted
with different mechanisms. A TB calculation with the mean-field
Hubbard approximation'® suggested that the conventional Lieb
theorem'?® is unable to produce and explain the experimentally
observed local magnetism of the GNR vacancy, and hence
a model of “charge imbalance” was proposed. A first-principles

A; =g +<2p.|V.
i = <2pai| Ve (1 + A2),[2p5 >
—2.56
12_2:C2 :2.52:1.49
133 G —256 1.69
—2.56

133 - G -256 7 1.69

(L4 A2, > =&, +a

calculation’® claimed that the magnetism is determined by the
corresponding hexagonal defect sublattice. The defect magnetic
moment was lowered from 1.12-1.53 w;, to 1.0 uy, upon hydro-
genation according to this sublattice model. A DFT calcula-
tion'® showed however that adsorption of H on one of the
dangling bonds of a vacancy gives rise to a magnetic moment
twice as high as that of a bare vacancy. Using positron annihi-
lation in conjunction with ferromagnetic moment measurements
and DFT calculations, Yang er al.'® found that the magnetic
moments are closely correlated to the existence of the vacancy
defects. The ground state of the vacancy has spin =1 ug, and
spin density is localized on the broken bond of carbon.!'s From
a systematic calculations using a combination of the mean-field
Hubbard model and the first-principles, Yazyev'*® and Singh and
Kroll*! concluded that only single-atom defects can induce
ferromagnetism in the GNR-based materials. Volnianska and
Boguslawski''® suggested that the strong spin polarization in the
p orbitals as a common denominator for the defect magnetism of
solids containing O, N and C. In the case of vacancies, spin
polarization is local and results in their high spin states. For
a two-dimensional topological insulator, accumulation of spins
(momentum) occurs only at edge states, which distinguish
topological insulators from conventional ones.’®* Therefore,
issues such as the physical origin of the Dirac-Fermi polarons
edge selective generation and the effect of hydrogenation remain
open to the community.

7.2 BOLS-TB Hubbard spin-polarization

Recently, we proposed that the defect magnetism of solids con-
taining neither transition metals nor rear earth arises from the
polarization of nonbonding electrons by the densely, deeply, and
locally entrapped bonding and core electrons or by the electron
lone pairs of N, O, and F.* The nonbonding electrons include
the covalent dangling bonds of Si and carbon, electron in the
outermost shell of metals. In order to clarify the physical origin
of the graphitic magnetic momentum, BOLS-TB and DFT were
conducted to verify our proposals of the defect magnetism.® The
DFT calculations were carried out using the DMOL? code with
a double numeric plus polarization basis set.’®®* The geometric
and electronic structures of various carbon allotropes were
obtained based on the generalized gradient approximation in the
Perdew-Burke-Ernzerh form of potential.’** The calculations
were focused on the coordination dependence of C-C bond
length, the energy states of various carbon allotropies, and the
GNR width dependence of band gap expansion, as given in the
previous section.

As far as the = and ©* orbitals of the C 2p. electrons are
concerned, the BOLS-TB Hamiltonian matrix elements are

(Diagonal elements)

(Off-diagonal elements)

(14)
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where V. is the crystal potential; e,. is the eigen core level
energy of the 2p. orbital of a carbon atom; « is the onsite
exchange integral of negative value; t;; is the overlap hopping
integral of the nearest neighbor jth atoms and #3; is the interior
integral being taken as —2.4 eV. For the H-end edge bond
contraction coefficient, Cyy, is defined as the bond length ratio
between GNR edge and interior, and taken as 96% according to
DFT relaxation results.*® Considering the edge dangling bond,
the off-diagonal terms of the Hamiltonian between the dangling
bond state and the p. orbital are zero, because they have different
symmetries in the z-direction.'® Thus, we only consider the
diagonal term Ap, the dangling bond energy.*®

Because of the edge strain and quantum entrapment, the oo and
tij will be enlarged proportionally to the bond energy by C(z) ™.
The t; enhancement has been observed using DFT calcula-
tions," as compared in Fig. 16. It is seen that the BOLS
expectation and DFT calculation are in good accordance despite
the tiny divergence at the shorter end.

