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1 Introduction

Carbon is one of the mainstream elements in the periodic ta-
ble, and it can generate many substances very appropriate for
researches in physics, chemistry, materials, biology and geology.
In condensed-matter systems, each carbon atom has four half-
filled orbitals and is capable of forming crystals with stable cova-
lent bonds, including diamond, graphite, graphene, carbon nan-
otube (CNT), Cgo-related fullerene, and linear acetylenic carbon.
Diamond is a bulk material with strong sp> bondings and often
used in the industry due to high hardness! and thermal conduc-
tivity. 2 The sp?-hybridized carbon allotropes possess open/closed
surfaces and structures with various dimensionalities. Graphite,
which consists of stacked carbon sheets3 and can be easily found
in nature, is applied as an electrical conductor, a moderator of
nuclear reactor,> and a solid lubricant.® Owing to the advance in
nanotechnology, the low-dimensional carbon materials have been
fabricated and observed. Fullerene, a stable zero-dimensional
carbon cluster with a closed structure, has been synthesized by
Kroto et. al. in 1985.78 A CNT, a quasi-one-dimensional (quasi-
1D) hollow cylinder with a nanoscale radius is discovered by
lijima et. al. in 1991.%-11 In 2004, Geim et al. have demonstrated
that graphene, a one-atom thick two-dimensional (2D) carbon
sheet, can be isolated and transferred to another substrate. 12 Lin-
ear acetylenic carbon, found in 1995, is a 1D chain based on sp
bondings with alternating triple and single bonds. 13:14

A new scientific frontier has been explored since the discov-
ery of graphene. This nanomaterial attracts researchers, in both
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fundamental science and applied technology, for several reasons.
Graphene is the first truly 2D material, 12:15
ideal platform for realizing low-dimensional physics and applica-
tions. It is a gapless semiconductor with cone-like energy spec-
trum near the Fermi energy. The electronic structure of graphene
gives rise to many incredible essential properties, such as high
carrier mobility at room temperature (> 200000 cm?/Vs),16-18
superior thermoconductivity (3000-5000 W/mK), 1819 extremely
high modulus (~1 TPa) and tensile strength (~100 GPa),2° high
transparency to incident light over a broad range of wavelength
(97.7 %),%122 and anomalous quantum Hall effect. 23-26

which can serve as an

Based on its superior electronic, thermal, mechanical, and op-
tical properties, graphene is considered to have high potential
in future electronic and optical devices. However, the gapless
feature gives a low on/off ratio in graphene-based field effect
transistors (FETs) and hinders the development of graphene na-
noelectronics. One of the most promising approaches to con-
trolling electronic and optical properties is to make 1D strips of
graphene, usually referred to as graphene nanoribbons (GNRs).
To achieve large-scale production of GNRs, numerous fabrica-
tion strategies, including both top-down and bottom-up schemes,
have been proposed. From the geometric point of view, cutting
graphene seems to be the most simple and intuitive strategy to
produce GNRs, and the available routes include lithographic pat-
terning and etching of graphene, 2730 sonochemical breaking of
graphene, 3133 metal-catalyzed cutting of graphene, 3440
idation cutting of graphene.*"*2 A much more imaginative strat-
egy is unzipping of CNTs, since a nanotube can be viewed as
a folded or zipped GNR. The available routes for the reverse
process cover chemical attack, 4344 laser irradiation,*> plasma
etching, 46*7 metal-catalyzed cutting,*¢4° hydrogen treatment
and annealing,®® unzipping functionalized nanotubes by scan-
ning tunneling microscope (STM) tips,>! electrical unwrapping
by transmission electron microscopy (TEM),>? intercalation and
exfoliation, >3->4 electrochemical unzipping,>® and sonochemical
unzipping. 657 Other strategies involve chemical vapor deposi-
tion (CVD) 860 and chemical synthesis. ®1-64 The former is much
compatible with semiconductor industry, and the latter is piece-
wise linking of molecular precursor monomers. Although there
are many routes for the synthesis of GNRs, the main obstacles and
disadvantages precluding GNRs from real applications are to con-
trol the width and edge structure, substrate effect, edge termina-
tion, and defect. Electronic properties, especially the energy gap,
are sensitive to the ribbon width and edge structure. They are also
altered by charge transfer between substrate and GNRs. During
some synthesis processes, the ribbon edges might be partly termi-
nated with hydrogen, oxygen, and other functional groups; there-
fore, the edge-related properties will be changed. Non-hexagonal
defects (often pentagonal and heptagonal structures) on the rib-
bon plane cause drastic changes in electronic properties. Up to

and ox-
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now, the researchers and engineers are continuously finding other
routes of high yield to precisely control the nanoscale width and
perfect edge structure and trying to overcome the technical prob-
lems for real applications.

The electronic and optical properties of GNRs are dominated by
the ribbon width and edge structure. Armchair and zigzag GNRs
(AGNRs and ZGNRs) are two typical systems chosen for model
studies. The lateral quantum confinement is responsible for a lot
of 1D parabolic subbands, where the electronic states are charae
terized by the regular standing waves. Especially, the energy gap.
induced in AGNRs scale inversely with the ribbon width. 65-66 Fu;
thermore, ZGNRs present partial flat subbands near the Fermi
energy with peculiar edge states localized at the ribbon bound
aries.%7:68 The former have been observed by the experimental
measurements on the electric conductance?’-3! and tunneling
current,?? and the latter are confirmed by the STM image. %70 As
for the optical properties, the edge-dependent absorption selec-
tion rules are predicted to satisfy |AJ| = odd for ZGNRs and AJ =©
for AGNRs, where J is the subband index”1~74 (Section 2.2.1).
The essential properties will be enriched by the magnetic and
electric fields, curvature, stacking configurations, non-uniforrm
subsystems, and hybrid structures, as discussed later.

A uniform perpendicular magnetic field can flock the neighbor-
ing electronic states and thus induce highly degenerate Landau
levels (LLs) with quantized cyclotron orbitals.”> The magnetic
quantization will be seriously suppressed by the lateral confine-
ment. Their competition diversifies the magneto-electronic struc-
tures, covering partly dispersionless quasi-Landau levels (QLLs),
1D parabolic subbands, and partial flat subbands.”®78 Such en-
ergy dispersions induce two kinds of peaks, symmetric and asym-
metric ones, in the density of states (DOS). 79:80 The QLLs can be
formed for sufficiently wide GNRs, and each Landau wave func-
tion possesses a localized symmetric/antisymmetric distributioi.
with a specific number of zero points (a quantum number #). The
magneto-optical spectra exhibit lots of symmetric and asymmetric
absorption peaks. The former ones come from the inter-QLL tran-
sitions and obey the magneto-optical selection rule of |An| = 1.
However, the latter ones originate from the transitions among
parabolic subbands and abide by the edge-dependent selection
rules.

A transverse electric field can generate an extra potential er-
ergy in GNRs. The charge carriers experience different site en-
ergies so that the electronic and optical properties are dramati-
cally changed. There exist oscillatory energy subbands, more ex-
tra band-edge states, gap modulations with semiconductor-metal
transitions, and irregular standing waves.®! Meanwhile, the in-
tensity, number, and frequency of asymmetric DOS peaks are ob-
viously modified. The absorption peaks associated with the edge-
dependent selection rules are inhibited, and more extra peaks ap
pear in the optical spectra (Section 2.3.3). The different potential
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energies in GNRs hinder the formation of Landau orbitals, and
the QLLs would tilt, become oscillatory, or exhibit crossings and
anti-crossings. Moreover, the inter-QLL optical transitions would
be severely altered or even destroyed thoroughly.

Geometric configurations play an important role in modify-
ing the fundamental properties. The curved GNRs or the un-
zipped CNTs* are the suitable systems for studying the mag-
netic quantization in curved surfaces. The electrons experience
a non-uniform effective magnetic field instead of the applied per-
pendicular uniform one, and the effects of magnetic quantiza-
tion will gradually reduce from the ribbon center to either edge.
With the increase of curvature, the Landau subbands become os-
cillatory with more band-edge states, and the spatial distribu-
tions of Landau wave functions are distorted. A detailed com-
parison between the curved GNRs and CNTs show the influences
of curvature and the interplay between different boundary con-
ditions. The QLLs hardly survive in a cylindrical CNT with a
periodic boundary condition except for a very large tube diam-
eter and magnetic field, mainly owing to the vanishing of net
magnetic flux. The magneto-absorption peaks are dominated by
the angular-momentum-dependent selection rules.82-8> On the
other hand, the QLL-dominated and the curvature-induced extra
absorption peaks coexist in the curved GNRs.

The electronic and optical properties are very sensitive to the
changes in the number of layers and stacking configurations. Few-
layer and bilayer GNRs can be fabricated by cutting graphene 30-31
and unzipping multi-wall CNTs.*3 There are two typical stack-
ings, namely, AB and AA stackings. The bilayer GNRs possess
two groups of parabolic subbands (or two groups of QLLs), and
each group contains conduction and valence subbands. The ini-
tial energies of subband groups and the wave functions are closely
related to the stacking configurations. For the AA stacking with
higher symmetry, the interlayer atomic interactions induce the
strong overlap between the valence subbands of the first group
and the conduction subbands of the second group. The metallic
property keeps the same even in the presence of perpendicular
and transverse electric fields. On the other hand, the AB stack-
ing has only a weak overlap between the conduction and valence
subbands of the first group, where the metal-semiconductor tran-
sition will happen by the electric fields. As to the optical prop-
erties, only the intragroup transitions are presented in the AA
stacking, while in the AB stacking, the intergroup transitions are
also available. This important difference originates from that the
wave functions of the former are the symmetric or antisymmetric
superpositions of the tight-binding functions on different layers.

In the non-uniform bilayer GNRs and GNR-CNT hybrids, the
complex interlayer atomic interactions between the constituent
subsystems enrich the essential properties. The former consist-
ing of two GNRs with different widths are successfully fabricated
by mechanical exfoliation from bulk graphite.86-88 The relative
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(a) (b)

Fig. 1 GNR-related systems: (a) monolayer GNRs, (b) curved GNRs,
(c) bilayer GNRs, and (d) non-uniform GNRs and GNR-CNT hybrids.

positions of two subsystems can determine whether the QLLs
will survive. The modulation of their widths will generate var-
ious kinds of magneto-electronic spectra, including monolayer-
like, bilayer-like, and coexistent QLL spectra, as well as distorted
energy dispersions. The feature-rich electronic properties are di-
rectly reflected on the magneto-absorption spectra. Moreover, the
couplings in GNR-CNT hybrids distort the QLL spectra with more
band-edge states. 8 The QLL absorption peaks and the additional
nearby subpeaks are suppressed and introduced, respectively.

This review is focused on GNR-related systems: (1) monolayer
GNRs, (2) curved GNRs, (3) bilayer GNRs, and (4) non-uniform
GNRs and GNR-CNT hybrids, as illustrated in Fig. 1. Many effects
are taken into account, including edge structures, ribbon widths,
magnetic quantization, electric potential energies, curvatures and
boundary conditions, stacking configurations, and complex cou-
plings between subsystems. A systematic understanding is given
on the electronic properties and optical spectra. Detailed compar-
isons are made between theoretical predictions and experimental
observations, showing that most results are in agreement with
each other, and some others require further experimental verifi-
cations.

2 Monolayer systems

A 2D graphene is considered to be a promising candidate for fu-
ture nanoelectronics due to its unique electronic properties. %91
Unfortunately, the graphene FETs cannot be turned off effec-
tively under a gapless condition, in which an on/off current ra-
tio typically around 5 in top-gated graphene FETs. % The gapless
limitation can be overcome through the successful fabrications
of GNRs, including the graphene cutting, CNT unzipping, CVD,
and linkage of molecular precursor monomers (Section 1). Elec-
trical transport experiments show that the lateral-confinement-
induced gap renders the FET with a high on/off ratios of about
107 at room temperature.31-32 In monolayer GNRs, the energy

This journal is © The Royal Society of Chemistry [year]
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gap can be controlled by the ribbon width, electric and mag-
netic fields. The predicted energy gap is inversely proportional
to the ribbon width, ©5:66:93 and this fact has been confirmed by
the conductance?”-3! and tunneling current measurements.2? A
metal-semiconductor transition will take place depending on the
strength of transverse electric fields. As magnetic fields are ex-
erted, gap shrinkage happens and the GNR eventually undergoes
a semiconductor-metal transition during the formation of Landau
subbands. The gap modulation opens the possibility for the de-
sign of side-gated GNR-field-effect devices, 4190 where the side
gate offering a better alternative to top-gating scheme will pre-
vent dielectric breakdown 191-196 and electrical hysteresis caused
by top-gate dielectrics. 197-118 The geometric configurations and
external fields not only modulate the gap but also alter the en-
ergy spacings among subbands. These changes are reflected on
the variations of DOS, and can be confirmed by means of mea-
surements on tunneling current, 119-123

Wave functions, which present the spatial information of elec-
tronic states, are very significant for realizing fundamental phys-
ical properties, such as charge densities, 124126 state mixing, 127
and optical selection rules. %578 At zero field, the electronic states
confined by the transverse boundaries display regular standing
waves throughout the whole nanoribbon. The spatial distribu-
tions and nodal structures are dependent on the wave vectors,
state energies, sublattices, ribbon widths, and edge structures.
Magnetic fields can quantize the neighboring electronic states
with the formation of Landau orbitals and regular nodal struc-
tures. The Landau states are strongly localized, and they will be
distorted and truncated as the wave functions encounter either
boundary of the ribbon. On the other hand, electric fields can
alter the spatial distributions, destroy the nodal structures, and
cause the state mixings. These aforementioned features can be
verified by the spectroscopic-imaging STM, which is a potent tool
for direct mapping of the wave functions and has been imple-
mented to study the surface states in various systems. 128-136

The special relations between conduction and valence wave
functions, which strongly depend on the geometric configura-
tions and external fields, can enrich the absorption spectra. At
zero field, the absorption peaks obey the edge-dependent selec-
tion rules, where the number, structure, energy, and intensity
are determined by the edge structures and ribbon widths. The
low-lying edge-dependent absorption peaks are changed into the
QLL-dependent ones in the presence of magnetic fields, while the
coexistence of two kinds of peaks at higher energy reflects the
competition between the magnetic quantization and lateral con-
finement. On the other hand, a weak electric field induces the
coupling of the electronic states in adjacent subbands and modi-
fies the selection rules. In other words, the extra selection rules
bring more absorption peaks. However, under a large electric
field, many low-intensity peaks are revealed due to the breaking

This journal is © The Royal Society of Chemistry [year]
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(@) (b)

Fig. 2 Geometric structures of the monolayer (a) ZGNRs and (b)
AGNRs.

of selection rules. These feature-rich optical spectra and selec-
tion rules can be verified through infrared transmission exper:-
ments, 137-140

The organization of this section is stated as follows. The first
subsection describes the generalized tight-binding model, wherz
the magnetic and electric fields are considered. In the next sut -
section, the discussions are focused on the electronic propertier,
including the energy dispersions, DOS, and wave functions, un-
der the influence of external fields. The lateral confinement,
magnetic quantization, electric-field-induced collapse of QLLs;,
and gap modulation are further discussed. The last subsection
presents the feature-rich optical spectra with the edge-dependent,
QLL-dependent, and electric-field-modified selection rules. Alsc
included are the detailed comparisons between the theoretical re -
sults and experimental observations.

2.1 The tight-binding model
GNRs are quasi-1D strips made up of hexagonally structured cai-
bon atoms. The ZGNRs and AGNRs with the zigzag and armchair
edges are shown in Fig. 2(a) and (b), respectively. The primi-
tive unit cells enclosed by the dashed rectangles have the peri-
odic lengths: I, = v/3b for ZGNRs and I, = 3b for AGNRs, wher
b =142 A is the C-C bond length. The first Brillouin zone is
within the region —n /I, < ky < m/I,. The carbon atoms on the
mth zigzag line or dimer line (armchair line) are denoted by A,,’s
or By’s. 2Ny carbon atoms are included in a unit cell, where N,
is the number of zigzag or dimer lines. The ribbon widths of
ZGNR and AGNR are characterized by W, = b(3N,/2—1) and
Warm = \ﬁb(Ny —1)/2, respectively. &;’s (i =1,2,3) are the nearest
neighbor vectors.

The low-energy electronic properties are dominated by the

Journal Name, [year], [vol.], 1-53 |5
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tight-binding functions of 2p, orbitals. Based on the 2N, tight-
binding functions, the Hamiltonian is presented by

A =—1Y Y Ry (RE[+Hec., 1)

ol

with the Bloch wave function

N,
[PY) = ZAm‘Rf” +Bm|Rﬁ>: (2)
m

where |[RA) (|RB)) represents the tight-binding functions due to
the 2p, orbitals on the mth (nth) site of the sublattice A (B) with
the position vector R4 (R5). Only the interactions between the
nearest neighbors indicated by |§;| = R4 — RE| = b are consid-
ered, and 7 ~ 2.6 €V is the hopping energy. 14! 4,, and B,, are the
site amplitudes of sublattices A and B, respectively. The diagonal-
ization of the Hamiltonian matrix .77 yields the energy spectrum
EY(ky) and wave functions |¥“"), where the superscripts ¢ and v
denote the conduction and valence subbands, respectively.

When a uniform static magnetic field, B = B, is applied perpen-
dicularly to the ribbon plane, each tight-binding wave function
has an extra phase term owing to the vector potential A.142-144
That is to say, each Hamiltonian matrix element is given by the
product of the zero-field element and a phase factor exp(i276,,,).
The Peierls phase is a line integral of the vector potential A from
the mth site to the nth site as defined by

1 R,
R / A-dl, 3)
o JR,

where R,, (R,,) is the position vector of the mth (nth) site, A =
(—By,0,0) is chosen to preserve the translation invariance along
the x-direction under the Landau gauge, and ¢y = //e is the mag-
netic flux quantum.

In the presence of an external electric field E, the field can
be treated as perturbation (for |[E| <« ¢/b) and the Hamiltonian
becomes

H = I+ 4, )]

where 7% is the unperturbed Hamiltonian (eqn (1)), and 4 =
—eV (r). Here e is the charge of an electron, and V(r) is the elec-
trostatic potential of the external electric field. For a uniform
field, the potential at the position R, is

V(r)=-E-R,,. (5)

In other words, the electric field modifies the on-site energies of
carbon atoms and thus alters the essential properties.
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Fig. 3 Low-energy band structures, DOS, and wave functions of the
Ny =300 ZGNR and AGNR.

2.2 Electronic properties
2.2.1 Low-energy electronic structure.

The electronic properties are quite different between ZGNRs and
AGNRs. The low-energy band structure of the N, = 300 ZGNR
in the absence of external fields is ploted in Fig. 3(a). All the
energy subbands are 1D parabolic energy dispersions except for
the two partial flat subbands lying on the Fermi level (Er = 0),
where J¢V =1, 2, 3,... are the subband indices accounting from
Er = 0. The parabolic subbands embody the lateral confinement,
and their band-edge states are at k, ~ 2/3 (in unit of x over lat-
tice constant). The energy spacings are almost uniform and will
shrink as the ribbon width becomes larger. On the other hand, the
states on the two partial flat subbands are strongly localized on
the ribbon edges, and the charge density decays exponentially as
a function of the distance from the edge. %7-68.76 For AGNRSs, there
are many 1D parabolic subbands, whose band-edge states are at
ky = 0 as illustrated in Fig. 3(c). The spacing between band-edge
states are non-uniform. More importantly, there is a direct en-
ergy gap, which is inversely proportional to the ribbon width and

This journal is © The Royal Society of Chemistry [year]
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approaches to zero for a very large N,.6%66.76.145-150 The size-
dependent band gap originates from the lateral confinement and
can also be found in semiconductor quantum structures, 1>1-153

Part of the theoretical results have been verified by experi-
mental measurements. The angle-resolved photoemission spec-
troscopy (ARPES) can be utilized to investigate the actual dis-
tribution of electrons in the energy-momentum space of low-
dimensional systems.1°#159 From the measurements on the
unidirectionally aligned well-defined AGNRs, the 1D parabolic
energy dispersions have been directly observed.1%® The edge-
localized states, which are also predicted by other theoretical
methods, 145147 have been identified by STM6%70:161-165 apq
high-resolution ARPES.16® It should be noted that these states
are presented in ZGNRs, but absent in AGNRs. Some theoret-
ical works167-169 on the finite-size graphite systems, either as
macro molecules or as 1D systems, have also displayed such
edge-dependent localizations. In addition, recent STM measure-
ments have revealed the edge-localized states in GNRs with chi-
ral edges, 179171 and demonstrated that these states can survive
on the boundary with partial zigzag edges. As to the lateral-
confinement-induced energy gap, the inverse relation to the rib-
bon width is confirmed by the STM2? and conductance experi-
ments. 2731 Although in earlier studies, the edge roughness limits
the accuracy of measurements and causes difficulties in obtain-
ing a GNR with a specific gap. Recent synthesis techniques have
shown that the roughness of the ribbon edges can be controlled
within the atomic accuracy,61:62:64172173 a5 ap indication that
the width-dependent energy gap could be well-controlled for ap-
plications.