The spin texture is determined intrinsically by the Hamiltonian
and the charge population in the valence band and above. In
particular, the local TB Hamiltonian elements and the charge is
non-uniform, which varies from site to site according to the atomic
coordination and geometric orientation. The spin-polarized TB
Hamiltonian in the mean-field Hubbard model is given as:'

H, = ZAcldc,{,Jr Z ,](,, mc,(,+fllnmc,,,>

<i,j>,0

+ E Uiﬁi,nﬁi.—a (15)

where ¢ indicates the spin. A; and #; remain the meaning of eqn
(14). The last term is the Hubbard electron repulsion term Hy.
Supposing the U, a constant U, the k-dependent electron repul-
sion within the mean-field approximation becomes,

0= 03[(60) - 5)enoa )

where

(o) = 5 j dk(cf, (k)cia (k) ) (16)

When the single-site electron repulsion Hy is considered, the
numerical calculations can be performed with a self-consistent-
field convergence.

(b)
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0 T 2 3
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Fig. 16 Correlation between the t;; and the bond length d derived from
the DFT results'® in comparison to the BOLS prediction.

7.3 Energy dispersions and vacancy LDOS

As expected, the DFT energy dispersions in Fig. 17 show that the
dangling o-bond at atomic vacancy (Dy) and ZGNR edge (D.)
show only one sharp state located at Fermi energy. It is therefore
confirmed that the Dirac-Fermi polarons correspond to the
polarized dangling o-bond sp? electrons, being consistent with
PRS observations.' However, the dangling o-bond of the
AGNR (D,) and the rec-ZGNR (D,) edge behave more like the 7
and 7" bands with additional two states located far away from
the Eg: one is above and the other is below the Eg. This result
confirms the expectation of pseudo-m-bond formation of the
dangling o bonds at the AGNR and rec-ZGNR edges. Hence,
the BOLS-TB consideration of the Hamiltonian elements for the
dangling sp? electrons of group II is necessary. As compared,
hydrogenation removes these additional impurity states, being
exactly the same as observed from hydrogenated silicon.!*

An examination of the LDOS contour plot exhibiting the
midgap Dirac-Fermi polarons localized at the atomic vacancy.*®
In addition to the Dirac fermions, the quantum entrapment and
polarization at the vacancy is found more pronounced than those
at the AGNR edge and the GNR interior. The BOLS-TB derived
Dirac-Fermi polarons agrees well with theoretical’®® and exper-
imental observations for the edges and with what observed using
STM/S from graphite vacancy.*

(b)H-vacAGNR

(a) vacAGNR

E-E_(eV)

= — i ]

(c)recZGNR (d)H- recZGNR
Dz

i o T~

-4
T X T X

k

Fig. 17 Comparison of the DFT derived dispersions of AGNR edge and
atomic vacancy (a) with and (b) without hydrogenation and the energy
dispersions of ZGNR and rec-ZGNR (c) with and (d) without hydro-
genation. The D, (triple lines slightly above Eg in a) and D, (one line at
EF) representing, respectively, the dangling o-bond states of the vacancy
and ZGNR edge; D, (two pairs away from E F in a) and D, (two lines
away from Epg) representing the AGNR and the rec-ZGNR edges
Pseudo-m-bond states. Hydrogenation removes all the D,, D,, and D.
completely with minus modification of the rest in the vicinity of E.
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7.4 Edge discrimination and hydrogen annihilation

Fig. 18 compares the DFT calculated LDOS and the BOLS-TB
derived spin difference (AS) counter plots under various edge
conditions with and without hydrogenation. The DFT comple-
ments the BOLS-TB with derivatives summarized as follows:

1) The local magnetism is the summation of two contributions
from the spin moments of the unpaired dangling sp? electrons
and the nonbonding p. electrons. The former is much stronger
than the latter since the unpaired sp? is strongly localized and
polarized whereas the p. electron tends to itinerate as in graphite
but partially entrapped by the edge quantum trap induced by
BOLS correlation.