The DOS, defined as Y. 4, jev 8[@ — E“V(ky,J*V)] (o indicates
the spin), directly reflects the main features of energy subbands.
Many states accumulate at the local maxima and minima of 1D
energy subbands, and hence, a lot of peaks are presented in the
DOS. Such special singular structures are called van Hove singu-
larities (vHSs), 174 which play significant roles in optical transi-
tions. For both types of GNRs, there are many asymmetric peaks
as shown in Fig. 3(b) and (d). These peaks are divergent in the
square-root form 1/y/|®—E,’’|, where the band-edge state en-
ergy E;’’ correspond to the peak energy. The peak height, which
is inversely proportional to the square-root of subband curvature,
grows as the state energy increases. It is remarkable that the peak
spacings are uniform in ZGNRs, while non-uniform in AGNRs.
Besides the asymmetric peaks, the symmetric delta-function-like
peak at the Fermi level, associated with the band-edge states of
partial flat subbands, is the highest one in the DOS of ZGNRs.
The symmetric peak near Er = 0 in ZGNRs has been confirmed
by scanning tunneling spectroscopy (STS), 69-163-165 whereas the
edge-dependent features of the asymmetric peaks, including the
number, frequency, and height, still need further investigations.

The electrons confined in the finite-size GNRs exhibit regular
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standing waves. Their oscillatory patterns, which can be char-
acterized by the number of nodes (zero points), are closely re-
lated to the edge structures, sublattices, energies, and wavevec-
tors. Especially, in ZGNRs, the wave functions can be decom-
posed into the subenvelope functions on the A and B sublattices
at the odd and even zigzag lines (Fig. 3(e)-(g));”%17> while in
AGNRs, the subenvelope functions are on the A and B sublattices
at the (3m)th, (3m + 1)th, and (3m + 2)th dimer lines (m is an
integer; Fig. 3(h)-(j)).176:177 The wave functions will oscillate
with more nodes in the increase of |[E“"|; furthermore, there exis
only a phase-shift difference for various wavevectors. Here, th=
wave functions at k, = 2/3 for ZGNRs and k, = 0 for AGNRs are
presented, in which the band-edge states possess high DOS and
optical response. It is significant that the relations in the wave
functions are also edge-dependent and will directly determine
the available optical transitions. For ZGNRs, the spatial distri-
butions of wave functions alternate between symmetric and anti-
symmetric patterns as the subband index increases or decrease -
by one.”%73 For example, the wave functions for the J* = 1 and
J¢ =1 & 2 subbands are symmetric, anti-symmetric, and sym-
metric, respectively (Fig. 3(e)-(g)). On the other hand, there
are two kinds of relations for AGNRs. One is that for a specific
subband, the subenvelope functions of A sublattices (|¥4)) and
those of B sublattices (|¥p)) are in phase or 180° out of phase
(|[Wa) = |¥p) or [¥4) = —|¥p)), e.8. [Pa(JC=1)) = —|¥p(J =1))
(Fig. 3(1)). The other is that, for the conduction and valence
subbands with the same subband index, their subenvelope func-
tions of A (B) sublattices are in phase or out of phase by 7, i.e.
¥4 S =T") = ¥} 5, (J*)).7® For instance, the subenvelope
functions of A sublattices for the /° =1 and J¥ = 1 subbands are
identical (Fig. 3(i) and (j)). The relations of the spatial distri-
butions are distinct for ZGNRs and AGNRs; therefore, the opti-
cal selection rules are expected to depend on the edge structures
(Section 2.3.1).

The spectroscopic-imaging STM, 178-183 which provides the in-
formation of wave functions through the local DOS, is a pow
erful tool to measure the standing waves on surfaces of various
condensed-matter systems. The direct observations on the regu-
lar oscillations have been done at Au(111) and Cu(111) surface
steps. 128-130,178 The theoretical predictions 1317134 on the stand-
ing waves in a metallic CNT with a finite length are verified by thc
experimental measurements on the spatial distributions. 184-1€>
Also, some related works have presented the spatial mappine
of the electronic states in the troughs between self-organized
Pt nanowires on Ge(001). 135136 The spectroscopic-imaging STM
can be used to identify the feature-rich standing waves in GNRs,
e.g. the edge-dominated special relations in the wave functions.

2.2.2 Magnetic quantization.

Magnetic quantization constrains carrier motions in real space,
brings neighboring electronic states together, and creates highly
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degenerate Landau states.”> The low-energy electronic structures
are determined by the competition between the magnetic quan-
tization and finite-size boundary. The 1D parabolic subbands
evolve into the composite subbands with dispersionless QLLs, and
the standing waves become the localized Landau wave functions
with a regular spatial symmetry. The dispersionless Landau states
can survive only when the ribbon width is comparable to the mag-
netic length (y/i/eB), and more QLLs come to exist under the
extension of ribbon width. It is remarkable that the QLL energies
are proportional to the square-root of magnetic field and subband
index (n“"), i.e. |E“"| o« +/n%VB. This identifiable relation can be
a criterion in locating where the electronic structures are domi-
nated by the magnetic quantization.

The low-energy electronic structures are dramatically changed
by the magnetic fields. There exist a lot of Landau subbands
composed of parabolic subbands and dispersionless QLLs. For
example, the n¢ = 1 Landau subband in ZGNR is a combina-
tion of two parabolic dispersions and one QLL (Fig. 4(a)). The
widths of QLLs gradually shrink as the state energy grows, and
the QLL energies proportional to v/n¢ are independent of the
edge structures.’®78 It is notable that the band structures are
edge-dependent. Especially, in ZGNRs, the formation center of
QLLs is at k, = 2/3, and the partial flat subbands remain lying
on the Fermi level. The conjunction of the nV = 0 QLLs and flat
subbands indicates the coexistence of Landau and edge-localized
states. The former mostly survive near the formation center, while
the latter mainly reside at the zone boundaries. 127:187 As to AG-
NRs (Fig. 4(c)), all the QLLs are formed around k, = 0 and each
QLL is doubly degenerate. At the ends of a QLL, the splitting
of degeneracy takes place, i.e. one of the two subbands has
monotonic ky-dependence and the other exhibits non-monotonic
dependence with extra band-edge states.””>188 This degeneracy
splitting has been identified through the magneto-transport mea-
surements. 189190 In addition, the gradual merging of the 1" =0
QLLs causes the shrinkage of energy gap, and the GNR undergoes
a semiconductor-metal transition. 7191

Landau subbands induce many special structures in the DOS.
The primary structures are the symmetric peaks corresponding
to the QLLs and partial flat subbands; the secondary structures
are the asymmetric peaks originating from the extra band-edge
states of Landau subbands (Fig. 4(b) and (d)). The features of
the symmetric Landau peaks is independent of the edge struc-
ture. The /n“’-dependence in the positions of QLLs remains
the same. The peak height is proportional to the QLL width
and gradually reduces as the state energy grows. Moreover, the
edge-dependent energy dispersions are reflected on the DOS. In
ZGNRs (Fig. 4(b)), the highest symmetric peak at Er =0 is associ-
ated with the partial flat subbands; while in AGNRs, the adjacent
asymmetric subpeaks (inset in Fig. 4(b)) correspond to the extra
band-edge states.
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accounting from Er = 0. The circles mark the states of the n“ =1
subband at k;—s.

Magnetic wave functions in the GNRs present peculiar spatial
distributions, where the localization center, waveform, and node
number are very sensitive to the state energy and wavevector. The
Landau wave functions at the formation center of the N, = 300
ZGNR are well behaved and localized at the ribbon center, as il-
lustrated in Fig. 5(a)-(e). For the nV =n QLL at k, > 0 (ky < 0),
the wave functions of the A and B sublattices can be, respec-
tively, described by ¢, and ¢, (¢, and ¢,_,), where ¢, is the
wave function of harmonic oscillator, a product of the nth-order
Hermite polynomial and a Gaussian distribution function. Such
functions are either symmetric or anti-symmetric, and the node
number of the B sublattice is larger than (k, > 0) or smaller than
(ky < 0) that of the A sublattice by one. For instance, there are,
respectively, one and two nodes on the A and B sublattices for
the n® =2 QLL (Fig. 5(a)). Further, the node number on the A (B)
sublattice grows with the increase of state energy, that is, the node
numbers on the B sublattice of the QLLs for n° =1, 2, and 3 are 1,
2, and 3, respectively. On the other hand, the spatial distributions
of the magnetic wave functions are strongly dependent on the
wavevector and reflect the competition between the lateral con-
finement and magnetic quantization. When the wavevector shifts
from k3 =2/3 to k; or k4 (Fig. 4(a)), the n® =1 QLL remains highly
degenerate, and the wave localization center moves to the ribbon
edges with a consistent waveform (Fig. 5(g) and (i)). However,
for a larger wavevector shift, the wave functions are distorted and
truncated by the ribbon edges, e.g. k. = k; and ks (Fig. 5(f) and
(4)). The electronic states are no longer dispersionless and corre-
spond to the parabolic dispersion.

This journal is © The Royal Society of Chemistry [year]
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The competition responsible for the evolution of electronic
structures is worthy of further investigations. The appearance
of QLLs demonstrates where the magnetic fields dominate the
electronic properties. The magnetic length /p = \//i/eB, which
is a criterion in determining the formation of Landau states, can
characterize the distribution width of the Landau wave functions.
For a narrower GNR, the energy dispersions are almost identical
to the zero-field one (heavy red curves), meaning there are no
QLLs and no changes on the standing waves (heavy red dots) as
shown in Fig. 6(a). Once the ribbon width is larger than the mag-
netic length, the QLLs are initiated from the low-lying electronic
states. In the case of W, = 2.7lp (Fig. 6(b)), the energy spac-
ings between subbands shrink, and the QLLs for n“Y =0 and 1
are revealed. The n“¥ = 0 Landau subbands have a lot of disper-
sionless Landau states, and the n¢ = 1 subband has only one at
the formation center. Meanwhile, the band-edge state energy of
the parabolic subband is the same as that of the n° = 1 QLL, i.e.
the parabolic subband evolves into the n° = 1 Landau subband.
The n° = 1 Landau wave function entirely resides in the nanorib-
bon, while the higher-energy ones are distorted and truncated.
But for Ip « Wy, (Fig. 6(c)), many QLLs are formed with more
well-behaved Landau wave functions. The magnetic quantization
dominates the low-energy band structure around the formation
center. Also, the magneto-electronic properties can be tuned by
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Fig. 6 Energy spectra and wave functions of (a)—(c) the ZGNRs with
different widths at B = 10 T and (d)—(f) the N, = 200 ZGNRs under
various magnetic fields. The first five QLL energies are indicated (solid
blue lines). The heavy red curves and dots illustrate the zero-field
spectra and wave functions, respectively.

the field strength. The energy dispersions and electronic states
are almost unchanged for a weaker magnetic field (Fig. 6(d)).
When the field strength increases and /3 is comparable to W, the
QLLs make their appearances (Fig. 6(e)). As to a much stronget
magnetic field (I < W), the magnetic quantization determines
the electronic structure, and hence, there are many QLLs with
well-behaved spatial distributions (Fig. 6(f)).

The competition-induced evolution of magneto-electronic
properties, including the subband structure, energy spacing, band
gap, as well as the energy dependence on the ribbon width, mag-
netic field strength, and subband index, is explored in detail
and can be directly verified by experimental measurements. For
ZGNRs under a specific magnetic field, the band-edge state enei
gies (heavy black curves) deviate from the zero-field ones (dashed
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green curves) and then approach to the QLL ones (solid red lines)
with the increase of ribbon width (Fig. 7(a)). In other words, the
energy dispersions evolve from the parabolic ones to the partially
dispersionless ones. The dominant effect can be distinguished by
the deviations and approaches, as shown by the dashed blue and
red lines, respectively. On the left side of the dashed red line,
the state energies are the same as the zero-field ones, indicating
that the electronic structures are dominated by the lateral con-
finement; while on the right side of the dashed blue line, they are
identical to the QLL ones, meaning that the magnetic quantiza-
tion is the dominant effect. The region between these two lines
clearly illustrates the strong competition of two quantum effects;
therefore, the Landau wave functions are truncated and no QLLs
are formed. As to AGNRs (Fig. 7(b)), the deviation and approach
lines are the same with those in ZGNRs, i.e. the width-dependent
dominant regions are independent of the edge structures. Appar-
ently, the lowest magneto-electronic state (the lowest heavy black
curve), being lower than the zero-field one (the lowest dashed
green curve), rapidly approaches to zero, indicating that the mag-
netic quantization accelerates the gap shrinkage and results in the
semiconductor-metal transition. Moreover, the state energies ex-
hibit the v/n¢-dependence (solid blue lines) for sufficiently wide
GNRs (Fig. 7(c) and (d)). Similarly, the band-edge state energies
(heavy black curves) undergo the deviations and approaches with
the increase of magnetic fields, and the dominant effects can be
clearly identified (Fig. 8). After the QLL formation, the state ener-
gies are very close to those of monolayer graphene, and they can
be expressed by E©V(n®") = +4 /Zdiv%Bn"aV, where vp = 3tb/2 is
the Fermi velocity and + (—) stands for the conduction (valence)
states. 192193 The \/n¢B-dependence, being different from the
linear B-dependence in the two-dimensional electron gas (2DEG),
has been confirmed via infrared transmission experiments. 138139

The main characteristics and the competition-induced evolu-
tion of prominent Landau peaks in the DOS can be verified
by STS. It is an extension of STM194196 and provides de-
tailed information about the DOS on a sample surface, such
as CNTs 120:184,197,198 and silicon. 199201 The tunneling conduc-
tance (dI/dV), which is proportional to the DOS,!1? apparently
reveals the main characteristics, i.e. the structures, positions, and
intensities of the peaks. In very wide GNRs, the low-lying sym-
metric Landau peaks with the v/n¢VB-dependence have been ob-
served. 202.203 Recently, the spatial evolution of Landau states to-
wards the ribbon edges has been reported, 123 and the gradual
disappearance of the Landau peaks clearly exhibit the competi-
tion.

The competition is also reflected in the magneto-transport re-
sponses. For a 2D graphene, 23204205 the magneto-resistance as a
function of the inverse magnetic field shows a typical Shubnikov-
de Haas oscillation (SAHO).20% When the magnetic length be-
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comes comparable to the width of nanoribbon, the competition
has been unveiled by the anomalous SAHO, a strong departure
from the 1/B periodicity. 16207 Furthermore, the breakdown of
Hall quantization in narrow GNRs gives another experimental
verification. The 2Go Hall plateau (with Go = 2¢2/h) at the lowest
filling factor of 2 vanishes, and the seriously distorted structures
in conductance are generated for any filling factors. 189190
Experimental measurements have made significant progress in
the direct observations on Landau wave functions. Since 2DEG is
usually deeply buried in semiconducting heterostructures, the ex-
perimental observations on the nodal structures of Landau wave
functions are elusive. However, the advent of surface 2DEG in
graphene, 298 doped semiconductors,20%210 and topological in-
sulators211:212 has opened the way for the experimental veri-
fications. Recently, the observations about the Landau orbitals
without zero point are revealed in the STM real-space imaging of
electronic probability density,213:214 while at the later time the
further observations on the concentric-ring-like nodal structures
have also been realized. 215216 [n GNRs, the Landau wave func-
tions are affected by the geometric configurations and external
fields. The lateral confinements and curvatures (Section 3) re-
sult in the distortions and truncations in spatial distributions. Bi-
layer GNRs with different stackings possess various nodal struc-
tures (Section 4). Electric fields cause severe mixings of Lan-
dau orbitals in the collapsed QLLs. The QLL-related mixings in
the non-uniform GNRs and GNR-CNT hybrids lead to the dis-
continuous and kink-form distributions (Section 5). The diverse
spatial distributions in Landau wave functions can be examined

by the spectroscopic-imaging STM measurements on nodal struc-
tures, 213-216

2.2.3 Electric-field-induced rich properties.

A transverse electric field can induce the different site energies
and the destruction of the mirror symmetry about the xz-plane,
so that the electronic properties are significantly diversified. The
low-lying electronic structures are sensitive to the field strength
and reflected on the DOS, including the splitting of partial flat
subbands, mixing of conduction and valence subbands, extra
band-edge states, gap opening, and semiconductor-metal tran-
sition. The gate-voltage-controllable gap, which can be verified
by the measurements on conductance2’-31 and absorption spec-
trum, 217 provides the flexibility in the design of GNR-based na-
noelectronic devices. The main characteristics of wave functions,
the symmetry, node number, and localization center of the spatial
distribution, are drastically altered and can be further examined
by the spectroscopic-imaging STM. 130,135,184

The low-lying energy subbands are violently changed by the
transverse electric field E,$.81-218.219 For ZGNRs, the doubly de-
generate partial flat subbands are split with an energy spac-
ing, AU, = |eE,W,;q|, reflecting the edge localization of elec-
tronic states. An energy gap is opened and enlarged with the
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Fig. 9 Electronic structures of the Ny, = 300 ZGNR and N, = 519 AGNR
under various transverse electric fields. Inset illustrates the details of
widened parabolic subbands, and gray zones mark the extra band-edge
states.

increasing field strength (Fig. 9(a)). After reaching a maxi-
mum value, it shrinks and vanishes due to the mixing of va-
lence and conduction subbands, e.g. the mixed J =1 and J' =1
parabolic subbands in Fig. 9(b). Both the metal-semiconductor
and semiconductor-metal transitions are revealed during the vari-
ation of field strength. It is noticeable that the strong electri:
fields lead to the oscillatory subbands with more extra band-
edge states. As to AGNRs, the low-lying parabolic subbands are
widened with more band-edge states (Fig. 9(c)). The energy gap
monotonically reduces and then approaches to zero with the sukb-
band mixing as E, grows, for instance, the J" = 1-5 oscillatory
subbands in Fig. 9(d). There exists a semiconductor-metal tran-
sition in AGNRs. 188:220 Approximately, the E,-dependent maxi-
mum gap is inversely proportional to the ribbon width, regardles:-
of the edge structures. 81,150,221
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The special structures in the DOS are enriched by the transverse
electric field. In ZGNRs, the highest symmetric peak at @ = 0 cor-
responding to the partial flat subbands is split into two ones with
a spacing of AU, (Fig. 10(a)). Such peaks are rapidly far away
from the Fermi level and appear at higher energies. Meanwhile,
the low-lying peak structures are replaced by pairs of asymmetric
ones (Fig. 10(b)). While for AGNRs, only the low-lying two peaks
are enhanced at small E, (Fig. 10(c)). Many additional peaks are
revealed due to the wide range of subband mixing in the further
increase of E, (Fig. 10(d)). The variations in number, position,
height, and structure of prominent peaks near the Fermi level can
be tested by STS measurements, 123,202,203

The spatial distributions of standing waves are severely dis-
torted by Ey. The symmetric and anti-symmetric features no
longer exist (heavy red dots in Fig. 11). The regularities of node
numbers are destroyed, especially for the low-lying energy sub-
bands. For example, instead of one, there are two and three nodes
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Fig. 11 Wave functions of the N, = 300 ZGNR at k, = 2/3 under E, =0
(light black dots) and E, = 0.35 mV/A (heavy red dots).

in the sublattices A and B of the J¢ = 1 wave function, respectively
(Fig. 11(c)). While for the higher-energy electronic states, the ef-
fects of the electric field are greatly reduced, e.g. the J%' =35
wave functions (Fig. 11(a) and (f)). Their spatial distributions
are shifted to the ribbon edges without the variations in node
numbers and amplitudes. Moreover, the conduction and valence
ones shift oppositely to each other. By means of the spectroscopic-
imaging STM, 130-135.184 the destructions of zero-point regularity
and distribution symmetry and the changes of amplitude and lo-
calization center can be examined.