il) Group I ((a) and (c)) demonstrates much stronger ASy
(0.7~1.0 electron/A% than group II (0.05~0.1 electron/A%)
because of the discussed electronic configurations and the effect
of polarization and entrapment. The former arises not only from
the localized dangling sp? electrons with the asymmetrically

polarized and alternative spin orientated nature but also from the
partially trapped p. electron; whereas for the latter, the sp?
contribution is significantly attenuated by the quasi-rt-bond
formation since the sp? electron pairs offset the spin moments
with each other.

iii) Hydrogenation reduces the ASy of group I from 0.7~1.0 to
0.1~0.3 electron/A® and unifies the orientations of the adjacent
spins ((b) and (d)). The hydrogenation also turns the shape of the
local spin from the asymmetric dumbbell-like sp® orbital to the
spherical shaped p. orbital in the xy plane, which confirms that
the unpaired H 1s electron tends to pair and counteract with the
dangling sp? electron more than the unpaired p. electron. This
finding may help in providing insight into the capability of
graphite or graphene for hydrogen storage. The BOLS-TB
derived 3D ASg plot (down part in Fig. 5), distinguishing the
contribution of p. electrons and sp* electrons, also verify the
above observations. Nonetheless, hydrogenation has no signifi-
cant effects on group IIL.

(a)vacAGNR (b)H-vacAGNR
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Fig. 18 Comparison of the DFT calculated LDOS and the BOLS-TB derived counterplots of spin difference for vacancy and AGNR edge (a) with and
(b) without hydrogenation and for the rec-ZGNR (left side) and ZGNR (right) edge (c) with and (d) without hydrogenation. The results indicate that the
vacancy and the ZGNR edge share the similarity with higher spin densities and that the AGNR and the rec-ZGNR edges share the similarity with lower
spins because of the pseudo-m-bond formation. Hydrogenation turns the spin density from the asymmetric sp> dominance to the symmetric p, domi-
nance and alters the spin orientations from antiferromagnetic to parallel. The asymmetric dumbbell-shaped sp? LDOS evidences the polarization of the
unpaired ¢ bonds and the spherical-shaped p. LDOS represents the entrapment of the 7 electrons.
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iv) The spin density of the vacAGNR edge is not ideally
spherical, which results from the fact that the adjacent sp? elec-
trons are not parallel and do not form a complete o bond. The
spin contribution of the sp? electrons has not been totally offset.
Besides, only the closer side to the vacancy of vacAGNR presents
spin density. It is attributed to the vacancy-enhanced edge
quantum entrapment: the shorter and stronger bond induced by
both vacancy and edge deepens the potential multi-well and
hence the entrapment of charge and spin is enhanced.

v) In actual calculations performed within both first-principles
and model tight binding approaches, broken bonds of edge
carbon atoms are often saturated with hydrogen atoms as a rule
and the dangling bonds do not contribute to the density of states
in the vicinity of the Fermi energy, which annihilates the signa-
tures of the edge states.

The magnetism of different edges and the atomic vacancy
comply with the “hexagonal sublattice rule”,'® that is, the atomic
vacancy and the ZGNR edge where the atoms surrounding the
defect correspond to the same hexagonal sublattice distance
manifest a large antiferromagnetic moment; while the AGNR
and the rec-ZGNR edge atoms surrounding the defect corre-
spond to different hexagonal sublattice present a weak magne-
tism because of the pseudo-7t-bond coupling between the nearest
dangling o-bond electrons. The edge hydrogenation plays
different roles in these two kinds of defects. Combined with the
band structure dispersions in Fig. 17, the single-sharp D.
polarons are with energy at Eg and the triple D, states are located
above but the D, and D, behave more like the 7w and 7t* bands
apart from the Er at both sides. The former is the polarized
dangling o bond in nature and the latter more likes the 7t and 7*
bond.