2.2.4 Diverse properties in a composite field.

A composite field, which consists of a perpendicular magnetic
field and a transverse electric field, can diversify the magneto-
electronic properties. The strong competition between these two
fields will be obviously revealed in the electronic properties. The
different site energies hinder the formation of Landau states with
the same energy. The symmetry of energy spectrum is dramati-
cally changed. The QLLs are tilted, and their spacings are gradu-
ally reduced during the variations of electric and magnetic fields.
There exists a critical electric field with a specific ratio to the mag-
netic one, in which the tilted QLLs are collapsed with zero energy
spacing and the Landau wave functions are thoroughly destroyed.

This journal is © The Royal Society of Chemistry [year]

Page 12 of 53



Page 13 of 53

The zero-field energy subbands exhibit the symmetric energy
spectrum, E<V(ky) = E©Y(—k) and E€(ky) = —E"(ky). The former
and the latter result from the inversion symmetry along the x-axis
and the equivalence of A and B sublattices, respectively. Under
the magnetic or electric field, these symmetric properties keep
the same. However, a composite field breaks the inversion invari-
ance and makes the energy dispersion change into anti-symmetric
spectrum E€(ky) = —E"(—ky) (Fig. 12(a) and (c)). When the mag-
netic field is fixed at the z-axis, x —+ —x and y — —y are operated
simultaneously. The variation of the transverse electric poten-
tial from V(y) to V(—y) = —V(y) means that the electron spec-
trum will become the hole spectrum, or vice versa. Although the
energy spectrum is anti-symmetric, the DOS remains symmetric
about ® = 0 (Fig. 12(b) and (d)).

The QLLs are tilted with the same angle for various E,’s. The
tilting pivots are at ky =2/3 and k, = 0 for ZGNRs and AGNRs, re-
spectively (Fig. 12(a) and (c)). The low-lying conduction and va-
lence subbands coexist within a specific energy range, 127,222,223
for instance, the n“" = 0 subbands of the AGNRs (Fig. 12(c)).
With the increase of E,, the tilting angle is getting larger, and
more subbands overlap simultaneously. It is remarkable that, at
the zone boundary of ZGNR, the partial flat subbands split with an
energy spacing of AUy, which features the edge-localized states.
Near the tilting pivots, the n° = 0 subband possesses only the Lan-
dau states and behaves like a QLL, but the n” = 0 subband has
only the edge-localized states and preserves the partial flat energy
dispersion. 127 As a result, the mixed Landau and edge-localized
states can be separated by the electric field. Additionally, the large
overlap of conduction and valence subbands is predicted to in-
duce the irregular oscillations in the ballistic conductance. 188,220

DOS under the electric field exhibits a lot of prominent struc-
tures, including asymmetric peaks, a finite plateau centered at
® =0, and a pair of symmetric peaks. The asymmetric peaks
arise from the band-edge states of composite subbands with tilted
QLLs and parabolic dispersions. The low-lying tilted QLLs with
linear dispersions cross over the Fermi level, and thus induce the
plateau structure. As to ZGNRs, there is an energy spacing of AU,
between two quite strong symmetric peaks associated with the
splitting subbands of n°” = 0. The increase of E, will significantly
reduces the asymmetric peak height, narrows the plateau width,
and enlarges AUy. These variations can be investigated by STS
measurements, 123-202.203 g5 that the tilt of QLLs can be verified.

The collapse of QLLs can be identified from the energy spacings
and wave functions. The energy spacings between the n" = 1-
3 and n“" =0 QLLs at k, = 2/3 gradually decline in the increase
of Ey (Fig. 13(a)). The main characteristics of QLLs are absent
at a critical field of |E,| = vr|B|. In other words, the tilted QLLs
are piled up on a straight line, and there are no spacings between
them (Fig. 13(a) and (b)). The wave functions are severely mixed
and distorted, as evidenced by the entire destructions in the node

This journal is © The Royal Society of Chemistry [year]
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Fig. 12 Magneto-electronic structures and DOS with respect to the
N, =300 ZGNR and N, = 519 AGNR in the presence of a composite
field.
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collapsed QLLs at k, = 2/3. Small red dots: the regular Landau wave
functions.

regularity and spatial symmetry of the n“V = 0 and 1 wave func-
tions at k, = 2/3 (large black dots in Fig. 13(c)). The gradual
collapse of QLLs indicates an intense competition between the
transverse centrifugal force and the longitudinal Coulomb force.
As the former is fully suppressed by the latter, the cyclotron mo-
tion is destroyed and the dispersionless QLLs can not be formed.

2.2.5 Effects of modulated electric fields on magneto-
electronic properties.

Magneto-electronic properties under modulated electric fields are
an intriguing field of less exploration. 224227 A modulated elec-
tric potential can be created by a periodic array of electrostatic
gates, 228-233 thin films of multiferroic BiFeO3 with ordered do-
main strips,234238 and two interfering laser beams.239-243 The
magnetoresistance measurements on the GaAs/AlGaAs hetero-
junctions have been done to realize the Weiss oscillations in the
2DEG systems. 240-242.244 Recently, graphene in the non-linear
electric potentials can be achieved by applying one or several local

14| Journal Name, [year], [vol.], 1-53

top-gate voltages, 24>-250 creating the charge inhomogeneities in

the interactions with Ru(0001) substrate, 251-253 and placing on
thin films of ferroelectric BiFeOs3.2>4-256 The modulated electric
field is relatively easy to reform the different site energies and
severely suppresses the cyclotron motion in the magnetic field.
The main effect is to turn the QLLs into the oscillatory subbands
with more extra band-edge states. Moreover, the symmetry of en-
ergy spectra, energy spacing, and spatial distribution of Landau
wave functions are drastically modified or entirely destroyed.

A modulated electric potential is assumed to be in the form
of Uppq sin[27(y/A) + 6,04)], where U,,pq, A, and 6,,,; are the am-
plitude, modulation period, and extra phase shift, respectively. 2>7
Since the localization center of Landau wave function moves with
the variation of k,, the energy dispersions of oscillatory subbands
are closely related to the modulation form of electric potential.
The modulated electric field dominates the k,-dependent energy
dispersions so that the subbands oscillate in the form similar to
the potential. Each low-lying subband oscillates once with two
extra band-edge states under the sinusoidal potential of one pe-
riod (Fig. 14(a)). These subbands have a wide-range energy over-
lap due to the large oscillation amplitudes. The modulation effect
is reduced for the higher-energy subbands. The amplitudes of the
n®’ =1 subbands become smaller than that of the lowest sub-
band; furthermore, the n > 2 subbands possess only slightly
distorted parabolic dispersions. The increase of potential period
reflects on the oscillations of low-lying subbands and brings se-
vere changes to the higher-energy dispersions. For a period of
A = W;;g/3, the lowest subband oscillates three times with more
extra band-edge states (Fig. 14(b)). The higher-energy disper-
sions exhibit irregular oscillations and energy spacings owing to
the mixings of neighboring oscillatory subbands. In general, the
symmetries of electronic properties are mainly determined by the
spatial distribution of modulated potential. For example, the en-
ergy spectra in Fig. 14(a) & (b) and Fig. 14(c), respectively, il-
lustrate the anti-symmetric and asymmetric band structures. In
addition, the different potential energies at two edges will induce
the splitting of degenerate partial flat subbands (Fig. 14(c)).

The prominent structures in DOS are sensitive to the modula-
tion period and extra phase shift. Numerous asymmetric peaks
arising from the oscillatory subbands are revealed in Fig. 14(d).
With the increase of A, the number of peaks is largely enhanced,
and some lower peaks merge into a higher one (red triangles in
Fig. 14(e)). The symmetric DOS about @ = 0, which results from
the anti-symmetric energy dispersion, is absent under the electric
potential without spatial symmetry (Fig. 14(f)). Moreover, the
highest symmetric peak at @ =0 (Fig. 14(d) and (e)) is split with
a potential difference between two edges (Fig. 14(f)). The afore-
mentioned variations of the prominent structures in DOS can be
explored by STS measurements; 2°1-253 therefore, the severe sub-
band mixing, symmetry breaking in energy dispersions, and split-

This journal is © The Royal Society of Chemistry [year]
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ting of partial flat subbands will be identified.

Also, the wide-range subband mixing indicates drastic modifi-
cations in the magnetic wave functions and the severe suppres-
sion on cyclotron motion. The spatial distributions of irregular
wave functions (large dots in Fig. 14(g) and (h)) are much dif-
ferent from those of the regular ones (small black dots) in am-
plitudes and node numbers. Each n“” = n irregular wave func-
tion is the superposition of n“” =n, n+ 1, n+2,... Landau wave
functions, as evidenced by the finite inner product between the
former and the latter. For instance, the wave function of B sub-
lattice for n” = 1 subband (Fig. 14(g)), which possesses four local
extrema instead of two, is the superposition of n“” =n and n+1
Landau wave functions. Such band-mixing-induced modifications
and wave function superpositions can be found in the band-edge
states (ky = k1) and non-band-edge states (k, = k) as shown in
Fig. 14(g) and (h), respectively. Especially, the wave functions of
k, exhibit extreme spatial distributions, e.g. the n° =2 (n’ =2)
wave function is mostly distributed on the left (right) side.

2.3 Optical properties

When a GNR is present in an electromagnetic field, with the elec-
tric polarization &||£, electrons are excited from the occupied to
the unoccupied states. The vertical optical transitions with the
same wave vector (Ak, = 0) are available since the photon mo-
mentum is almost zero. Based on the Fermi’s golden rule, the
optical absorption function is given by

dk FIEY (keyn')] = fIE" (kx,m)]
A(w) xh,h’:c,vn,n’ /B'Z' E { Eh/ (kx>n/) - Eh (k)m n) —0—il’ }
, e 2
X <\.Ilh (k)mn/) mp \{lh(kxan)> ) (6)

where m, is the bare electron mass, p the momentum operator,
fIE"(ky,n)] the Fermi-Dirac distribution function, and I" (2 meV)
the phenomenological broadening parameter. The spectral inten-
sity is determined by the joint density of states (the first term)
and the velocity matrix element (the second term). The latter
is evaluated within the gradient approximation,258-261
cessfully done for other carbon-related systems, such as layered

as suc-

graphites, 259262 CNTs,262.263 and few-layer graphenes.264265
The velocity matrix element is expressed as
/ 1 ! aHll/ k
M) =3 Bl e\l D)

1U=1

where Cff (ky,n) is the amplitude on lattice site of the subenvelope
function. dH, y /dk, related to the nearest-neighboring atomic in-
teractions is non-vanishing for k, - 6; # 0. Whether the optical
transitions can survive rely on the finite inner product among the
initial and final state on different sublattices and dH; ; /dk,. The
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effects due to the geometric configurations and external fields
that diversify the optical spectra will be thoroughly examined.

2.3.1 Edge-dependent absorption spectra.

The low-energy optical spectra of GNRs exhibit a lot of absorp-
tion peaks, while that of graphene is featureless due to the lin-
ear Dirac cone. 264 Lateral confinement is responsible for the dif-
ference; that is, only the former have many vHSs in the DOS.
Also, the edge structures play a crucial role in optical selection
rules. ZGNRs and AGNRs are predicted to have different selec-
tion rules.”172 The former are distinct from the armchair CNTs
(ACNTs) in the selection rule, but the opposite is true between
the latter and ACNTs. The edge-dependent selection rules can
be realized from the special relations between the regular stand-
ing waves of the initial and final states.”374 The experimental
measurements are required to verify the feature-rich absorption
spectra.

The prominent structures of low-frequency absorption spectra
at zero temperature are very sensitive to the edge structures and
ribbon widths. A large number of divergent asymmetric peaks
(@yvye’s), which originate from the vertical interband transitions
between the J'th valence and the J°th conduction parabolic sub-
bands, are revealed in the optical spectra (Fig. 15). For ZGNRs,
the absorption peaks obey the selection rule, |AJ| = |J¢ —J¥| = odd,
i.e. the optical transitions are available only between two sub-
bands with an odd index difference (Fig. 15(a)). The optical tran-
sition frequencies of /' =J —J =J+1and J' =J+1— J° =J are
the same due to the symmetry of energy dispersions, so that only
the transition channels of J” < J¢ are displayed. Moreover, such
peaks can be further classified into the higher and lower ones.
The higher principal peaks become strong with the increasing fre-
quency owing to the decrease of subband curvature (Fig. 3) and
the increase of transition channels. For example, @,7, 036, and
wy5 merge into the fourth principal peak. Meanwhile, there exists
one lower subpeak between two adjacent principal peaks. These
subpeaks correspond to the transitions from the J¥ = 1 valence
subband to the J¢ =4, 6, 8,... conduction subbands. That the ini-
tial subband has a very large curvature near k, = 2/3 is the main
reason for the weak spectral intensity. As to AGNRs, the selection
rule of AJ =0, indicates that only the vertical excitations from the
valence to conduction subbands of the same index are allowed
(Fig. 15(b)). The peak positions and the threshold frequency,
which associate with the energy spacings between two available
subbands, will grow quickly for narrow GNRs. It is remarkable
that the available optical excitations for GNRs and CNTs are quite
different. The selection rules of GNRs are edge-dependent, while
all the CNTs possess an identical selection rule similar to that of
AGNRs (Section 3.2).

The peculiar relations in the spatial distributions of regular
standing waves are responsible for the edge-dependent selection
rules, especially the relations between two equivalent A and B

This journal is © The Royal Society of Chemistry [year]
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AGNR.
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sublattices as well as the relations between the conduction and
valence states. The available optical transitions are determined by
the finite product among the initial state on the A (B) sublattice,
the final state on the B (A) sublattice, and dH;;/dk, (eqn (7)).
For any k, states in ZGNRs, dH ;1 /dk, due to the nearest-neighbor
interactions is a constant for 6, and 83, but vanishes for 6;. More-
over, when the difference of subband index is an odd number,
the symmetric properties of the spatial distribution are the same
for the conduction A (B) sublattice and valence B (A) sublattice
(Fig. 3). The selection rule of |AJ| = odd can be derived by th-
detailed analytical calculations.”374 On the other hand, as to the
band-edge states of AGNRs, dH; ;/dk, for & is twice that for &,
and &;. Furthermore, the selection rule of A7 =0 can be ob-
tained with the following two special relations, including the in-
phase/out-of-phase relations between A and B sublattices in a spe-
cific subband, and between the conduction and valence subenve-
lope functions of an identical subband index (Section 2.2.1). The
edge-dependent selection rules need further experimental verif:-
cations.

2.3.2 Magneto-absorption spectra.

Magnetic fields induce the highly degenerate QLLs and change
the regular standing waves into the Landau wave functions.
The well-behaved Landau wave functions have the unique spa-
tial symmetry, so that the available optical transitions associater:
with the symmetric absorption peaks are governed by the QLL-
dependent selection rule. However, the competition between the
lateral confinement and magnetic quantization will be revealed
at the higher-frequency asymmetric peaks. The coexistence cf
the QLL-dependent and edge-dependent absorption peaks relys
on the ribbon width and field strength. On the experimental as-
pect, it is difficult to measure the optical properties from one sin-
gle nanoscale GNR because of the low-intensity optical responses.
Recently, the array of GNRs can be fabricated lithographically on
layered graphene via the optical method,266:267 gas phase etch-
ing, 268 electron beam, 140:269-271 helium ion beam, 272 and self-
assembly block copolymer template.273:274 Its optical response is
sufficiently strong for experimental measurements. Part of the
theoretical predictions on the magneto-optical properties have
been verified. 140

GNRs have an edge-independent selection rule in the low-
frequency magneto-absorption spectra, as shown in Fig. 1€.
There are many prominent symmetric peaks (@,,<’s) correspond-
ing to the vertical transitions from the n” QLL to the n° =n" + 1
QLL. The peak height, which is proportional to the width of QLL,
declines with the increasing frequency. The valence and conduc-
tion Landau wave functions have similar spatial distributions, and
the oscillation modes on the A and B sublattices for any sub-
bands differ by one (Section 2.2.2). In other words, the Lar-
dau modes for the different sublattices of valence and conduc
tion subbands with adjacent indices are the same. The velocity
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matrix elements have finite values for the initial and final states
with the same mode, so that the optical transitions can survive
for the subbands satisfying the magneto-optical selection rule,
|An| = |n¢ —n*| = 1.787% It is obvious that the transition frequen-
cies exhibit the simple relation v/B(v/n" 4 v/n” £ 1) based on the
Vn¢VB relation in state energy and the QLL-dependent selection
rule of |An| = 1. In addition, the lower additional absorption peaks
in AGNRs (red triangles) originate from the vertical transitions
associated with the extra band-edge states (inset in Fig. 16(b)).

The edge- and QLL-dependent selection rules govern the
higher- and lower-frequency optical excitations, respectively.
With the increase of frequency, the spectral intensity gradually
descends, and the symmetric peaks transform into the asymmet-
ric ones. The former arise from the transitions between QLLs of
|An| =1, while the latter composed of multiple transition channels
correspond to parabolic subbands of |AJ| = odd, as shown respec-
tively on the left and right sides of the dashed line in Fig. 17(a).
The governing regions for the two selection rules are affected by
the field strength and ribbon width. The lower the magnetic field
strength is, the smaller the critical frequency is. The number,
height, and transition frequency of symmetric peaks on the left
side of dashed line are reduced (Fig. 17(b)). The higher QLL
transition peaks are replaced by the multi-channel asymmetric
ones, e.g. the fourth peak of w34 and w,s. On the other hand, the
critical frequency also exhibits the red shift with the decreasing
ribbon width. The peak intensities of @y, and w;, are lowered,
while their frequencies remain the same (Fig. 17(c)). In addition,
the weak bump structures come from the vertical excitations re-
lated to the n“¥ = 0 subbands.

There exist certain important differences between 2D graphene
and quasi-1D GNR in magneto-absorption spectra. As to
graphene, the Landau absorption peaks have the uniform inten-
sity, v/B-dependent transition energy, and magneto-optical selec-
tion rule of |An| = 1.27>276 These unique features have been con-
firmed through the magneto-optical transmission 137-139:277 and
magneto-Raman spectroscopy.2’® On the other hand, the main
differences induced by the competition between magnetic quan-
tization and lateral confinement include the structure and inten-
sity of absorption peaks, deviation of v/B-dependence, and co-
existence of selection rules. Part of the theoretical predictions
in GNRs have been recently verified by the infrared transmission
measurement on epitaxial GNR arrays, 4% mainly for the thresh-
old absorption peak of @y, in the magnetic-field strength. For
narrow GNRs, ay; does not obey the v/B-dependence at low mag-
netic field, but the opposite is true at high one. Especially, the
coexistent selection rules are worthy of further experimental mea-
surements.

2.3.3 Effects of electric fields.

The special competition among the electric field, lateral confine-
ment, and magnetic quantization drastically modifies electronic

This journal is © The Royal Society of Chemistry [year]
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properties and thus optical spectra. For a sufficiently strong elec-
tric field, energy dispersions are highly distorted with more extra
band-edge states or collapsed with zero energy spacings. More-
over, the wave functions exhibit the mixing of neighboring elec-
tronic states and extremely irregular distributions. During the
variation of field strength, the diverse optical spectra are revealed,
including the gradual suppression of prominent absorption peaks
with edge- or QLL-dependent selection rules, the generation of
lower peaks with extra selection rules, the coexistence of com-
parable peaks with different selection rules, the creation of nu

merous peaks without selection rules, and the almost vanishine
optical transitions. The electric-field-induced rich spectra can be
explored via the optical experiments 137-140:277 on the side-gated
GNRS.94_1OO

Electric field can enrich absorption spectra by competing with
the lateral confinement.®! With the increase of electric field, the
prominent peaks of the edge-dependent selection rules are low-
ered, and the subpeaks satisfying the extra selection rules comc
to exist. Two kinds of peaks coexist and their intensities be-
come comparable. For ZGNRs, the absorption peaks obey the
edge-dependent selection rule of |AJ| = odd and the extra on=
of AJ =0 (dashed black curve in Fig. 18(a)). Similarly, AGNRs
have the coexistent optical transitions corresponding to the edge-
dependent and extra selection rules of AJ =0 and |AJ| =2, respec
tively (dashed black curve in Fig. 18(b)). The electric field leacs
to the mixing of adjacent standing waves in the distorted wave
functions so that the extra optical transitions are available. Selec-
tion rules are thoroughly destroyed at a very large electric field
(heavy bule curves in Fig. 18), in which many absorption peaks
come from the band-edge states of oscillatory subbands (Fig. 9)
associated with the serious mixing of several neighboring elec-
tronic states.

The electric field can suppress the magnetic quantization and
diversify the magneto-optical spectra. The intensity of Landau
absorption peaks is reduced, especially for the higher-frequency
ones. Meanwhile, many additional optical transitions between
the tilted QLLs are observable (dashed black curve in Fig. 19).
The distorted Landau wave functions are responsible for the sup-
pression of |An| = 1 Landau transitions, and the constant energy
spacing between the tilted QLLs (Fig. 12) stands for the suffi-
ciently strong extra peaks. Moreover, the optical excitations from
tilted QLLs are entirely suppressed at the critical electric field
(heavy blue curve in Fig. 19), where the spatial distribution ci
Landau wave functions are severely distorted and the collapsed
QLLs have zero spacing (Fig. 13). The remaining low-intensity
subpeaks are related to the band-edge states.

3 Curved systems

A flexible carbon membrane, composed of sp?> bonding and ex.
hibiting a high Young’s modulus,?° can be easily bent with-
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out loosing its unique electronic and atomic structural proper-
ties. These curled and folded sp?-hybridized materials contain
curved GNRs,279 folded GNRs,280 fullerenes,”-8 CNTs, %10 car-
bon tori,281:282 a5 well as folded,283-286 rippled, 287-288 byb-
bled, 289293 and edge-scrolled 294297 graphenes. These systems
possess specific geometric symmetries with dimensionalities rang-
ing from zero- to two-dimension and curved surfaces with either
open or closed boundary.

Magnetic quantization on curved surfaces is one of the main-
stream research topics, and motivates many theoretical and ex-
perimental studies, such as the QLLs in curved GNRs,279:298 pe-

riodical Aharonov-Bohm oscillations in CNTs, 82-84,85,299,300
301-304

per-
sistent currents in carbon tori, quantum Hall effects in
graphenes with scrolled edges,?** diamagnetism in Cgy and
C79,395-311 pseudo-LLs in rippled graphenes,312-319 and QLLs in
folded GNRs.280 Recently, the curved GNRs can be fabricated
by the unzipping of CNTs*34® (Section 1). In the two sys-
tems, the relationships among the curvatures, boundary condi-
tions, and magnetic fields deserve a detailed investigation. Cur-
vatures change the magnetic flux passing through the curled
honeycomb lattice, and the effects of the quantization become
position-dependent. Also, the non-parallel alignment of the 2p,
orbitals leads to the decrease (appearance) of 7 (o) bondings
and the modification of hopping integrals. The energy disper-
sions of Landau subbands and the spatial distributions of wave
functions will be severely altered. On the other hand, the elec-
tronic states of a cylindrical CNT with a periodic boundary con-
dition are characterized by the quantized angular momenta, J’s.
A perpendicular magnetic field induces the coupling of angular
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momenta, and thus the energy subbands split and the circular
standing waves drastically change. Whether the QLLs will survive
is mainly determined by the tube diameter and field strength.
Moreover, the prominent magneto-absorption peaks abide by
the QLL-dependent and angular-momentum-dependent selection
rules. The main features of the peaks, including the position,
height, number, and structure, will be notably diversified.

The organization of this section is stated as follows. The
first two subsections describe the magneto-electronic properties
of curved GNRs and CNTs, respectively. The effects of curva-
tures and boundary conditions on the energy dispersions, DOS,
and wave functions are presented. In the last subsection, the
curvature- and boundary-induced variations in magneto-optical
properties are provided. Detailed comparisons are also made be-
tween the theoretical results and experimental observations.

3.1 Magneto-electronic properties of curved GNRs

A curved GNR can be characterized by the curvature radius (R)
and the central angle (0), as depicted in Fig. 20(a). The misori-
entation of 2p, orbitals in the curved surface leads to the change
of hopping integral between two nearest-neighbor atoms as de-
scribed

Ya(8a) = Vppr{cos(6a) +4[(R/b) sin®(0e./2)]%}
4V, po[(R/) sin? (6 /2)]2, @)

where o (=1, 2, 3) corresponds to the three nearest neighbors,
and 0y (6 =b/R; 6, = 83 = b/2R) is the arc angle between two
nearest-neighbor atoms. 320 The first and the second terms indi-
cate 7 and o hopping energies, respectively. The Slater-Koster pa-
rameters V,,,z = —2.66 €V and V,,,c = 6.38 eV, 321 and 6y, indicates
the arc angle between orbitals. The curvature effect has been con-
firmed to modify the electronic properties of CNTs, 3227324 a5 well
as been adapted to explain the gap opening in zigzag CNTs with
small diameters32>. When a uniform magnetic field B = B is
applied to the curved GNR, the vector potential is expressed as
A = BRsin(®)£ in terms of the cylindrical coordinates (r,®,x) and
the Peierls phase (eqn (3)) that is added to the wave functions.
An effective magnetic field B.;s = Bcos(®), defined as the per-
pendicular B component on the curved surface, is introduced to
explore the electronic properties, which are enriched and diversi-
fied as a result of the competition between the magnetic field and
geometric curvature. In other words, curving a GNR provides an
ideal means to study the effects of a spatially modulated magnetic
field.

The magneto-electronic structures of curved GNRs are dras-
tically affected by the effectively non-uniform magnetic field
(Fig. 21(a)). For a moderate curvature, the dispersionless QLLs
are converted into the oscillatory Landau subbands, which reveals
that the electronic states hardly congregate at the same energy
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Fig. 20 Geometric structure of a curved ZGNR: (a) side view and (b)
top view. R and 6 represent the curvature radius and central angle,
respetively. The primitive unit cell is enclosed by the dashed rectangle,
indicating Ay, By,..., Aw,, and By, atoms.
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under the influence of curvature. Each oscillatory Landau sub-
bands has three band-edge states. Such states would induce the
peaks in the DOS and thus the absorption peaks. As for the lower
n%Y subbands, electronic states in the vicinity of the middle band
edges (ky = 2/3) still belong to the Landau states, while those
around the other two band edges are drastically changed by the
lateral confinement. With the increment of subband index n®",
the energy spacing between the oscillatory Landau subband and
QLL is enlarged due to the reduction of magnetic quantization.
This also leads to a slight decrease in the amplitude of oscillatory
Landau subbands. At higher-energy levels, the band structure
exhibits the 1D parabolic subbands. The aforementioned results
directly reflect the difficulty in aggregation of electronic states in
a curved GNR. The described phenomena become more obvious
for a curved GNR with larger central angle, where the effective
magnetic field changes more rapidly along the y-direction. The
large 6 enlarges the subband oscillation and the energy differ-
ence between the right and left band edges, while the number and
the wavevector range of oscillatory Landau subbands are reduced
(Fig. 21(b)). In addition, the band-mixing phenomena around
ky =2/3 happen, which result in extra optical transition channels.
On the other hand, the curvature effects only slightly reduce the
dispersionless region of the subband at the Fermi energy, since
the structure of zigzag edge remains.

Curvature significantly change the structure of DOS. In the case
of a moderate curvature (Fig. 21(c)), the peak at frequency ® =0
remains the symmetric peak, since the flat subbands at the Fermi
energy are hardly affected. The other symmetric peaks split into
asymmetric ones with lower heights, and the frequencies are re-
lated to the extra band-edge states of oscillatory Landau sub-
bands. The peaks can be categorized into three groups. )},
wi’c, and w}{ correspond to the energies of the middle, left, and
right band-edge states in the n¢ oscillatory Landau subband, re-
spectively. With the increase of the central angle, the peak height
is lowered (Fig. 21(d)).

The spatial distribution of wave functions, which dominates the
selection rules and absorption peaks, strongly depends on the cur-
vature and field strength. In Fig. 22, the representative wave
functions of the n¥ = 0 and n° = 1 oscillatory Landau subbands at
the middle edge (o, of), right edge (B}, Bf), and left edge (3,
;) are given. The relationships between the wave functions of
the A and B sublattices in different subbands play critical roles in
determining the optical transitions.

For the middle band-edge states (Fig. 22(a) and (b)), the wave
functions still exhibit the spatial symmetry of Landau wave func-
tions, and the proportional relationship is presented between the
wave functions of the B sublattice for the n” = 0 subband and the
wave functions of the A sublattice for the n° = 1 subband. How-
ever, for states deviating from the oscillating center k, = 2/3, the
spatial symmetry of Landau wave functions is broken. As to the
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Fig. 22 Wave functions of the n" = 0 and n¢ = 1 oscillatory Landau
subbands for the states marked in Fig. 21.

right band-edge states (Fig. 22(c) and (d)), the wave functions
are localized at one of the ribbon edges, and the distortion and
truncation of wave functions are carried out by the open bound-
aries. The relationship of wave functions between the B sublattice
for the n¥ = 0 subband and the A sublattice for the n° = 1 sub-
band still has a strong overlap, and further such overlap causes
the nonzero velocity matrix element and related optical transi-
tion peak. For the left band-edge states (Fig. 22(e) and (f)), the
wave functions exhibit a similar phenomenon except that the dis-
tortions of wave functions occur at the other side of GNR. These
results suggest that the optical transitions between the n* = 0 va-
lence subband and the n° = 1 conduction subband are still alive;
however, the oscillation in Landau subbands leads to the multi-
peak structure for the transition between two specific subbands.

3.2 Magneto-electronic properties of CNTs

Since a CNT possesses a closed cylindrical structure, its elec-
tronic states are characterized by the angular momentum quanta,
J’s, 323,326-329 an egsential difference in contrast to GNRs with
open boundaries. When an axial magnetic field is applied, a shift
of J leads to the metal-semiconductor transition as a result of
Aharonov-Bohn effect. On the other hand, a transverse magnetic
field induces a coupling of the independent angular-momentum
states, making energy subbands become less dispersive. Recently,
experimental observations on QLLs of CNTs were achieved via
magneto-transport measurements in a CNT-based Fabry-Perot res-
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onator under an extremely strong magnetic field. 330,331

As the polarization of the incident light is parallel to the tube
axis, the allowed transitions are those between the occupied and
unoccupied states with the same angular momentum, AJ = 0,
which has been theoretically predicted 83:84:263,332-335 an(d ex-
perimentally verified.33%:337 When an axial magnetic field is ap-
plied, the peak splitting and the periodicity of Aharonov-Bohn
oscillations, 338-341 which are theoretically predicted in magneto-
absorption spectra of CNTs82-85,299,332,334 haye been verified exr
perimentally, 300:342-344 whereas the selection rule remains. O..
the other hand, perpendicular magnetic fields cause the coupling
of the independent angular-momentum states. This might trigger
available optical transitions between various valence and conduc
tion subbands.

In the case of 6 =2, a zipped curved ZGNR corresponds to a
ACNT, named according to the shape of circular cross section.
As shown in Fig. 23(a), the band structure, symmetric about
ky = 2/3, is composed of two linear subbands intersecting at the
Fermi energy and several doubly degenerate parabolic subbands.
The closed boundary condition makes the edge-localized states at
the Fermi energy disappear. Also, the distinct magneto-electronic
structures presented by the curved GNR and CNT are mainly due
to the different boundary conditions. The perpendicular magnetic
field causes the coupling of states, converts the linear subbanas
into parabolic ones, and lifts the degeneracy in CNTs (Fig. 23(b)).
Intersecting at the Fermi energy, the lowest conduction subband
and the highest valence subband are labeled by the subband in-
dices n° = 0 and n” = 0, respectively. Furthermore, the pairs of
conduction subbands (valence subbands) intersecting at k, =2/3
are denoted as n° (n”) =1, 2, 3,..., ascending in accordance with
the energies. Instead of containing single angular momentum,
the electronic state possesses multiple angular momenta of aa-
jacent subbands. It is also noted that n“" =0 and n“" =1 arc
the only ones that possess a small dispersionless region under
the reduced magnetic quantization in CNTs. The parabolic sub-
bands are the main structures of the energy spectrum. By increas-
ing the diameter of CNT and the strength of magnetic field, th=
Landau subbands of higher energies will gradually form with the
elongation of dispersionless region. These important differences
between CNTs and curved GNRs indicate that the boundary con-
ditions play a crucial role in the electronic properties. In the ab-
sence of external fields, the DOS of CNT contains lots of asymmet-
ric peaks and a finite density near the Fermi energy (Fig. 23(c)).
In magnetic fields, the three additional peaks around @ = 0 and
® = £0.12 eV (indicated by triangles) are induced by the mag-
netic quantization, exhibiting a symmetric form (Fig. 23(d)).

In a CNT, the wave function with an angular momentum J
is characterized by two linearly independent functions, sin(J®,,}
and cos(J®,,), where 0 < &, < 27 indicates the azimuthal coot
dinate of a carbon atom. As the polarization of incident light is
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parallel to the tube axis, the allowed transitions are only those
satisfying the selection rule of AJ = 0.83:84332 On the other hand,
the J-coupled states in a perpendicular magnetic field can be ex-
pressed as a combination of different J’s. For example, as shown
in Fig. 24, 9; consists of / = 0 and 1 components; o; reveals the
combination of / =0, 1, and 2 components; ditto for the other
Jth-coupled states. This gives rise to the available transitions be-
tween two states possessing the same J component.

The selection rule of An = 0 is validated by many transitions,
e.g. the one between states ¢} and of (Fig. 24(a) and (b)). Be-
cause of the coupling of adjacent angular momenta, the addi-
tional transition between o and o7 is also allowed (|An| = 1). The
corresponding wave functions shown in Fig. 24(c) and (d), are
mainly distributed around the locations of 1st and 150th zigzag
line, i.e. the bottom and top of nanotube, where the penetration
of the magnetic flux is at a maximum. This results in a significant
overlap of wave functions, and makes transitions between d) and
o possible. Once the Landau subbands are formed, the absorp-
tion spectrum exhibits more prominent peaks arising from chan-
nels obeying the selection rule of |[An| = 1. Furthermore, in addi-
tion to An = 0 and |An| = 1, the selection rule of |An| = 2 is intro-
duced, such as the transition from state p to state ps5 (Fig. 24(e)
and (). It is thus deduced that when the field strength or tube
diameter is increased, the stronger angular momentum coupling
leads to further selection rules and absorption peaks.

The field strength and tube diameter are the crucial roles in
controlling the magneto-electronic properties of CNTs. For a nar-
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row CNT under a weak magnetic field, the parabolic subbands in
the energy spectrum remain, and the related asymmetric peaks
are the main structures in the DOS. For a CNT in a sufficiently
large field, curvature-reduced magnetic quantization causes Lan-
dau subbands and symmetric DOS peaks. For a wide CNT in a
strong field, the dispersionless regions of Landau subbands en-
large, the Landau subbands with high energies appear, and the
related symmetric peaks become the prominent structures in the
DOS. These predicted evolution in the magneto-electronic struc-
tures of CNTs can be verified by the STS, which has successfully
been used in realizing the electronic structures of CNTs. 120,197,345
The formation of Landau subband is a key feature of the magnetic
quantization in CNTs. Some signature of the Landau subband
formation is first reported by Kanda et. al..34® Recent observa-
tions on the Landau states of CNTs are achieved via magneto-
transport measurements in a CNT-based Fabry-Perot resonator in
a very large magnetic field. 330-331

3.3 Magneto-optical properties

Magneto-optical properties of curved GNRs and CNTs are particu-
larly interesting in terms of exploring the curvature effects during
zipping process and the optical responses through the transfor-
mation of an open boundary into a closed cylindrical boundary
system. When a GNR is bent into a curved one, the prominent
absorption peaks contributed by inter-QLL transitions split into
tri-subpeaks, among which the spacing becomes separated from
one another with an increment of the curvature. However, as the
curvature exceeds a certain critical value, some peaks vanish and
extra peaks appear. It should be noticed that as a zipped CNT is
formed, the transition peaks and optical selection rules are corre-
lated to the degree of angular-momentum coupling. They contin-
uously change with a variation of the diameter and field strength.

The direct transitions for a flat GNR (red curve in Fig. 25(a))
that satisfy the selection rule of |An| = 1 between valence and
conduction QLLs contribute to symmetric delta-function-like ab-
sorption peaks, which are spaced approximately by a proportional
relationship v/B(v/n¢ —v/n”). However, the curvature significantly
changes the features of magneto-optical spectra, such as the num-
ber, peak structure, height and frequency of absorption peak. For
a moderate central angle of 57/6, the absorption spectrum, re-
sponsible for the peak splittings in the DOS, demonstrates more
low-intensity asymmetric peaks (heavy black curve in Fig. 25(a)).
It is still the selection rule of |An| = 1 that dominates the magneto-
optical spectrum, because the features of Landau wave functions
are retained. The oscillatory QLLs with three band-edge states
result in tri-peaks for the same kind of transition channels, la-
beled as a);("“) (triangle), wZ(HU (circle), and co:,l("ﬂ) (dia-
mond), where the subscripts R, L, and M are used to identify
the interband transitions from the right, left, and middle band-
edge states. The spacing of a tri-peak structure is determined by
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the Landau subband amplitude. The subpeak can be re-
garded as from inter-QLL transitions (Section 3.1); it is closest to
the inter-QLL excitation peak of the flat GNR and has the high-
est intensity among the tri-peaks. The other two lower subpeaks,
away from the Landau absorption peak, are under weaker B,y
and significantly affected by the lateral confinement.

n(n+1)
Oy

With an increment of the central angle, the subpeaks are red-
shifted and broadened; moreover, additional subpeaks of |An| # 1
can be induced (heavy red curve in Fig. 25(b)). These subpeak=
remain sharp in the low frequency region, while become obscur<
and distorted at high frequencies. This indicates that the cui-
vature effects on the magneto-optical properties is stronger at
higher energies. On the other hand, a stronger magnetic quan
tization causes the blue shift and intensity enhancement of sub-
peaks (light blue curve in Fig. 25(b)). Consequently, the appear-
ance or absence of the |An| # 1 additional subpeaks mainly results
from the complex relationship between the geometric structure
and magnetic field.