7.5 Summary

A combination of the DFT and the BOLS-TB calculations
confirmed that the high spins of Dirac-Fermi polarons are
associated with atoms at sites surrounding atomic vacancies and
ZGNR edges and the low spins with the AGNR and rec-ZGNR
edges. Despite the spin value difference, the edge magnetism is
dominated by the polarization of the unpaired sp* dangling bond
electrons. The weak magnetism of the AGNR and rec-ZGNR
edge atoms indicates the pseudo-m-bond formation between the
nearest dangling o-bond electrons to a certain extent along their
edges. This finding also explain why the AGNR and rec-ZGNR
edges perform more like semiconductor while the ZGNR and
vacancy edges more like metal. The polarized dangling bond in
ZGNR and vacancy originates the metallic, magnetic, and
mobile Dirac-Fermi polarons and the pseudo-m-bond is
responsible for the semiconductive nature of the AGNR and rec-
ZGNR. It should be clear now why the edge discriminates the
GNRs performance in the electronic, optic, magnetic and
chemical and why the DFPs are massless and highly-mobile;
what are the advantages and limitations in applications for the
catalytic, H storage, sensor, etc. Further investigation is in
progress.

VIII GNR Raman shifts

e The Raman D and 2D modes of GNR undergo red-shift from the
reference point of the dimer vibration frequencies determined as

1273.0 and 2576.0 cm~" when the GNR layer is reduced or a tensile
strain is applied.

e All the D, G, and 2D mode undergo red shift non-linearly under
a tensile strain.

e The layer-number-reduction induced blue shift and the strain-
induced splitting of the G mode may involve dipole-dipole inter-
action and the anisotropic stain due to the uniaxial strain.

o Scattering from the polarons at the ZGNR edge is suggested to
lower the D band spectral intensity in comparison to that at the
AGNR edge.

e Trends agreement between prediction and measurements of the
z- and strain dependence of the D and 2D modes verify further the
BOLS correlation mechanism.

8.1 Layer number resolved and strain dependence of the Raman
shift

Raman spectroscopy has been demonstrated to be a powerful
tool in probing the lattice vibrational states and dynamics of
GNRs and CNTs, "' under the variation of the layer

number,?°®2%%  gtrain,?*?*  doping, temperature,®’ edge
chirality,?®21®  defect location,?™' substrate interaction,*?
hydrogenation,?'? structural orientation, light polarization angle

with respect to the GNR surface plane.?'* There are three major
Raman features of graphene: the G band (1580 cm ') arises from
the in-plane vibrations of the sp? carbon atoms,?*s and the 2D
band (2700 cm™') as a second-order process induced Raman
feature.?'® In the presence of undercoordinated carbon atoms or
the edge of graphene, another band located around 1350 cm™!
can be observed, which is called the defect-induced band or D
band. The intensity of the D band is one order higher at the
armchair edge than that at the zigzag edge.?°%%

Fig. 19 shows the frequency evolution of the Raman D and 2D
bands with the layer-number of GNRs.2%*21° At a given excita-
tion energy, the D and 2D peaks undergo a red-shift when the
number of layers is reduced. When the GNR evolves from the
bulk-graphite to monolayer GNR, the 2D peak evolves from
2714 to 2678 cm™' and the D peak changes from 1368 to 1344
cm~!. However, the G band undergoes a blue-shift when the
number of layers is reduced,? as illustrated in Fig. 20 with the
numerical fitting®! with the relations of: wg = 1581.6 + 5.5/n,
and wg = 1581.6 + 11/(1 + n'%), as indicated.

Fig. 21 shows the Raman spectra of graphene under uniaxial
tensile strain.?*® An obvious red-shift in G band and 2D band is
observed on tensile strained graphene due to the elongation of
carbon bonds, and such band shift was suggested to be linearly
related to the strain. Another effect of the uniaxial strain on
GNR is the G band splitting. The single G band in unstrained
GNR is a result of doubly degenerate optical phonon mode.
After the application of strain, lowering of the graphene
symmetry splits the two phonon mode apart, causing the
appearance of the two branches of the G bands in the strained
graphene 205217218

Compared with the huge volume of Raman database collected
under various conditions, the physical insight is in its infancy, in
particular, from the perspective of bond formation, dissociation,
relaxation and vibration under the given conditions. The objec-
tive of this section is to extend the BOLS consideration and the
LBA approach to the typically observed Raman shift of GNR
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under the variation of the number of layers and the strain.
Modeling consideration of other factors is in progress.