Due to the periodic cylindrical symmetry, the selection rules of
CNTs are different from those of curved GNRs. In the absence
of external fields (light red curve in Fig. 26(a)), each asymme:-
ric peak w,, is associated with the direct optical transitions be-
tween the parabolic valence and conduction subbands character-
ized by the same angular momentum (permitted by the selectiou
rule of |An| = 0), as shown by the light red curve in Fig. 26(a).
However, additional selection rules, e.g. |An| =1 and |An| =Z,
are induced through J coupling in the presence of perpendicular
magnetic fields. At B=20 T (heavy black curve in Fig. 26(a)),
the blue-shifted asymmetric peaks, ®,,’s, are suppressed, and the
extra peaks, @y, @12, and @y, derived from |An| =1 and |An| =2
take place. The a)ézlLL and a)1Q2LL peaks indicate the formation of
low-lying Landau states.

At a fixed magnetic field, the angular-momentum coupling is
more significant for a CNT with a large diameter, leading to a rich
and diversified magneto-absorption spectrum (heavy black curve
in Fig. 26(b)). The spectrum contains pairs of peaks induced by

the selection rule |An| = 1, where, in particular, the peaks a)OQlLL,
w]QzLL and a)2Q3u‘, contributed by the transitions around k, = 2/3,

are formed as a consequence of the low-lying Landau subbands.
With an increase of diameter or field strength (Fig. 26(b)), the
most noticeable peaks are mainly contributed by the inter-QL”
transitions, that is to say, the optical excitations that obey the se-
lection rule |An| = 1 dominate the major structure of the absorp-
tion spectrum, in contrast to the minor ones from |An| = 0 and
|An| =2.

During the variation of 6 from 0 to 2, the main charac-
teristics of the absorption spectra, such as the number, inten-
sity, frequency and prominent structure of absorption peaks arc
thoroughly altered. Various peaks are exclusively formed for =
flat structure and a curved structure with either open or closed
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Fig. 25 Optical absorption spectra of the N, = 300 ZGNR for (a)

different central angles (0 and 5x/6) under B =20 T; for (b) 57/3 under
different field strengths (B =20 T and 30 T). The three subpeaks of each

group following the selection rule of |An| = 1 are denoted by triangles,
circles and diamonds. The subscripts R, L, and M are used to identify
the transitions from the right, left, and middle band-edge states of

Landau subbands in Fig. 21(a).
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boundary. The inter-QLL excitation peaks of a curved GNR split
to form tri-peak structures under the influence of a non-uniform
effective magnetic field. An increment of the curvature gives
rise to an increase of the tri-peak spacing and a continuous de-
crease of the intensity and frequency, however, which are inter-
rupted for a CNT (6 = 27) where a cylindrical symmetry condi-
tion is given. It is shown that the magnetic-field-induced angular-
momentum coupling allows various excitation channels following
the selection rules of |An| =0, 1, and 2. These predicted magneto-
optical properties can be verified by the optical experiments, such
as the optical transmission/absorption/scattering measurements
providing a wide frequency spectrum for epitaxial GNR arrays 140
and CNTs. 300,343,344 The magneto-optical features affected by the
respective boundary conditions, namely open and periodic ones,
provide insight into the nature of the magneto-electronic proper-
ties in curved quasi-1D systems.

4 Bilayer systems

Monolayer GNRs exhibit diverse electronic and optical proper-
ties under external fields (Section 2). Especially, the width-
dependent energy gap27-2?3! and high carrier mobility347
trigger extensively both experimental and theoretical studies
to focus on integrating GNRs into potential electronic de-
vices, such as GNR-based FETs,12:31,93,347-349 resonant tunnel-
ing diodes,3°0-352 quantum dot devices,3°3-3%9 negative differ-
ential resistance devices, 369364 and nanoelectromechanical con-
tact switches. > Recently, few-layer GNRs have been synthesized
by cutting graphene,3%3! unzipping multi-wall CNTs, 434 and
CVD>? (Section 1). These GNRs are predicted to possess quite dif-
ferent physical properties compared with monolayer ones, owing
to the number of layers, stacking configurations, and interlayer
atomic interactions. Bilayer GNRs can be served as a model sys-
tem in understanding the essential properties of few-layer ones.

The stacking configurations and interlayer atomic interactions
play important roles in the electronic properties of bilayer GNRs.
There are two groups of energy subbands and each group includes
conduction and valence subbands. The initial energies for AB and
AA stackings are totally different because of the distinct interlayer
atomic interactions. The energy gap in AB stacking is determined
by the conduction and valence subbands of the first group. Gap
modulation can be simply reached by electric fields, providing
the flexibility in the design of top- or side-gated nanoelectronic
devices. Concerning the AA stacking with higher symmetry, the
interlayer atomic interactions induce the significant overlap be-
tween the valence subbands of the first group and the conduction
subbands of the second group. The metallic property remains
even in the presence of electric fields. Magnetic field flocks the
neighboring electronic states of each subband, thus leading to
two groups of QLLs with the initial energies similar to those of
zero-field energy subbands. These highly degenerate states cor-
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responding to large DOS are predicted to have intense optical
transitions. Electric fields competes against the magnetic quanti-
zation; therefore, energy dispersions are significantly altered. The
transverse one results in the tilt of QLLs and even the collapse of
Landau states, while the perpendicular one lifts state degeneracy
and thus induces QLL crossings and anti-crossings.

Bilayer AB and AA stackings exhibit distinct magneto-optical
spectra. Four groups of QLL-dependent optical transitions are
revealed in the former, including two intragroup and two in-
tergroup ones. However, there exist only two intragroup trar
sitions in the AA stacking, as a result of the special relatior:
among the well-behaved Landau wave functions on different lay-
ers. The electric fields severely distort the Landau wave func-
tions, so that the magneto-absorption spectra will be dramati-
cally altered. These optical responses can be observed from the
magneto-optical transmission and magneto-Raman spectroscopy,
where the optical excitations between Landau levels in monolayer
and few-layer graphene have been identified. 137-139,277,278

The organization of this section is stated as follows. A de-
tail discussion on the magneto-electronic properties are in the
first subsection, including the stacking-dependent QLL spectre,
DOS, and Landau wave functions, as well as the competition be-
tween the magnetic quantization and electric fields. Meanwhile,
the zero-field energy spectra and electric-field-induced gap moc
ulation are also provided. The magneto-optical properties cove: -
ing the QLL-dependent transitions of different stackings and ef
fects of transverse and perpendicular electric fields are presented
in the second subsection. The comparisons are made between
the theoretical predictions and recent experimental observations.
The edge-dependent features in the magneto-electronic and opti-
cal properties, such as the degeneracy of QLLs, extra band-edge
states, and additional absorption subpeaks, have been discussed
in Section 2. In order to focus on the main differences owin>
to the stacking configurations, interlayer atomic interactions, and
external fields, the ZGNRs are chosen for simplicity.

4.1 Magneto-electronic properties

The low-lying electronic structures strongly depend on the stack-
ing configurations and interlayer atomic interactions. There are
two typical stackings for bilayer GNRs with layer spacing of
¢ =3.35 A. From the top view, the hexagonal lattices of tw
layers have a horizontal displacement of b for the AB stacking
(Fig. 27(a)), while they fully overlap for the AA stacking with
a higher symmetry (Fig. 27(b)). According to the Slonczewski-
Weiss-McClure (SWMcC) model, 365-367 the atomic interactions ix
2p, orbitals for the AB stacking include the intralayer one between
the nearest carbon atoms (yp = 2.598 €V), interlayer ones between
Al and A? atoms (y; =0.364 €V), B! and B? atoms (73 =0.319 V).
A! and B? (A? and B') atoms (4 =0.177 €V), as well as the chen.
ical shift (15 = —0.026 eV) 14! (Fig. 27(c)). The superscripts 1
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(a) AB stacking (b) AA stacking

Fig. 27 Top views of the (a) AB and (b) AA stackings with the
corresponding interlayer atomic interactions in (c) and (d). A’ and B/
sublattices are indicated by the red and blue balls, respectively.

and 2 denote the top and bottom layers, respectively. Such in-
teractions in the AA stacking are the intralayer one between the
nearest atoms (o = 2.569 eV), and interlayer ones between A!
and A% (B! and B2) atoms (o = 0.361 eV) & A! and B? (A2 and
BY) atoms (o3 = —0.032 eV) 308:369 (Fig, 27(d)).

4.1.1 AB stacking.

The low-lying energy dispersions for bilayer AB-stacked ZGNRs
are composed of two groups of conduction and valence subbands,
where they have parabolic dispersions except the two pairs of
partial flat ones near the Fermi level (Fig. 28(a)). The subband
symmetry about Er = 0 no longer exists because of the inter-
layer atomic interactions. The parabolic subbands of the first
group start to form near Er = 0, while those of the second group
are initiated from E“¥ ~ +7,. The energy spacings between the
band-edge states are smaller than those of monolayer system (red
curves). Moreover, there is an energy difference, AU; ~ 0.08 €V,
in the flat dispersions at the zone boundary. DOS exhibits two in-
tense symmetric and many asymmetric peaks related to the band-
edge states of partial flat and parabolic subbands, respectively
(Fig. 28(b)). For electronic states of |E“Y| > ¥;, two groups of
asymmetric peaks overlap, and thus a complex energy spectrum
appears.

Bilayer AB-stacked ZGNRs have two groups of QLLs with the
formation center at k, = 2/3 and initial energies about Er and
+7 (Fig. 28(c)). With an increasing state energy, the QLL widths
of the first group near Ep gradually shrink, and parabolic sub-
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bands come to exist after the vanished QLLs. Such subbands
will overlap with the initial QLLs of the second group at higher
energy. Many high-intensity symmetric DOS peaks appearing at
|ESY| > 1 are related to the second-group QLLs, in which each
peak is surrounded by several low-intensity ones of the first group
(Fig. 28(d)). This result is expected to have drastic changes in
the differential conductance. In other words, the STS measure-
ments 123,202,203 are yseful to determine the vertical interlayer
atomic interaction of y;. In addition, the dispersionless regions
of the four partial flat subbands are extended. According to the
wave functions near k, = 2/3, half of them belong to the edge-
localized or Landau states.

The competition among the interlayer atomic interactions,
magnetic fields, and finite widths results in more complicated
magneto-electronic structures, especially for the B-field depen-
dence of QLL energies. Two groups of QLLs are formed as the
magnetic length is smaller than the ribbon width (Fig. 28(c)).
The first (second) group of QLLs is labeled by n{ =0, 2, 3,... and
njy=1,2,3,. (ng’v =0, 1, 2,...) according to the state energy
measured from Er. Considering the QLLs with |E“"| < ¥;, their
energies roughly obey the linear B-dependence. 17> With respect
to the rise of their energies, QLLs gradually deviate from the lin-
ear B-dependence, but satisfy the v/B-dependence that is an iden-
tifiable feature in the monolayer system. The evolution of the B-
dependent QLL energies can be identified by experimental mea-
surements of tunneling current202 and cyclotron resonance.379
The similar B-field dependence has also been observed in LLs of

bilayer graphene experimentally37! and theoretically. 372374

Transverse and perpendicular electric fields can suppress the
magnetic quantization and thus diversify the magneto-electronic
structures. The site energies of A’ and B’ sublattices have
smooth variations across a nanoribbon under a transverse elec-
tric field. Both groups of QLLs are tilted with the same angle
(Fig. 29(a)). All the QLL symmetric peaks in the DOS are de-
stroyed (Fig. 29(b)); that is, the high-intensity symmetric peaks
are turned into the lower asymmetric ones.223:37> It should be
noted that the energy spacings between tilted QLLs quickly de-
cline and the collapse takes place after E, reaches the critical
value (Section 2.2.4). On the other hand, a site energy dif-
ference exists between two layers in the perpendicular electric
field. Although the QLLs remain dispersionless, their energies
are shifted with abnormal ordering for small quantum numbers
(Fig. 29(c)). The QLL peaks in the DOS are shifted to higher fre-
quencies (Fig. 29(d)).37¢ In addition, electric fields also lift the
degeneracy of partial flat subbands, where the splitting energies,
AUy = —eE,W,;, and AU, = —¢eE;c, correspond to the transverse
and perpendicular ones, respectively.

The spatial distributions of QLL wave functions, including the
amplitude, spatial symmetry, and node number, are not well be-
haved under the influence of interlayer interactions and electric

This journal is © The Royal Society of Chemistry [year]
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Fig. 29 Low-energy band structures and DOS of the Ny =200 bilayer
AB-stacked ZGNRs at B=40T; (a) & (c) (E, = 0.7 mV/A, E. =0), and (b)

& (d) (E, =0, E, =70 mV/A).
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fields. In the first group, the wave functions at k, = 2/3 are some-
what distorted and the amplitudes are different for the four sub-
lattices (Fig. 30). Apparently, the amplitude of B! sublattice is the
dominating one among the four ones, so that the corresponding
node number is characterized as a quantum number. The node
numbers differ by one for A’ and B’ sublattices in each layer, and
they are identical (different) for A' and A% (B! and B2) sublattices
depending on the (x, y) projection. For a nj” =n (>2) QLL, the
number of nodes are, respectively, n— 1, n, n— 1, and n—2 in sub-
lattices A!, B!, A2, and B2. Especially, the electronic states of the
four partial flat subbands are in sharp contrast to the mixed states
in monolayer system 27 and AA stacking (Fig. 34). The n§{ =0 and
nj = 1 subbands belong to the Landau states, but the other two
remain the edge-localized states (gray zone). The similar quan-
tum modes are also found in the second-group QLLs (not shown),
where the node number of the dominating A’ sublattice is defined
as a quantum number. The transverse electric field leads to the
opposite shifts for the spatial distributions of the conduction and
valence wave functions (light red dots), in which they respectively
exhibit electron- and hole-like motions. The shift of localization
center will suppress the QLL-dependent optical transitions. On
the other hand, the node number is dramatically changed in the
perpendicular electric field, e.g. the n{ =0 and 3 QLLs (light blue
dots). The state mixing between »n“” and n" +3 QLLs is respon-
sible for this result (discussed below).

The E,-dependent energy spectra exhibit the rich crossings and
anti-crossings, as clearly indicated in Fig. 31. The QLLs are split
at k, > 0 (heave black curves) and k, < 0 (light red curves) be-
cause of the destruction of inversion symmetry (Fig. 31(a)). As
E, increases from zero, the QLL energies will grow or decline.
They have the non-linear E,-dependence with crossings and anti-
crossings. The QLL crossings occur frequently in the absence of
state mixings. Specifically, the QLL anti-crossings are revealed in
certain E,-ranges. Two E.-dependent QLLs repel each other in-
stead of direct crossing, and an exchange of QLL characteristics
takes place. For instance, the n{ =0 and 3 QLLs of k, = 2/3 have
an anti-crossing near E; =70 mV/A (purple circles in Fig. 31(a))
The spatial distribution of the upper QLL branch is transformed
from n§ =3 (red dots) to n{ = 0 (blue dots) with the increase
of E; (Fig. 31(b)). In contrast, the lower QLL branch undergoes
an inverse transformation (Fig. 31(c)). Both branches in the anti-
crossing possess the mixed characteristics of the n{ =0 and 3 QLLs
(purple dots in Fig. 31(b) and (c)). Such anti-crossings originate
from the cooperation between the perpendicular electric field and
interlayer atomic interactions. Each n“" wave function is com-
posed of the main (") and side (n“” 4+ 3) modes, owing to the
interlayer interactions between B! and B? sublattices. 377378 The
weight of the latter is tiny at E; = 0, while it is largely enhanced
by the increasing E;. Two modes, with the spatial characteris-
tics of n¢¥ and n®" 43 nodes, become comparable during the QLL

30| Journal Name, [year], [vol.], 1-53

Al

Bl

o

A2

o

Page 30 of 53

BZ

0.1
0.0
-0.17

c
n=

k=2/3

E=70 mV/A

E~=0.7 mV/A

0.1

o
T

o
=
1

ni=2

(=]
—_
1

ni=0

S
o

.n
—_
1

AN
y:

oo
T

o
=
]

1 partial flat sul
N

pband

<
|

o
T

o
]

" partial flat su
-

band

Wave function (arb. unit)

1 ny=1

AN

oo
7.7

o
=
1

oo
.7

o
=
1

._/‘\U/‘\..

—\_—

IS
—_
1

o
T

.n
—_
1

N\

—\/\—

100

200

100

200

100

mth zigzag line

200

100 200

Fig. 30 Low-energy wave functions of the N, = 200 AB-stacked bilayer
ZGNR atky =2/3in B=40T (heavy black dots), (B=40T, E, =0.7
mV/A) (light red dots), and (B =40 T, E, = 70 mV/A) (light blue dots).

This journal is © The Royal Society of Chemistry [year]



Page 31 of 53

® B, |[(© B,
kx

Il
[\
~
W

0.2

()

0 =3

=
Il
=

L.

0-19 ey \j\- A'k
N AB stacking | - ~ A \/‘
(5} Zigzag S| i \ tH A
. 007 N,~200 =~y SRS
IS B=40T . % VL \
k=230 | 8 N AW N 70
S INNIN
o| i} V
-0.11 % \I,‘A'i :.[\
= | & \
-0.2 \;A\i \5_[\
ALV 5
; Z | . \1 v 5{‘
0 50 100 150 N
E, (InV/A) n=3 75=0 [(mV/A)

Fig. 31 (a) E.-dependent energy spectrum at k, = +2/3, including QLLs
(n}", n{") and partial flat subbands (P, P). (b) and (c), respectively,
indicate the spatial transformations in the dominating B, sublattice of the
upper and lower QLL branches at k, = 2/3 in 50 < E. < 90 mV/A.

anti-crossing. The relevant LL crossings and anti-crossings are
also predicted in graphene-related systems. 378379 Furthermore,
the dramatically altered E,-dependent DOS, with the QLL cross-
ings and anti-crossings, can be explored through the STS mea-
surements.

The theoretical studies show that energy gaps of bilayer AB-
stacked GNRs can be tuned by transverse 1°0-218,221,380-382 apq
perpendicular380-383,384 electric fields. Zigzag systems have an
observable energy gap determined by partial flat subbands for the
sufficiently narrow width (Vy < 90). Such subbands can be further
separated by E, and E; (Fig. 32(a) and (b)), so that the energy
gap is enlarged or reduced. Apparently, the modulation effects
are relatively strong in the presence of E,. On the other hand,
E, of armchair systems are determined by the energy spacing be-
tween two parabolic subbands nearest to Er. E, and E, make
parabolic dispersions become oscillatory ones and thus change
E, (Fig. 32(c) and (d)). The Ey- and E.-dependent energy gaps
belong to the direct or indirect ones. The experimental verifica-
tions have been done on GNR-related systems, including the E,-
induced enhancement of E, in few-layer GNRs?® and gap modu-
lation in top-gated bilayer graphenes 9%38-390 and GNRs. 391 Es-
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Fig. 33 Low-energy band structure and DOS of the N, = 200 bilayer
AA-stacked ZGNRs at B=0and 40 T.

pecially, the predicted E, enhancements at weak E, and E; are in
accord with the experimental measurements. 78-3°1

4.1.2 AA stacking.

The low-energy electronic structure of bilayer AA-stacked ZGNRs
consists of two groups of conduction and valence subbands
(Fig. 33(a)). Each group, which is similar to the energy dis-
persions of the monolayer system (Section 2.2.1), has many
parabolic dispersions and a pair of degenerate partial flat sub-
bands. The first and second ones, respectively, start to form at oy
and —a;, and they overlap each other without subband mixing,
owing to the vertical interlayer atomic interactions. The metal-
lic property in the AA stacking can not be altered by transverse
and perpendicular electric fields. The DOS exhibits two highest
symmetric peaks at +o related to partial flat subbands and many
asymmetric ones of parabolic subbands, i.e. it can be regarded as
a superposition of two shifted monolayer DOSs (Fig. 33(b)).
Two groups of QLLs are revealed in the presence of magnetic
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field (Fig. 33(c)). The first and second groups are, respectively,
initiated at oy and —q;. The main features are similar to the
monolayer system, including the v/B-dependent energy spacing
and reduced QLL widths with the increasing energy. The DOS
possesses two groups of primary symmetric and secondary asym-
metric peaks (Fig. 33(d)). The former and the latter are associ-
ated with the QLLs and parabolic subbands, respectively. Espe-
cially, there are two high-intensity peaks at +o; surrounded by
many asymmetric peaks. The STS measurements !23:202.203 op
them can determine the vertical interlayer atomic interaction of
oy. In addition, E, will result in the tilt and collapse of each
QLL group, while there is no E;-induced QLL splitting for k, > 0
& ky < 0, and the E;-dependent QLL spectra only show crossings
(not shown).