8.2 BOLS formulation

When we consider a t-dimensional solid containing numerous
Bravais unit cells and each cell contains n atoms, there will be tn
modes of vibrations. Among the tz modes there will be T acoustic
modes, LA, TAL, ..., and TA(r-1) and t(n — 1) optical modes LO
and TO. The acoustic modes represent the in-phase motion of the
mass center of the unit cell or the entire solid as a whole. The
long-range Coulomb interaction is responsible for the inter-
cluster interaction.?"® From the BOLS perspective, the frequency
of the Raman optical and acoustic modes follow the rela-
tions:219,220
1

w,(2) — w,(1) ocdi(EI)E (optical mode) arn

(accoustic mode)

where w,(z) is the vibration frequency of an atom with z neigh-
bors. The w,(1) being the frequency of a dimer is the reference
point from which the shift proceeds. The z, d,, E,, and u represent
the effective coordination number, bond length, bond energy,
and the reduced mass of the dimer atoms: u = mmy/(m; + m,).
For the GNR without adsorption or isotope, the u is a constant.

For the thickness-induced G peak blue shift in Fig. 20 follows
roughly the BOLS derivatives given in eqn (17). Here we focus on
the coordination, z, strain, ¢, pressure, P, and temperature, 7,
dependence of the D and 2D optical modes.
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ﬁ pralm "W fl -\ L
5 i . \‘\# 1508 "
§_ __';:_.,M;' \ l B experimental data .4"‘"",5
< 0.201 LU T —finedrelion: | ol |
o W\.V?.,q‘j IL\. v 1581.6+5.5/n ,_.:'.,._" -”.:.
£ 015 W‘ "\ [ calculated result -
= I | ! H‘. 3 -~ fitted relation:
& 1 2| |3
=1
0.057 - ' r 1582 o
T T T i' B
1200 1400 1600 1 ] 5 7 9 " 12 15 17 19
Raman Frequency Shift { cm™) Layer number

Fig. 20 (left) GNR layer-number dependence of the G peak shift;***> and,
(right) the numerical fit to the measurement with the relation of: wg =
1581.6 + 5.5/n, and wg = 1581.6 + 11/(1 + n'°), as indicated.>*!

Incorporating the considered variable of z,P,T, and ¢ into the
optical mode in eqn (17), we have the relation,

w(z, P, T,e) —w(1,Py, Ty,0)  zdy (E(Z,P,T,e))‘/2
w(zp, Py, Ty, 0) — w(l, Py, Tp,0) d(z,P,T,¢) Ey
where,
d(zy, Po, Ty, 0) = do
{E(zb,Po7 Tv,0) = E,
and

et =afe i+ ) v+ ] wa) 1+ ] sar)

de;K(s)e de — JT n(0)dt — [V p(1)dv)

T Jn

Ey

E(z,P,T,e) = E, | C-" —

(18)

The thermal expansion coefficient, «, compressibility, £,
specific heat, n, and the force constant, k, are constant at higher
temperatures or low pressures or distortion in the elastic
regime.219,2217223

Taking z, = 5.335 for graphite as reference, theoretical
reproduction of the z- or layer-number dependence of the D and
2D modes frequency shift will lead to the quantification of w(1):

(,L)(Z) _ &)(1) _z C: 7(m/2+l)7 z C; 72.287 )
@) () _(c_) - _(C) =) 49

From this relation, we can determine the w(1), the bulk shift,
w(zp) — w(1) and the z-dependent D and 2D Raman shift:
w(z) — w(zp)C'(z,2p)
1 —C'(z,zp) (20)
w(z) = w(l) + [(z) — 0(1)]C'(z, 2)

For the same GNR specimen with a constant effective z, the
strain-effect is expressed as,

w(l) =
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e 1/2
dZJ k(e)e de NV
— 1= (145=U0=K)
E. l+e
K = kd?/(2E.) = const.
(2]

Likewise, for the thermal and pressure effects, we have,?**22

r 1/2

d
ol -l T) _ 1_71%77([” (l—i-JTadt)
w(z, Ty) — w(1, To) CE, To

y 1/2

d
0z P) — ol P) _ lm (1+] )
oz, P) (1, Py) CE, n

(22)

Theoretical unification of Raman shift on these variables allow us
to extract quantitative information about the w(1), &, B, , Op(1), and
the binding energy E,,, which should be the pursuit of our practice.

8.3 Derivatives

In sections 3 and 4, we have determined that for the monolayer
GNR, z =3(2.97), and z;, = 5.335 for graphite bulk. For 2, 3, and

00 01 02 03 04 05 06 07 08 09 1.0 1.1 1.2 13

10 layers, z = = 3.20, 3.45 and 4.05, respectively. With the given
Raman frequencies of the 2D peak shifting from 2714 to 2678
cm~! and the D peak from 1368 to 1344 cm~! when the graphite
turns to monolayer GNR, we have

, Z(CN\ T 3.0 (0.8147\
C'(3.0,5.335) = Z(F) = ﬁ(m) =0.7458

Therefore, from eqn (20), we can obtain,

[y _ @(3.0) —0(5.335)C'(3.0,5.335)
(1) = 1— C'(3.0,5.335)

1344 — 1368 x 0.7458

= - 23
_ 1—0.7458 1273.6(cm™) (D peak) (23)
2678 — 2714 x 0.7458 |
T—o7ass  — 2724(em™) (2D peak)

And the z-dependent Raman D and 2D red shift,
w(z) = (1) + [w(z) — o(1)]C'(z,2)

{ 1273.6 + (1368.0 — 1273.6)C"(z,5.335) (D) (24)

2572.1 + (2714.0 — 2572.4)C'(z,5.335) (2D)

Combining eqn (19) and eqn (21), we have the coordination-
and strain-dependent Raman shift of GNR:

(1 —K’ez)l/2

w(z,¢) = w(1,0) + [w(z,0) — w(1,0)] 0+o

(1 7K,82)1/2

= (1,0 + [0(5.335,0) — w(1,0)]C'(z, 5.335) o

1590

1585

1580

1575 -

1570

1565

Pos(G*',G)(am’y

— T
Jwg"/9e ~ - 10.8 cm/%|
. ddg /e ~ -31.7cm’'/3

2670

Pos(2D) (em')

2610 |-

2600 |-

- 64cm™/% ]

00 0.1 02 03 04 05 06 07 08 09 1.0 1.1 12 13
Strain(%)

1— W) ? [ x944+1273.6 (D)
— O 5335 02K (em™)
I+e x141.9 +2572.4 (2D)
(25
1590
® 3layers
- 1585 4
g
g 1580
S 1575 -
BT o2 os o8 a8 10
Strain (%)
b) 2700 u 1layer
® 3layers
2690
§
g 2680
g
gzsro—
a
2660 4

T T
0.0 0.2 0.4 0.6 0.8 1.0
Strain (%)

Fig. 21 Uniaxial strain induced red-shift of Raman frequencies of the (a, ¢c) G* and G~ and (b, d) 2D.25218

648 | Energy Environ. Sci., 2011, 4, 627-655

This journal is © The Royal Society of Chemistry 2011



o 1370

13604 &

D mode

13504

1340

30 35 40 45 50 55
r 4

B 13304 .
1320+ ¥ =
L Ez\sm
o 1010 N ° ﬁml
o A
o & 2580
g 13004 L ¥. U'U G204 G0 fs 10 1z
—8—z=3 L1 ¥
1200] |2=2:3 o iy
y—z=4 e : d

280 . r T T r "
00 02 04 06 08 10 1.2
Strain

Fig.22 BOLS derived (a) z- and (b) strain-dependent Raman shift of the D and 2D modes with derivatives of the dimer vibration frequency, w(1) and

the «' = k/(2E,) = 0.30.

(k' = kd?(2E.) is the adjustable parameter in the theoretical
reproduction of the measurement).