The spatial distributions of Landau wave functions are well be-
haved, as a result of the highly symmetric stacking. The ampli-
tude, spatial symmetry, and node number of A’ and B sublattices
in each layer are similar to those of the monolayer system. Only
the n{" = 0 and n5” = 0 QLLs have the characteristics of Landau
and edge-localized states (Fig. 34). In both QLL groups, the node
numbers of A', B!, A2, and B? sublattices of the nth QLL are, re-
spectively, n— 1, n, n— 1, and n. There exists a special relation
between the wave functions of A' and A% (B' and B?) sublat-
tices, in which they are in phase for the first group and out of
phase for the second group. In other words, the first- and second-
group wave functions are only the symmetric and anti-symmetric
superpositions of the tight-binding functions on different layers,
respectively. This will result in the absence of intergroup QLL
transitions in optical spectra.

4.2 Magneto-optical properties

Two groups of QLLs in bilayer AB-stacked ZGNR exhibit four cat-
egories of inter-QLL absorption peaks, where half of them belong
to intragroup or intergroup excitations. a)r{n,, a)r%n,, a)sn,, and a)fl'n,
indicate the inter-QLL transitions of n} — n{’, n} — n¥, n| — nf,
and nj — n'’, respectively. The threshold absorption frequencies
are o ~ 0 for o}, (Fig. 35(a)), @ ~ 2y, for 2, (Fig. 35(c)), and
o~ for ®}, and }, (Fig. 35(b)). The intragroup and inter-
group optical transitions, respectively, obey the selection rules of
|Anintra| = 1 and |Anjper| = 0 & 2, since the Landau modes are
the same on the ith layer for the A’ (B') sublattice of the ini-
tial state and the B’ (A?) sublattice of the final states.!”> The
intragroup absorption spectrum has prominent twin-peak struc-
tures for a)r"l(nil) and w("nil)n except the threshold transition peak
in the first category. However, the intergroup spectrum presents
strong single peaks. The twin- and single-peak structures are de-
termined by the asymmetric QLL spectrum and quantum mode.
Magneto-absorption spectra can be further changed by transverse
and perpendicular electric fields. The tilted and collapsed QLLs

in the transverse one significantly suppress the excitation chan-
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0

nels. The splitting QLLs in the perpendicular one result in more
low-intensity absorption peaks.

Bilayer AA-stacked ZGNRs demonstrate peculiar magnetc-
absorption spectra based on the simple relations in QLL wave
functions and Fermi-Dirac distribution. The first- and second-
group wave functions are, respectively, the symmetric and anti-
symmetric superpositions of the Landau modes on different lay-
ers, so that the velocity matrix elements are finite only for the
intragroup transitions. Two categories of intragroup QLL peak-
obeying the selection rules of |An| = |Any| = 1 are clearly illuc
trated in Fig. 36. The threshold absorption peak is composed
of the valence-to-valence optical transition of 7} — 7i] — 1 and
the conduction-to-conduction one of ii§ — 7§ + 1, since the Ferm!
level is located in the middle of the two related QLLs. However,
the other peaks come from the valence-to-conduction excitations
of n{ — n{ =n}{ £1 and nj — n§ = nj =1, where n} > 7} and
ny > ii5. Each single peak consists of w&n .1 and wén L 1), With
the same frequency except that two initial ones (i} — n{ =7} —.
and 77y — n§ = iy + 1) are limited by the Fermi-Dirac distribu-
tion. The valence-to-conduction excitation frequencies are much
higher than the threshold one, thus leading to an optical gap cf
2a; (gray zone).

The inter-QLL transitions and selection rules can be ex-
plored through the experimental measurements, as done fo:
few-layer graphene-related systems by magneto-optical transmis
sion137-140.277 and magneto-Raman spectroscopy. 278 Theoretica.
predictions indicate that the important differences in AB and AA
stackings include excitation categories, structures, frequencies,
and numbers of absorption peaks. Bilayer GNR arrays, which
have been recently synthesized, 392 can provide strong-intensity
optical responses. Measurements on inter-QLL transitions are
useful in the identification of stacking configuration. Furthei-
more, the vertical interlayer atomic interactions (y; and «;) caw
be examined from the initial energies in distinct excitation cate-
gories.

5 Non-uniform GNRs and GNR-CNT hybrids

More complicated carbon-related systems can be synthesized
by the assembly of distinct subsystems. They display rich
essential properties, and most of them only have the weak
van der Waals interactions. Non-uniform few-layer GNRs ca:
be fabricated by the mechanical exfoliation,80-88 cutting ot
graphene, 29-34.36,3741 chemical unzipping of CNT,43:46:49,54,50
and CVD.%8>° Some theoretical studies on them are chiefly fo-
cused on the electronic, 393 magnetic, 394395 and transport396:397
properties. Moreover, the coupling of carbon allotropes can
form various hybridized systems with unique geometric config-
urations, such as the graphene-nanotube hybrids,398-405 GNR
networks, 4%® carbon nanopeapods (a fullerene chain within 2
CNT),497-415 and carbon-nanobud hybrids. 416-418 Extensive the-
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Fig. 36 Low-energy magneto-absorption spectrum of the N, = 200
bilayer AA-stacked ZGNR at B=40T.

oretical researches have been performed on the electronic struc-
ture, 419423 magnetic quantization, 424 optical spectra, 42> and
quantum conductance. 426

The magneto-electronic properties of bilayer non-uniform
GNRs can be easily tuned by the geometric structures, such as
the widths of the top and bottom layers, relative position be-
tween them, and inner boundaries of narrow ribbon. Four kinds
of magneto-electronic energy spectra are revealed, including the
monolayer-like, bilayer-like, and coexistent QLLs, as well as the
distorted energy subbands. Especially, the coexistent one can sur-
vive when the monolayer and bilayer regions are much wider
than the magnetic length. The preliminary evidences for the co-
existence of QLL spectra are revealed from the conductance mea-
surements. 888 The QLL wave functions are well behaved, being
responsible for many strong absorption peaks with two specific
selection rules. As to the fourth kind, the wave functions present
serious variations between two layers and severe distortions with
piecewise continuity. Consequently, there are many low-intensity
absorption peaks without any selection rules.

A GNR-CNT hybrid, a coupling of GNR with open boundaries
and CNT with a closed boundary, is chosen to comprehend the hy-
bridization effects. The relative position between GNR and CNT
can change the interactions and enrich the magneto-electronic
properties, such as the breaking of symmetric energy spectrum,
partial destruction of QLLs, more extra band-edge states, dis-
ruption of DOS peaks, and piecewise distorted wave functions.
Moreover, the prominent magneto-absorption peaks are largely
reduced and surrounded by additional subpeaks.

The organization of this section is stated as follows. The
first subsection describes the magneto-electronic properties of
non-uniform bilayer GNRs and GNR-CNT hybrids, including the

This journal is © The Royal Society of Chemistry [year]
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Fig. 37 Geometric structure of a non-uniform bilayer AB-stacked ZGNR.
The top layer of width W; is shifted by a distance of d; from the edge of
the wide bottom layer of width W;,.

geometry-dependent energy spectra, DOS, and wave functions.
The effects of atomic interactions between two subsystems are
discussed in detail. The feature-rich optical properties, with dif-
ferent kinds of magneto-absorption spectra, are presented in the
next subsection. Some theoretical predictions are roughly consis-
tent with the experimental evidences.

5.1 Magneto-electronic properties

A non-uniform bilayer AB-stacked ZGNR is illustrated to explore
the effects of geometric structures on essential properties. The
narrow top and wide bottom layers have widths W; and W, re-
spectively (Fig. 37). The former will be shifted from the left-hand
side of the latter, where d; is the distance between their bound-
aries, and the AB stacking is fixed in the theoretical calculations.
The tuning of the relative position and ribbon widths, leading
to obvious variations in the interlayer atomic interactions and
boundary conditions, can diversify the magneto-electronic and
magneto-optical properties.

The magneto-electronic structure of a non-uniform system is
roughly composed of two monolayer-like ones, when the top
layer is much narrower than the bottom one (Fig. 38(a) and
(b)). At d; = b/2, the parabolic subbands of the top layer are
slightly mixed with the monolayer-like QLLs of the bottom layer
(Fig. 38(a)). There are some subband mixings between the
parabolic and Landau subbands, e.g. E“” < —0.4 eV as indicated
by the red rectangle. More band-edge states due to them are re-
vealed in the subpeak structures surrounding the high-intensity
QLL peaks in the DOS (Fig. 38(d)). The dispersionless features of
low-lying QLLs are almost unaffected, and so do the wave func-
tions. For instance, it is obvious that the n° = 1-3 wave functions
at ky = 2/3 (black circles in Fig. 38(a)) possess Landau modes in

This journal is © The Royal Society of Chemistry [year]
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Al and B! sublattices similar to those of monolayer GNR (heavy
black dots in Fig. 38(g)-(i)).

The mixing of energy spectra is largely enhanced, as the tog
layer is gradually shifted to the center of the bottom layer. Es-
pecially at d; = (W, — W; 4+ b)/2, many dispersionless QLLs are
turned into oscillatory ones with a lot of extra band-edge states
(Fig. 38(b)).3%> The QLL peaks in the DOS are seriously sup-
pressed and most of them are replaced by the lower asymmet-
ric peaks (Fig. 38(e)). Also, they induce drastic alternations i~
the wave functions. For example, at k, = 2/3 (red circles i..
Fig. 38(b)), the wave functions become piecewise continuot.
functions of differentiability class C° or have two jump discon-
tinuities in A! and B! sublattice at two edge positions of the top
ribbon (edges of gray zone in Fig. 38(g)—(i)), so that the normal
Landau modes are absent. Moreover, the spatial distributions of
the top layer turn out to be observable, showing the distorted
standing waves.

The monolayer-like QLL spectrum can be transformed into the
bilayer-like one, when the width of the top layer is larger than
the magnetic length. For W, = W,,/2 (> I), the monolayer-like
QLLs evolves into bilayer-like ones (Fig. 38(c)). The second group
of QLLs are initiated at the energies of the vertical interlayer
atomic interactions (+7;). The energy spacings between QLLs
are shrunk, and there is no v/B-dependence in the QLL energies
It should be noted that the two groups of QLLs are also mixed
with the extra parabolic subbands. The latter are related to the
non-overlapping region of the bottom layer, whose width is insuf-
ficiently wide for the magnetic quantization. Two groups of QLL
peaks are indicated by the blue and green arrows in Fig. 38(f).
The low-intensity asymmetric peaks are contributed by the extra
band-edge states. The QLL wave functions at k, = 2/3 are similar
to those of bilayer ZGNRs. The Landau modes and the dominat-
ing sublattices for each group keep the same, e.g. the low-lyiny
QLLs of the second and first groups as shown in Fig. 38(j)-(1) and
Fig. 38(m)-(0), respectively. However, the Landau wave func-
tions of the former also have the extra component of the stand-
ing waves due to parabolic subbands, presenting slightly distorted
distributions (Fig. 38(j) and (k)).

The monolayer- and bilayer-like QLL spectra can survive simul-
taneously, as the overlapping and non-overlapping regions are
sufficiently wide to quantize electronic states. For W; = 2W, /5
and d; = b/2 (Fig. 39(a)), the bilayer- and monolayer-like QLLs,
respectively, appear at ky < 2/3 and k, > 2/3. Also, there is an ex-
tra group of intermediate Landau subbands strongly mixing with
QLLs. The wave functions are distributed in the piecewise forra
near the interface between two regions, where the distorted bi-
layer and monolayer Landau wave functions are joined.3%* But
for W, =2W, /5 and d; = (W, — W; +b)/2 (Fig. 39(b)), there arc
two monolayer-like QLLs, one bilayer-like QLLs, and two e
tra groups of intermediate Landau subbands, reflecting the ge-
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and green triangles indicate the first few monolayer-like QLL peaks and
bilayer-like QLL peaks of the first and second groups, respectively.

ometric structure with two interfaces. The monolayer-like QLL
peaks of wider spacings (red circles) and bilayer-like QLL peaks
of narrower spacings (blue diamonds and green triangles) are re-
vealed in the DOS (Fig. 39(c) and (d)), and the relative peak
height is related to the geometric configurations. For instance,
the monolayer-like QLL peaks decline rapidly because of subband
mixings, as illustrated in Fig. 39(d).

The GNR-CNT hybrids can be synthesized by the chemical un-
zipping of multi-wall CNTs. 4344427 I the theoretical model, an
(m, m) ACNT is located above a ZGNR (Fig. 40), where they
have the same period along the longitudinal direction. There are
4m + 2N, carbon atoms in a primitive unit cell. The AB stack-
ing remains the same during the shift of CNT. The Lennard-Jones
potential is employed to find the optimal vertical distance cor-
responding to the minimal van der Waals interaction energy 428,
The inter-subsystem interactions in the Hamiltonian are assumed
to decay exponentially with the interatomic distance. 4?4429 The
addition and shift of CNT strongly modifies the inter-subsystem
interactions and essential properties, such as energy dispersions,
DOS, wave functions, and magneto-absorption spectra.

The GNR-CNT interactions alter the magneto-electronic struc-
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Fig. 40 Geometric structure of a GNR-CNT hybrid. y,. is the transverse
distance between the CNT axis and ribbon edge, and W, is the ribbon
width.

tures considerably. The linear subbnads contributed by a metallic
(6, 6) ACNT mix with the low-lying QLLs, resulting in the break-
ing of symmetric spectrum about Er, partial destruction of dis-
persionless QLLs, more extra band-edge states, and piecewise dis-
torted wave functions. These variations strongly depends on th~
shift of CNT, as shown in Fig. 41. For the case of CNT at the rib-
bon center, the strong mixings between the linear subbands and
QLLs occur at ky— (< 2/3) and k.4 (>2/3) (red and blue cir-
cles in Fig. 41(a)). When the CNT gradually approaches to thz
ribbon edge, the subband mixings at k, ,’s will almost disappear
(blue circles in Fig. 41(b)-(d)). These results are closely related
to the DOS and spatial distributions of Landau wave functions.
The prominent QLL peaks in DOS are significantly lowered, an-!
they are surrounded by more asymmetric peaks (Fig. 41(e)).
The wave functions, depending on the wave vector and CNT lo-
cation, present more information about the state mixings, as illus-
trated by the n° = 1 QLL and linear subband (Fig. 42). Two inde-
pendent subsystems, respectively, exhibit the well-behaved Lar-
dau modes of n° = 1 and the uniform spatial distributions along
the azimuthal direction of CNT (heavy black dots in Fig. 42(a)
and (d)). The inter-subsystem interactions induce serious distor-
tions in wave functions as CNT is situated at the localization cer-
ter of Landau wave function. At k, _ (red arrows in Fig. 41(b)),
the spatial distributions in CNT become non-uniform (light red
dots in Fig. 42(d)). Furthermore, the Landau wave function pos-
sesses the kink-form spatial distribution (Fig. 42(a)), indicating
that the Landau state is highly suppressed by CNT. More impor-
tantly, state mixing leads to the non-uniform azimuthal distribu-
tion in the n° = 1 QLL (Fig. 42(b)) and the distorted Landau state.
in the linear subband (Fig. 42(c)). But for k. 1, there exist onl;
weak mixings (blue arrow in Fig. 41(b)), so that the electronic
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states almost remain the same (Fig. 42(e)-(h)), and slight dis-
ruptions in Landau wave functions are revealed at the position of
CNT.

The aforementioned four kinds of magneto-electronic energy
spectra in the non-uniform GNRs can be identified by the STS
measurements on the DOS, 69:164.202:430,431 Egpacially, the coex-
istence of monolayer- and bilayer-like QLLs has been evidenced
by conductance measurements. Through adjusting the gate volt-
age, a dramatic suppression of the bilayer resistance oscilla-
tion is revealed, because of the coexistent monolayer and bi-
layer QLLSs. 8¢ In order to understand the inter-subsystem interac-
tions, the CNT-position-induced special structures in DOS require
further experimental measurements. Also, the spectroscopic-
imaging STM 213-216 j5 appropriate to figure out the hybridization
effects on the spatial distributions of wave functions. The theo-
retical studies on the non-uniform GNRs and hybridized systems
are related to those of the partly overlapped GNRs362:397:432 ap(
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GNR array-graphene hybrids. 433-43> In addition, the partly over-
lapped structure between CVD-grown graphene grains has been
recently synthesized. 436-438

5.2 Magneto-optical properties

Based on the geometric configurations, the non-uniform GNRs
possess four kinds of magneto-absorption spectra, including the
monolayer, bilayer and coexistent ones, as well as the irregular
one. The magneto-absorption spectrum is almost the same with
that of monolayer (dashed red lines) except for few extra sub-
peaks, when the narrow top GNR is on the edge of the bottom one
(Fig. 43(a)). The number, intensity, and frequency of absorption
peaks are very sensitive to the position of the top layer, especially
at dy = (W, —W; +b)/2 (Fig. 43(b)). The intensity of prominent
peaks is significantly reduced, but the selection rule of |An| =1
keeps unchanged. As the top ribbon becomes wider and covers
the distribution region of Landau wave functions (W; = W,,/3 in
Fig. 43(c)), the severe subband mixings cause the suppression of
QLL transition peaks, the absence of selection rule, and many low-
intensity peaks. The main reason is that the dispersionless QLLs
are absent and the spatial distributions of wave functions are se-
riously distorted. However, two groups of Landau subbands are
formed as the top layer width is sufficiently wide for the magnetic
quantization, e.g. W; =2W,/3 > Ig in Fig. 43(d). Consequently,
the absorption spectrum is similar to the bilayer one. The main
peaks obey the same selection rule, and their frequencies are very
close to those of bilayer GNRs (dashed blue lines). Particularly,
the monolayer and bilayer QLL transitions can survive simulta-
neously, when the non-overlapping and overlapping regions are
wide enough for the magnetic quantization (Fig. 44). The absorp-
tion peaks of |An| =1 and |Anjy,,| = 1 selection rules are clearly
present, and the relative peak height between them is roughly
proportional to the width ratio of two distinct regions.

The magneto-absorption spectra of GNR-CNT hybrids have sub-
stantial changes, owing to the inter-subsystem atomic interactions
(Fig. 45). As the CNT is shifted from the ribbon edge to center,
the monolayer QLL transition peaks are gradually lowered and
become twin-peak structures (red curves). These structures are
closely related to the state mixings, since a specific QLL quantum
mode exists in two hybridized subbands. The hybridization ef-
fects are relatively easily observed in the wider GNRs and weaker
magnetic fields; that is, there are more twin peaks under such
conditions.

The predicted magneto-optical properties in non-uniform GNRs
and GNR-CNT hybrids can be verified by the optical absorp-
tion and infrared transmission experiments,137:138 including
the monolayer, bilayer, and coexistent QLL absorption spectra,
magneto-optical selection rules, as well as single-, twin-, and
irregular-peak structures. They are quite sensitive to the geomet-
ric configurations. Especially, the coexistent one is useful to un-
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derstand the optical properties of other related structures, such
as partly overlapped GNRs362:432:436-438 and GNR-graphene su-
perlattices. 433435

6 Conclusion and outlook

The essential electronic and optical properties of GNR-related sys-
tems have been systematically reviewed. By means of the gener-
alized tight-binding model, the geometric configurations and ex-
ternal fields responsible for the wide diverse properties are ex-
plored in detail. The former include the ribbon widths, edge
structures, curvatures, stackings, as well as the hybrid structures;
meanwhile, the latter cover the electric, magnetic, composite, and
spatially modulated fields. The tunable electronic structures give
the flexibilities in the design of electronic devices. Furthermore,
the rich optical spectra with different selection rules can provide
more opportunities for the applications in nanophotonics. Above
all, many presented results are compared with those from other
theoretical methods and validated by the experimental measure-
ments, while some predictions need further experimental verifi-
cations. The developed theoretical framework shall advance the
future studies on other quasi-1D materials and the related nanos-
tructures.