Fig. 22 compares the BOLS derived z- and strain-dependence
of the Raman shift of the D and 2D modes derived from eqns
(24) and (25). The calculated trends are in line with the
measurements as given in Fig. 19 and Fig. 21.

It is easy to understand that the intensity sensitivity of the D
band to the edge type as the scattering of the incident light by the
Dirac-Fermi polarons at the zigzag edge is much stronger and
hence the intensity at the ZGNR edge is substantially lower than
that from the AGNR edge. Regarding the layer-number-reduc-
tion induced blue shift and the strain-induced splitting of the G
band is beyond the scope of the BOLS correlation mechanism at
the present moment. However, dipole interaction and the Pois-
son ratio caused non-uniform strain may contribute. Further
investigation on these issues is in progress.

8.4 Summary

In summary, consistency between the prediction and the obser-
vations on the layer (z) and strain dependence of the Raman D and
2D mode frequency shift evidence further the validity of the BOLS
correlation mechanism. The spectral intensity sensitivity of the D
band to the edge chirality is found to be due to the presence of the
Dirac-Fermi polarons that scattering strongly the incident light
and hence lower the Raman intensity. Furthermore, the reference
points from where the Raman frequency shifts have been deter-
mined as 1273.0 and 2571.6 for the D and 2D modes. Further
investigation on the temperature, pressure, and the G band split-
ting and G band blue shift would be more challenging.

IX Conclusion
9.1 Achievement

A combination of the BOLS theory, experimental observations,
and the DFT and BOLS-TB calculations has enabled us to gain
consistent insight into the fascinations demonstrated by CNTs and
GNRs from the perspective of bond and nonbond formation,
dissociation, relaxation and vibration, and the associated energetics
and dynamics of charge repopulation, polarization, densification,
and localization. Major progresses are summarized as follows:

1) Theoretical reproduction of the elastic modulus enhancement
and melting point depression of SWCNT revealed that the C-C
bond of SWCNT and monolayer graphene is 0.142 nm thick and

0.125 nm long. Bonds between 3-coordinated atoms are
shortened by 18.5% and strengthened by 68%, and bonds between
2-coordinated edge atoms are shortened by 30% and strengthened
by 152% with respect to those of diamond. The elastic modulus is
2.5 times that of the bulk. The elastic modulus is proportional to
the local binding energy density and the chemical and thermal
stability depends on the atomic cohesive energy.

i1) With the quantities derived from the matching of elastic
modulus enhancement and melting point depression, we have
been able to reproduce the measured C 1s energy shift of GNR,
graphite, and diamond by combining the BOLS correlation and
the tight-binding considerations. Reproduction has led to the
quantification of the C 1s energy of an isolated atom as 282.57 eV
and the CN-resolved shift of: E;(z) = 282.57 + 1.32C-**(eV).
The undercoordination induced simultaneous positive C 1s shift
and the work function reduction of graphene and Cg, evidence
the BOLS expectation of the broken-bond-induced local
quantum entrapment and densification of energy and electrons
and the consequent nonbonding electron polarization.

iii) An atomic-scale, zone-selective photoelectron spectroscopic
purification has enabled clarification of the mechanism of graphitic
Dirac-Fermi polarons generation and retention as arising from
the polarization of the unpaired dangling-bond electrons by the
densely, deeply, and locally entrapped bonding and core electrons.
This technique also allows us to clarify the defect and surface states
in the entire energy range and the correlations.

iv) The ZGNR edge and atomic vacancy selective generation of
the Dirac-Fermi polarons results from the dangling o-bond elec-
tron isolation and polarization along the hexagonal sublattice with
identical distance while the alternative distance of atoms along the
AGNR and rec-ZGNR edges may favor the pseudo-w-bond
formation, which also explains why the former are metallic and the
latter semiconductive. The band gap opening takes place as the
pseudo-mt-bond minimizes the mid-gap impurity states.