Transverse lateral confinements lead to the 1D parabolic sub-
bands and thus the asymmetric peaks in the DOS. The energy gap
is inversely proportional to the ribbon width. The wave functions
present standing waves with different wavelengths depending on
the subband index. The simple relations between the valence and
conduction wave functions account for the edge-dependent opti-
cal selection rules, |AJ| = odd for ZGNRs and AJ = 0 for AGNRs.
In further competition with the magnetic quantization, the low-
lying dispersionless QLLs are formed, and hence the associated
symmetric peaks are revealed in the DOS. The edge-independent
selection rule, |An| = 1, which is due to the spatial symmetry of
Landau states, dominates the inter-Landau absorption peaks. On
the other hand, the transverse electric fields significantly alter the
low-lying energy subbands and modulate the energy gap. Many
additional DOS peaks appear because of the complicated subband
mixings. The slightly distorted wave functions with additional re-
lations lead to the suppression of original absorption peaks and
appearance of extra peaks. Furthermore, the uniform electric
field is responsible for the tilt and collapse of QLLs, while the
modulated one results in the oscillatory Landau subbands.

Curvatures suppress the magnetic quantization and cause the
electrons to experience a non-uniform effective magnetic field.
The energy and optical spectra are drastically changed by the
competition between the curvature and magnetic field. For a
slightly curved GNR, the QLLs change into the oscillatory Lan-
dau subbands with several band edges, leading to the peak split-
ting in the DOS. Each symmetric Landau absorption peak splits
into multi-asymmetric ones with weaker intensity, where the se-
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lection rule of |An| = 1 remains unchanged. As the GNR is severely
curved, the subband mixings among the strongly oscillatory sub-
bands create many band-edge states, which are reflected by the
complex peak structures in the DOS and the |An| # 1 extra absorp-
tion peaks. The crucial differences between CNTs and GNRs are
revealed to result from the boundary conditions. The zero-field
absorption spectra of CNTs are dominated by the selection rule
of An = 0, whereas these rules are edge-dependent in GNRs. The
angular-momentum coupling induced by the perpendicular mag-
netic field contributes to the additional rules (JArn| =1 and 2), of
which more come to exist due to the increase of either (both) of
the factors: the tube diameter and field strength. Particularly,
once the two factors exceed certain critical values, the optical
spectra can reflect the Landau absorption peaks. The reported
features of the spectra provide insight to optical excitations for
curved systems with either an open or a closed boundary condi-
tion.

Stacking configurations enrich the band structures and absorp-
tion spectra in the bilayer GNRs. Apart from the transverse elec-
tric field, the energy gap of the AB-stacked bilayer GNRs can be
modulated through the perpendicular electric field, while such
gap modulation is unavailable in the metallic AA-stacked bilayer
GNRs. In the magneto-electronic structures, two groups of QLLs
and the corresponding symmetric DOS peaks are distinguishable
in either stacking configuration. For the AB stacking, the first
group initiates near the Fermi energy and the second group ap-
pears at energies ~ +7;; whereas, for the AA stacking, the first
and second groups occur at ~ o; and ~ —a, respectively. Trans-
verse electric fields cause the tilt and collapse of QLLs, as well as
turn the symmetric DOS peaks into the asymmetric ones. Perpen-
dicular electric fields lead to the crossings and anti-crossings of
QLLs; the dramatic changes in the DOS. The AB-stacked system
exhibits four categories of Landau absorption peaks, including
two intragroup and two intergroup ones. Meanwhile, the intra-
group transitions occurring near the Fermi level contribute to the
prominent peaks in the low-energy spectrum. On the other hand,
only two categories of the intragroup transitions are permitted in
the bilayer AA-stacked system. More importantly, the Fermi-Dirac
distribution is responsible for the forbidden absorption range of
~ 0.6 €V (~ 20y). It is obvious that the magneto-absorption spec-
tra of bilayer GNRs are quite distinct from those of monolayer
ones, including the excitation categories, structures, frequencies,
and numbers of absorption peaks. Such features depend on the
quantum modes, special relations in wave functions, and sym-
metric/asymmetric QLL spectra. In general, the QLL transitions
can survive when the Landau modes are identical on the same
layer for the A’ (B') sublattice of the initial state and the B! (A)
sublattice of the final state.

The variations of non-uniform configurations and hybrid struc-
tures can dramatically tune the magneto-electronic and opti-
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cal properties. As the non-uniform configuration changes from
monolayer to bilayer, there are four kinds of magneto-electronic
spectra, including the monolayer-like, bilayer-like, and coexistert
QLL spectra, and the distorted energy dispersions. The various
kinds of electronic structures also underline the features exhib-
ited by the magneto-absorption spectra. Especially, the inter-QLL
transitions are mostly preserved in the disordered spectrum, and
a lot of lower-intensity absorption peaks exist in the absence of
selection rules. The monolayer-like and bilayer-like absorption
spectra can concurrently survive, when both the widths of monc

layer and bilayer regions are sufficiently wide for the magnetic
quantization. The GNR-CNT interactions cause the partial de-
struction of QLLs, disruption of DOS peaks, and piecewise con-
tinuous wave functions; therefore, the hybridization lowers the
prominent Landau absorption peaks with twin-peak structures.

To date, the experimental observations have confirmed the ma-
jor characteristics of the electronic properties of monolayer GNRs,
including the 1D parabolic subbands induced by the lateral con-
finement, 160 the exponentially decaying edge-localized states, 16°
and the width-dependent energy gap.27-31:439 The observed grad-
ual disappearance of the Landau peaks in the local DOS near the
ribbon edges is a direct consequence of the competition between
the lateral confinement and magnetic quantization.12® Further
evidences of the competition are identified by the transport mea-
surements, including the anomalous SdAHO and the destructio.:
of the Hall plateau of larger filling factor.18? In the DOS, twe
groups of Landau peaks in the bilayer GNRs, the destruction ot
Landau peaks by the electric fields with different directions or
spatial modulation, and the curvature-induced triple- or twin-
peak structure could be verified by the STS experiments. Also,
the spectroscopic imaging STM serves as a powerful tool to visu-
alize the zero-field standing waves and Landau wave functions.
Transport measurements have shown that the gap modulation i
monolayer and bilayer GNRs can be achieved via the exertion
of the electric fields. 831 However, owing to the edge rough-
ness and the width controlling limitation, the detailed conditions
about the metal-semiconductor and semiconductor-metal transi-
tions require further investigations. In terms of optical proper-
ties, the infrared transmission measurement on the monolayer
GNR arrays has demonstrated the dependence of the threshold
inter-Landau absorption frequency on the strength of magnetic
field. 140 On the other hand, there are many issues left for fur-
ther verifications, including the zero-field edge-dependent selec-
tion rules in the monolayer GNRs, the splitting of Landau ab-
sorption peaks due to the curvature-induced effective magnetic
field, the low-lying Landau and J-coupling absorption peaks in
the CNTs, four (two) categories of transitions in the AB-stacked
(AA-stacked) bilayer GNRs, and the coexistence of the monolayer
and bilayer Landau absorption spectra in the non-uniform GNR¢.

Recently, experimental and theoretical researches have un-
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veiled other graphene-related honeycomb lattices of group-IV
elements, such as silicene, #40-445 440,446-449
stanene. 40452 Also found are the transition metal dichalco-
genides (TMDs) consisting of hexagonal layers of transition-metal
atoms (M) sandwiched between two layers of chalcogen atoms
(X) with stoichiometry MX,.4%345% TMDs have more than 40
different types, 4546 depending on the combination of chalco-
gen (S, Se; Te) and transition-metal atoms (Mo, W, Nb, Ta;
Ti). The layered 2D systems can also be formed via van der
Waals interactions. Furthermore, some theoretical studies fo-
cus on the strip-like nanostructures.4>7-463 The silicene, 464465
MoS,,4%6 and WS, 467 nanoribbons have been successfully syn-
thesized. This work is useful in understanding the essential prop-
erties of GNR-related quasi-1D systems, such as the effects due to
the lateral confinements, edge structures, curvatures, stackings,
non-uniform and hybridized configurations; magnetic and elec-
tric fields.
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Acknowledgements

We would like to thank all the contributors to this article for their
valuable discussions and recommendations, especially Godfrey
Gumbs, Jung-Chun Andrew Huang, Chung-Lin Wu, Shean-Jen
Chen, Hsisheng Teng, Shih-Hui Chang, Dah-Chin Ling, Cheng-
Hao Chuang, Bogdan Ostahie, Alexandru Aldea, Luis E. F. Foa
Torres, To-Sing Li, Yu-Huang Chiu, Yen-Hung Ho, Yih-Jon Ou,
Ming-Hsun Lee, Matisse Wei-Yuan Tu, Ping-Yuan Lo, and Yu-Ming
Wang. The authors thank Po-Hua Yang and Pei-Ju Chien for En-
glish discussions and corrections. One of us (Hsien-Ching Chung)
thanks Ming-Hui Chung and Su-Ming Chen for financial support.
This research received funding from the Headquarters of Univer-
sity Advancement at the National Cheng Kung University, which
is sponsored by the Ministry of Education, Taiwan. This work
was supported in part by the National Science Council of Taiwan
under grant number NSC 102-2112-M-006-007-MY3.

References

1 J. N. Plendl and P. J. Gielisse, Physical Review, 1962, 125,
828.

2 T.R. Anthony, W. F. Banholzer, J. F. Fleischer, L. H. Wei, P. K.
Kuo, R. L. Thomas and R. W. Pryor, Physical Review B, 1990,
42,1104,

3 J. D. Bernal, Proc. R. Soc. Lond. A, 1924, 106, 749.

4 J. R. Ferraro and J. M. Williams, Introduction to synthetic
electrical conductors, 1987.

5 B. T. Kelly, Carbon, 1982, 20, 3.

6 T. Bartels, W. Bock, J. Braun, C. Busch, W. Buss, W. Dresel,
C. Freiler, M. Harperscheid, R.-P. Heckler, D. Horner, F. Ku-
bicki, G. Lingg, A. Losch, R. Luther, T. Mang, S. Noll and
J. Omeis, in Lubricants and Lubrication, Wiley-VCH Verlag
GmbH and Co. KGaA, 2003.

42| Journal Name, [year], [vol.], 1-53

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

H. W. Kroto, J. R. Heath, S. C. Obrien, R. F. Curl and R. E.
Smalley, Nature, 1985, 318, 162.

H. W. Kroto, A. W. Allaf and S. P. Balm, Chemical Reviews,
1991, 91, 1213.

S. lijima, Nature, 1991, 354, 56.

S. lijima and T. Ichihashi, Nature, 1993, 363, 603.

D. S. Bethune, C. H. Kiang, M. S. Devries, G. Gorman,
R. Savoy, J. Vazquez and R. Beyers, Nature, 1993, 363, 605.
K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang,
Y. Zhang, S. V. Dubonos, 1. V. Grigorieva and A. A. Firsov,
Science, 2004, 306, 666.

R. J. Lagow, J. J. Kampa, H. C. Wei, S. L. Battle, J. W. Genge,
D. A. Laude, C. J. Harper, R. Bau, R. C. Stevens, J. F. Haw
and E. Munson, Science, 1995, 267, 362.

J. Kastner, H. Kuzmany, L. Kavan, F. P. Dousek and J. Kurti,
Macromolecules, 1995, 28, 344.

K. S. Novoselov, D. Jiang, F. Schedin, T. J. Booth, V. V.
Khotkevich, S. V. Morozov and A. K. Geim, Proceedings of the
National Academy of Sciences of the United States of America,
2005, 102, 10451.

C. Berger, Z. M. Song, X. B. Li, X. S. Wu, N. Brown, C. Naud,
D. Mayou, T. B. Li, J. Hass, A. N. Marchenkov, E. H. Conrad,
P. N. First and W. A. de Heer, Science, 2006, 312, 1191.

K. I. Bolotin, K. J. Sikes, Z. Jiang, M. Klima, G. Fudenberg,
J. Hone, P. Kim and H. L. Stormer, Solid State Communica-
tions, 2008, 146, 351.

S. V. Morozov, K. S. Novoselov, M. 1. Katsnelson, F. Schedin,
D. C. Elias, J. A. Jaszczak and A. K. Geim, Physical Review
Letters, 2008, 100, 016602.

A. A. Balandin, S. Ghosh, W. Z. Bao, I. Calizo, D. Tewelde-
brhan, F. Miao and C. N. Lau, Nano Letters, 2008, 8, 902.

C. Lee, X. D. Wei, J. W. Kysar and J. Hone, Science, 2008,
321, 385.

R. R. Nair, P. Blake, A. N. Grigorenko, K. S. Novoselov, T. J.
Booth, T. Stauber, N. M. R. Peres and A. K. Geim, Science,
2008, 320, 1308.

S. Bae, H. Kim, Y. Lee, X. F. Xu, J. S. Park, Y. Zheng, J. Bal-
akrishnan, T. Lei, H. R. Kim, Y. I. Song, Y. J. Kim, K. S. Kim,
B. Ozyilmaz, J. H. Ahn, B. H. Hong and S. lijima, Nature
Nanotechnology, 2010, 5, 574.

K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, M. L.
Katsnelson, I. V. Grigorieva, S. V. Dubonos and A. A. Firsov,
Nature, 2005, 438, 197.

Y. B. Zhang, Y. W. Tan, H. L. Stormer and P. Kim, Nature,
2005, 438, 201.

K. S. Novoselov, E. McCann, S. V. Morozov, V. I. Fal’ko, M. 1.
Katsnelson, U. Zeitler, D. Jiang, F. Schedin and A. K. Geim,
Nature Physics, 2006, 2, 177.

K. S. Novoselov, Z. Jiang, Y. Zhang, S. V. Morozov, H. L.

This journal is © The Royal Society of Chemistry [year]

Page 42 of 53



Page 43 of 53

27
28
29
30
31
32
33
34
35
36

37

38

39

40

41

42

43

44

45

46

Physical Chemistry Chemical Physics

Stormer, U. Zeitler, J. C. Maan, G. S. Boebinger, P. Kim and
A. K. Geim, Science, 2007, 315, 1379.

M. Y. Han, B. Ozyilmaz, Y. B. Zhang and P. Kim, Physical
Review Letters, 2007, 98, 206805.

Z. H. Chen, Y. M. Lin, M. J. Rooks and P. Avouris, Physica E,
2007, 40, 228.

L. Tapaszto, G. Dobrik, P. Lambin and L. P. Biro, Nature Nan-
otechnology, 2008, 3, 397.

J. W. Bai, X. F. Duan and Y. Huang, Nano Letters, 2009, 9,
2083.

X. L. Li, X. R. Wang, L. Zhang, S. W. Lee and H. J. Dai, Sci-
ence, 2008, 319, 1229.

X. R. Wang, Y. J. Ouyang, X. L. Li, H. L. Wang, J. Guo and
H. J. Dai, Physical Review Letters, 2008, 100, 206803.
Z.S.Wu, W. C. Ren, L. B. Gao, B. L. Liu, J. P. Zhao and H. M.
Cheng, Nano Research, 2010, 3, 16.

S. S. Datta, D. R. Strachan, S. M. Khamis and A. T. C. John-
son, Nano Letters, 2008, 8, 1912.

L. Ci, Z. P. Xu, L. L. Wang, W. Gao, F. Ding, K. F. Kelly, B. I.
Yakobson and P. M. Ajayan, Nano Research, 2008, 1, 116.

N. Severin, S. Kirstein, I. M. Sokolov and J. P. Rabe, Nano
Letters, 2009, 9, 457.

F. Schaffel, J. H. Warner, A. Bachmatiuk, B. Rellinghaus,
B. Buchner, L. Schultz and M. H. Rummeli, Nano Research,
2009, 2, 695.

F. Schaffel, J. H. Warner, A. Bachmatiuk, B. Rellinghaus,
B. Buchner, L. Schultz and M. H. Rummeli, Physica Status
Solidi B-Basic Solid State Physics, 2009, 246, 2540.

L. C. Campos, V. R. Manfrinato, J. D. Sanchez-Yamagishi,
J. Kong and P. Jarillo-Herrero, Nano Letters, 2009, 9, 2600-
2604.

L.J. Ci, L. Song, D. Jariwala, A. L. Elias, W. Gao, M. Terrones
and P. M. Ajayan, Advanced Materials, 2009, 21, 4487.

S. Fujii and T. Enoki, Journal of the American Chemical Soci-
ety, 2010, 132, 10034.

M. J. McAllister, J. L. Li, D. H. Adamson, H. C. Schniepp,
A. A. Abdala, J. Liu, M. Herrera-Alonso, D. L. Milius, R. Car,
R. K. Prudhomme and I. A. Aksay, Chemistry of Materials,
2007, 19, 4396.

D. V. Kosynkin, A. L. Higginbotham, A. Sinitskii, J. R.
Lomeda, A. Dimiev, B. K. Price and J. M. Tour, Nature, 2009,
458, 872.

F. Cataldo, G. Compagnini, G. Patane, O. Ursini, G. Angelini,
P. R. Ribic, G. Margaritondo, A. Cricenti, G. Palleschi and
F. Valentini, Carbon, 2010, 48, 2596.

P. Kumar, L. S. Panchakarla and C. N. R. Rao, Nanoscale,
2011, 3, 2127.

L. Jiao, L. Zhang, X. Wang, G. Diankov and H. Dai, Nature,

This journal is © The Royal Society of Chemistry [year]

47

48

49

50

51

52
53

54

55

56

57

58

59

60

61

62

63

2009, 458, 877.

L. Jiao, L. Zhang, L. Ding, J. Liu and H. Dai, Nano Research,
2010, 3, 387.

A. Laura Elias, A. R. Botello-Mendez, D. Meneses-Rodriguez,
V. Jehova Gonzalez, D. Ramirez-Gonzalez, L. Ci, E. Munoz-
Sandoval, P. M. Ajayan, H. Terrones and M. Terrones, Nanc
Letters, 2010, 10, 366.

U. K. Parashar, S. Bhandari, R. K. Srivastava, D. Jariwala and
A. Srivastava, Nanoscale, 2011, 3, 3876.

A. V. Talyzin, S. Luzan, I. V. Anoshkin, A. G. Nasibulirn,
H. Jiang, E. I. Kauppinen, V. M. Mikoushkin, V. V. Shnitov,
D. E. Marchenko and D. Noreus, ACS Nano, 2011, 5, 5132.
M. C. Paiva, W. Xu, M. F. Proenca, R. M. Novais, E. Laegs-
gaard and F. Besenbacher, Nano Letters, 2010, 10, 1764.

K. Kim, A. Sussman and A. Zettl, ACS Nano, 2010, 4, 1362.
A. G. Cano-Marquez, F. J. Rodriguez-Macias, J. Campos-
Delgado, C. G. Espinosa-Gonzalez, F. Tristan-Lopez.
D. Ramirez-Gonzalez, D. A. Cullen, D. J. Smith, M. Terrones
and Y. I. Vega-Cantu, Nano Letters, 2009, 9, 1527.

D. V. Kosynkin, W. Lu, A. Sinitskii, G. Pera, Z. Z. Sun and
J. M. Tour, ACS Nano, 2011, 5, 968.

D. B. Shinde, J. Debgupta, A. Kushwaha, M. Aslam and V. K.
Pillai, Journal of the American Chemical Society, 2011, 133,
4168.