v) The band gap generation is dominated by the edge quantum
entrapment, instead of confinement, due to the under-
coordination-induced local bond strain and strengthening. The
inconsistency between DFT calculated and the measured Eg
expansion arises from the impurity midgap states meditation.
Calculations deals with the ideal situation while measurement
measure the true situation of exciton generation from the upper
edge of the midgap impurity states to the valence band.

vi) High densities of spins are associated with Dirac-Fermi
polarons because of the polarized dangling ¢ bond electrons,
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which present only to the ZGNR edges and vacancies. H-C bond
formation at edge annihilates the magnetism and turns the
antiferromagnetism to paramagnetic.

vii) The layer-number, strain, pressure, and temperature induced
Raman shift can be reconciled using the BOLS relation and the
response of bond length and bond energy to the applied stimuli.

9.2 Perspectives

The understanding herewith may extend to other situations with
large proportion of under-coordinated atoms such as the densi-
fication and localization of electrons with lowered binding energy
in the potential traps as observed as defect states, chain end
states,?%2?8 terrace edge states, and surface states. The globally
quantum entrapments exist at such undercoordinated atomic
sites but the polarization is subject to the presence of nonbonding
electrons.®” If both polarization and entrapment effect coexist,
the sites with coordination imperfection are surrounded with the
densely, locally, and deeply entrapped charge and energy and the
polarization caps. The impact of such local energetic and elec-
tronic configuration would be profoundly enormous.

For instances, the similarity of the purified core band of
graphite surface to those obtained from the acceptor-type cata-
lyst of Pt adatoms CuPd alloys and the core band of graphite
surface with defects to the donor-like catalysts of Rh adatoms
and AgPd alloys™"!5¢ suggest that graphite surface with and
without vacancy defect may serve, respectively, as an acceptor-
and a donor-type catalyst because of the respective polarization
and entrapment. It is suggested that the GNRs with zigzag edges
serve the same to atomic vacancy and the AGNR and rec-ZGNR
to the flat surface in the catalytic reactions and further verifica-
tion is necessary. The tendency of the C-H bond formation with
the GNR edge dangling o-bond and the entrapped m-bond
electrons may provide insight into the capacity and limitation of
hydrogen storage in the GNRs and CNTs.? It appears that under
the normal circumstance (pressure and temperature) H tends to
bond to the atomic vacancy and the ZGNR edges than to the
AGNR or the rec-ZGNR edges. Edge chemisorption of various
adsorbates forms an important and effective way to tune the
physical properties of GNRs.?*? In the density-functional theory
calculations, Hu et a?° found that the structure of the edge-
oxygenated GNR is more stable than those with naked edge, and
the stability is enhanced when the GNR become narrower;
applying an in-plane electric field across the AGNR can modu-
late the band gap through the process of entrapment and
polarization. The polarized nonbonding states or the Dirac-
Fermi polarons are expected to serve as the main vehicles for the
topological insulators, high-T¢ super conductors, and thermo-
electronic materials, because of the massless and highly mobile
nature of the carriers. These DFPs lowers the local work function
that benefits the cold cathode electron emission,'*® and therefore,
the ZGNR without hydrogenation could be good candidate for
field emitters.?**2*3 The impact of atomic undercoordination and
the associated quantum entrapment and polarization for the
CNTs and GNRs are indeed profound, which originates the
unusual performance of the undercoordinated carbon allotropes.
Further investigation focusing on the undercoordination-
induced quantum entrapment and densification of charge and
energy and their consequence on the polarization of nonbonding

states and find them practical applications would be even more
exciting and rewarding.

Note added at proof

As our paper was in proof preparation, we learned of the
discovery** that the mechanical strength of graphene is higher for
high angle grain boundaries (GB) even though they have a higher
density of defects (5- and 7-membered rings forming the GB) than
for low angle grain boundaries, because of the particular ring
bonds and their elongation dynamics. This finding is counter to
standard expectations based on continuum mechanics as
explained in ref. 234. This finding and the associated mechanism
may provide possible solution to the long-standing puzzle*** of the
defect-density modulated mechanical strength of a bulk as well.
The defects provide not only centers initiating the mechanical
failure but also sites for energy pinning as the mechanical strength
is proportional to the binding energy density.**
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