L. Jiao, X. Wang, G. Diankov, H. Wang and H. Dai, Nature
Nanotechnology, 2010, 5, 321.

L. M. Xie, H. L. Wang, C. H. Jin, X. R. Wang, L. Y. Jiao,
K. Suenaga and H. J. Dai, Journal of the American Chemical
Society, 2011, 133, 10394.

J. Campos-Delgado, J. M. Romo-Herrera, X. T. Jia, D. A.
Cullen, H. Muramatsu, Y. A. Kim, T. Hayashi, Z. F. Ren, D. J
Smith, Y. Okuno, T. Ohba, H. Kanoh, K. Kaneko, M. Endc,
H. Terrones, M. S. Dresselhaus and M. Terrones, Nano Let-
ters, 2008, 8, 2773.

D. C. Wei, Y. Q. Liu, H. L. Zhang, L. P. Huang, B. Wu, J. Y.
Chen and G. Yu, Journal of the American Chemical Society,
2009, 131, 11147.

M. Sprinkle, M. Ruan, Y. Hu, J. Hankinson, M. Rubio-Roy,
B. Zhang, X. Wu, C. Berger and W. A. de Heer, Nature Nan-
otechnology, 2010, 5, 727.

X.Y. Yang, X. Dou, A. Rouhanipour, L. J. Zhi, H. J. Rader and
K. Mullen, Journal of the American Chemical Society, 200€,
130, 4216.

J. M. Cai, P. Ruffieux, R. Jaafar, M. Bieri, T. Braun,
S. Blankenburg, M. Muoth, A. P. Seitsonen, M. Saleh, X. L.
Feng, K. Mullen and R. Fasel, Nature, 2010, 466, 470.

S. Blankenburg, J. Cai, P. Ruffieux, R. Jaafar, D. Passerone,
X. Feng, K. Muellen, R. Fasel and C. A. Pignedoli, ACS Nanc .
2012, 6, 2020.

Journal Name, [year], [vol.],1-53 | 43



64

65

66

67

68

69

70

71

72
73

74

75
76

77

78

79

80

81

82

83

84

85

86

87

88

Physical Chemistry Chemical Physics

Z.Yi, Z. Yanfang, L. Geng, L. Jianchen, L. Xiao, D. Shixuan,
R. Berger, F. Xinliang, K. Mullen and G. Hong-Jun, Applied
Physics Letters, 2014, 105, 023101.

V. Barone, O. Hod and G. E. Scuseria, Nano Letters, 2006, 6,
2748.

Y. W. Son, M. L. Cohen and S. G. Louie, Physical Review Let-
ters, 2006, 97, 216803.

K. Nakada, M. Fujita, G. Dresselhaus and M. S. Dresselhaus,
Physical Review B, 1996, 54, 17954.

M. Fujita, K. Wakabayashi, K. Nakada and K. Kusakabe, Jour-
nal of the Physical Society of Japan, 1996, 65, 1920.

Y. Kobayashi, K. Fukui, T. Enoki, K. Kusakabe and
Y. Kaburagi, Physical Review B, 2005, 71, 193406.

Y. Kobayashi, K. Fukui, T. Enoki and K. Kusakabe, Physical
Review B, 2006, 73, 125415.

M. F. Lin and F. L. Shyu, Journal of the Physical Society of
Japan, 2000, 69, 3529-3532.

H. Hsu and L. E. Reichl, Physical Review B, 2007, 76, 045418.
H. C. Chung, M. H. Lee, C. P. Chang and M. F. Lin, Optics
Express, 2011, 19, 23350.

K.-i. Sasaki, K. Kato, Y. Tokura, K. Oguri and T. Sogawa,
Physical Review B, 2011, 84, 085458.

L. Landau, Zeitschrift fiir Physik, 1930, 64, 629.

K. Wakabayashi, M. Fujita, H. Ajiki and M. Sigrist, Physical
Review B, 1999, 59, 8271.

L. Brey and H. A. Fertig, Physical Review B, 2006, 73,
195408.

Y. C. Huang, M. F. Lin and C. P. Chang, Journal of Applied
Physics, 2008, 103, 073709.

Y. C. Huang, C. P. Chang and M. F. Lin, Nanotechnology,
2007, 18, 495401.

H. C. Chung, Y. C. Huang, M. H. Lee, C. C. Chang and M. F.
Lin, Physica E, 2010, 42, 711.

C. P. Chang, Y. C. Huang, C. L. Lu, J. H. Ho, T. S. Li and M. F.
Lin, Carbon, 2006, 44, 508.

H. Ajiki and T. Ando, Journal of the Physical Society of Japan,
1993, 62, 1255.

M. F. Lin and K. W. K. Shung, Journal of the Physical Society
of Japan, 1997, 66, 3294.

S. Roche, G. Dresselhaus, M. S. Dresselhaus and R. Saito,
Physical Review B, 2000, 62, 16092.

F. L. Shyu, C. P. Chang, R. B. Chen, C. W. Chiu and M. F. Lin,
Physical Review B, 2003, 67, 045405.

C. P. Puls, N. E. Staley and Y. Liu, Physical Review B, 2009,
79, 235415.

X. Xu, N. M. Gabor, J. S. Alden, A. M. van der Zande and
P. L. McEuen, Nano Letters, 2010, 10, 562.

J. Tian, Y. Jiang, I. Childres, H. Cao, J. Hu and Y. P. Chen,

44| Journal Name, [year], [vol.], 1-53

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

Physical Review B, 2013, 88, 125410.

T. S.Li, S. C. Chang, J. Y. Lien and M. F. Lin, Nanotechnology,
2008, 19, 105703.

F. Bonaccorso, Z. Sun, T. Hasan and A. C. Ferrari, Nature
Photonics, 2010, 4, 611.

A. N. Grigorenko, M. Polini and K. S. Novoselov, Nature Pho-
tonics, 2012, 6, 749.

F. Xia, D. B. Farmer, Y.-m. Lin and P. Avouris, Nano Letters,
2010, 10, 715.

B. Obradovic, R. Kotlyar, F. Heinz, P. Matagne, T. Rakshit,
M. D. Giles, M. A. Stettler and D. E. Nikonov, Applied Physics
Letters, 2006, 88, 142102.

F. Molitor, J. Guettinger, C. Stampfer, D. Graf, T. Thn and
K. Ensslin, Physical Review B, 2007, 76, 245426.

J.-F. Dayen, A. Mahmood, D. S. Golubey, I. Roch-Jeune,
P. Salles and E. Dujardin, Small, 2008, 4, 716.

B. Haehnlein, B. Haendel, J. Pezoldt, H. Toepfer, R. Granzner
and F. Schwierz, Applied Physics Letters, 2012, 101, 093504.
C.-T. Chen, T. Low, H.-Y. Chiu and W. Zhu, IEEE Electron
Device Letters, 2012, 33, 330.

L.-T. Tung, M. V. Mateus and E. C. Kan, IEEE Transactions on
Electron Devices, 2014, 61, 3329.

V. Panchal, A. Lartsev, A. Manzin, R. Yakimova, A. Tza-
lenchuk and O. Kazakova, Scientific Reports, 2014, 4, 5581.
L.-T. Tung and E. C. Kan, IEEE Journal of the Electron Devices
Society, 2015, 3, 144.

C. M. Osburn and D. W. Ormond, Journal of the Electrochem-
ical Society, 1972, 119, 591.

C. M. Osburn and E. J. Weitzman, Journal of the Electrochem-
ical Society, 1972, 119, 603.

S. Suyama, A. Okamoto, T. Serikawa and H. Tanigawa, Jour-
nal of Applied Physics, 1987, 62, 2360.

X. Li, X. Wu, M. Sprinkle, F. Ming, M. Ruan, Y. Hu, C. Berger
and W. A. de Heer, Physica Status Solidi a-Applications and
Materials Science, 2010, 207, 286.

B. Standley, A. Mendez, E. Schmidgall and M. Bockrath,
Nano Letters, 2012, 12, 1165.

K.-I1. Ho, C.-H. Huang, J.-H. Liao, W. Zhang, L.-J. Li, C.-S. Lai
and C.-Y. Su, Scientific Reports, 2014, 4, 5893.

M. H. Yang, K. B. K. Teo, L. Gangloff, W. I. Milne, D. G.
Hasko, Y. Robert and P. Legagneux, Applied Physics Letters,
2006, 88, 113507.

K. Kim, H. J. Park, B.-C. Woo, K. J. Kim, G. T. Kim and W. S.
Yun, Nano Letters, 2008, 8, 3092.

D. B. Farmer, R. Golizadeh-Mojarad, V. Perebeinos, Y.-M. Lin,
G. S. Tulevski, J. C. Tsang and P. Avouris, Nano Letters, 2009,
9, 388.

T. Lohmann, K. von Klitzing and J. H. Smet, Nano Letters,

This journal is © The Royal Society of Chemistry [year]

Page 44 of 53



Page 45 of 53

111

112

113

114

115

116

117
118
119
120

121
122

123

124
125

126

127

128

129
130

131

132

Physical Chemistry Chemical Physics

2009, 9, 1973.

S. Unarunotai, Y. Murata, C. E. Chialvo, H.-s. Kim, S. Ma-
cLaren, N. Mason, I. Petrov and J. A. Rogers, Applied Physics
Letters, 2009, 95, 202101.

Y. Dan, Y. Lu, N. J. Kybert, Z. Luo and A. T. C. Johnson, Nano
Letters, 2009, 9, 1472.

M. Lafkioti, B. Krauss, T. Lohmann, U. Zschieschang,
H. Klauk, K. v Klitzing and J. H. Smet, Nano Letters, 2010,
10, 1149.

S. S. Sabri, P. L. Levesque, C. M. Aguirre, J. Guillemette,
R. Martel and T. Szkopek, Applied Physics Letters, 2009, 95,
242104.

V. Geringer, D. Subramaniam, A. K. Michel, B. Szafranek,
D. Schall, A. Georgi, T. Mashoff, D. Neumaier, M. Lieb-
mann and M. Morgenstern, Applied Physics Letters, 2010, 96,
082114.

P. Joshi, H. E. Romero, A. T. Neal, V. K. Toutam and S. A.
Tadigadapa, Journal of Physics-Condensed Matter, 2010, 22,
334214.

Z.-M. Liao, B.-H. Han, Y.-B. Zhou and D.-P. Yu, Journal of
Chemical Physics, 2010, 133, 044703.

H. Wang, Y. Wy, C. Cong, J. Shang and T. Yu, ACS Nano,
2010, 4, 7221.

J. Tersoff and D. R. Hamann, Physical Review B, 1985, 31,
805.

P. Kim, T. W. Odom, J. L. Huang and C. M. Lieber, Physical
Review Letters, 1999, 82, 1225.

G. Li and E. Y. Andrei, Nature Physics, 2007, 3, 623.

G. Li, A. Luican and E. Y. Andrei, Physical Review Letters,
2009, 102, 176804.

G. Li, A. Luican-Mayer, D. Abanin, L. Levitov and E. Y. An-
drei, Nature Communications, 2013, 4, 1744.

E. Schrodinger, Physical Review, 1926, 28, 1049.

P. M. Perez-Piskunow, G. Usaj, C. A. Balseiro and L. E. F.
Foa Torres, Physical Review B, 2014, 89, 121401.

G. Usaj, P. M. Perez-Piskunow, L. E. F. Foa Torres and C. A.
Balseiro, Physical Review B, 2014, 90, 115423.

H.-C. Chung, M.-H. Lee, C.-P. Chang, Y.-C. Huang and M.-
F. Lin, Journal of the Physical Society of Japan, 2011, 80,
044602.

Y. Hasegawa and P. Avouris, Physical Review Letters, 1993,
71, 1071.

G. Hormandinger, Physical Review Letters, 1994, 73, 910.
M. F. Crommie, C. P. Lutz and D. M. Eigler, Nature, 1993,
363, 524.

V. Meunier, P. Senet and P. Lambin, Physical Review B, 1999,
60, 7792.

A. Rubio, D. Sanchez-Portal, E. Artacho, P. Ordejon and J. M.

This journal is © The Royal Society of Chemistry [year]

133
134

135

136

137

138

139

140

141
142
143
144
145

146
147

148

149

150
151

152
153
154

155

156

157
158

Soler, Physical Review Letters, 1999, 82, 3520.

A. Rubio, Applied Physics A, 1999, 68, 275.

J. Jiang, J. M. Dong and D. Y. Xing, Physical Review B, 2002,
65, 245418.

A. van Houselt, N. Oncel, B. Poelsema and H. J. W. Zandvliet,
Nano Letters, 2006, 6, 1439.

R. Heimbuch, A. van Houselt, M. Farmanbar, G. Brocks
and H. J. W. Zandvliet, Journal of Physics-Condensed Matter.
2013, 25, 014014.

M. L. Sadowski, G. Martinez, M. Potemski, C. Berger anu
W. A. de Heer, Physical Review Letters, 2006, 97, 266405.

Z. Jiang, E. A. Henriksen, L. C. Tung, Y. J. Wang, M. E.
Schwartz, M. Y. Han, P. Kim and H. L. Stormer, Physical Re-
view Letters, 2007, 98, 197403.

P. Plochocka, C. Faugeras, M. Orlita, M. L. Sadowski, G. Mar-
tinez, M. Potemski, M. O. Goerbig, J. N. Fuchs, C. Berger and
W. A. de Heer, Physical Review Letters, 2008, 100, 087401.
J. M. Poumirol, W. Yu, X. Chen, C. Berger, W. A. de Heer,
M. L. Smith, T. Ohta, W. Pan, M. O. Goerbig, D. Smirnov and
Z. Jiang, Physical Review Letters, 2013, 110, 246803.

J. C. Charlier, X. Gonze and J. P. Michenaud, Physical Review
B, 1991, 43, 4579.

R. Peierls, Z. Phys., 1933, 80, 763.

P. London, J. Phys. Radium, 1937, 8, 397.

J. M. Luttinger, Physical Review, 1951, 84, 814.

Y. Miyamoto, K. Nakada and M. Fujita, Physical Review B,
1999, 59, 9858.

M. Ezawa, Physical Review B, 2006, 73, 045432.

L. Brey and H. A. Fertig, Physical Review B, 2006, 73,
235411.

Y. Ouyang, Y. Yoon, J. K. Fodor and J. Guo, Applied Physics
Letters, 2006, 89, 203107.

D. A. Areshkin, D. Gunlycke and C. T. White, Nano Letters,
2007, 7, 204.

H. Raza and E. C. Kan, Physical Review B, 2008, 77, 245434.
G. Pellegrini, G. Mattei and P. Mazzoldi, Journal of Applied
Physics, 2005, 97, 073706.

J. B. Li and L. W. Wang, Physical Review B, 2005, 72, 125325.
M. Li and J. C. Li, Materials Letters, 2006, 60, 2526.

V. N. Strocov, H. L. Starnberg, P. O. Nilsson, H. E. Brauer an 1
L. J. Holleboom, Physical Review Letters, 1997, 79, 467.

V. N. Strocov, R. Claessen, G. Nicolay, S. Hufner, A. Kimura,
A. Harasawa, S. Shin, A. Kakizaki, P. O. Nilsson, H. I. Starn-
berg and P. Blaha, Physical Review Letters, 1998, 81, 4943.
A. Damascelli, Z. Hussain and Z. X. Shen, Reviews of Modern
Physics, 2003, 75, 473.

A. Damascelli, Physica Scripta, 2004, T109, 61.

F. Reinert and S. Hufner, New Journal of Physics, 2005, 7, 97.

Journal Name, [year], [vol.],1-53 | 45



159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174
175

176

177

178

179

180

181

Physical Chemistry Chemical Physics

A. A. Kordyuk, Low Temperature Physics, 2014, 40, 286.

P. Ruffieux, J. Cai, N. C. Plumb, L. Patthey, D. Prezzi, A. Fer-
retti, E. Molinari, X. Feng, K. Muellen, C. A. Pignedoli and
R. Fasel, ACS Nano, 2012, 6, 6930.

Z. Klusek, P. Kobierski and W. Olejniczak, Applied Physics a-
Materials Science and Processing, 1998, 66, S129.

Z. Klusek, Z. Wagqar, E. A. Denisov, T. N. Kompaniets, I. V.
Makarenko, A. N. Titkov and A. S. Bhatti, Applied Surface
Science, 2000, 161, 508.

Y. Niimi, T. Matsui, H. Kambara, K. Tagami, M. Tsukada and
H. Fukuyama, Applied Surface Science, 2005, 241, 43.

Y. Niimi, T. Matsui, H. Kambara, K. Tagami, M. Tsukada and
H. Fukuyama, Physical Review B, 2006, 73, 085421.

Y. Y. Li, M. X. Chen, M. Weinert and L. Li, Nature Communi-
cations, 2014, 5, 4311.

K. Sugawara, T. Sato, S. Souma, T. Takahashi and H. Sue-
matsu, Physical Review B, 2006, 73, 045124.

S. E. Stein and R. L. Brown, Journal of the American Chemical
Society, 1987, 109, 3721.

K. Tanaka, S. Yamashita, H. Yamabe and T. Yamabe, Syn-
thetic Metals, 1987, 17, 143.

M. Fujita, M. Yoshida and K. Nakada, Fullerene Science and
Technology, 1996, 4, 565.

C. Tao, L. Jiao, O. V. Yazyey, Y.-C. Chen, J. Feng, X. Zhang,
R. B. Capaz, J. M. Tour, A. Zettl, S. G. Louie, H. Dai and M. F.
Crommie, Nature Physics, 2011, 7, 616.

M. Pan, E. Costa Girao, X. Jia, S. Bhaviripudi, Q. Li, J. Kong,
V. Meunier and M. S. Dresselhaus, Nano Letters, 2012, 12,
1928.

H. Huang, D. Wei, J. Sun, S. L. Wong, Y. P. Feng, A. H. Cas-
tro Neto and A. T. S. Wee, Scientific Reports, 2012, 2, 983.
Y.-C. Chen, D. G. de Oteyza, Z. Pedramrazi, C. Chen, F. R.
Fischer and M. F. Crommie, ACS Nano, 2013, 7, 6123.

L. Van Hove, Physical Review, 1953, 89, 1189.

Y. C. Huang, C. P. Chang and M. F. Lin, Physical Review B,
2008, 78, 115422.

H. Zheng, Z. F. Wang, T. Luo, Q. W. Shi and J. Chen, Physical
Review B, 2007, 75, 165414.

S. C. Chen, C. P. Chang, C. H. Lee and M. F. Lin, Journal of
Applied Physics, 2010, 107, 083712.

M. F. Crommie, C. P. Lutz and D. M. Eigler, Science, 1993,
262, 218.

T. Maltezopoulos, A. Bolz, C. Meyer, C. Heyn, W. Hansen,
M. Morgenstern and R. Wiesendanger, Physical Review Let-
ters, 2003, 91, 196804.

S. Ilani, J. Martin, E. Teitelbaum, J. H. Smet, D. Mahalu,
V. Umansky and A. Yacoby, Nature, 2004, 427, 328.

C. R. Moon, L. S. Mattos, B. K. Foster, G. Zeltzer, W. Ko and

46| Journal Name, [year], [vol.], 1-53

182

183

184

185

186

187

188

189

190

191

192
193

194

195

196

197

198

199

200

201

202

H. C. Manoharan, Science, 2008, 319, 782.

C. R. Moon, C. P. Lutz and H. C. Manoharan, Nature Physics,
2008, 4, 454.

A. Richardella, P. Roushan, S. Mack, B. Zhou, D. A. Huse,
D. D. Awschalom and A. Yazdani, Science, 2010, 327, 665.
L. C. Venema, J. W. G. Wildoer, J. W. Janssen, S. J. Tans,
H. Tuinstra, L. P. Kouwenhoven and C. Dekker, Science, 1999,
283, 52.

S. G. Lemay, J. W. Janssen, M. van den Hout, M. Mooij, M. J.
Bronikowski, P. A. Willis, R. E. Smalley, L. P. Kouwenhoven
and C. Dekker, Nature, 2001, 412, 617.

J. Lee, S. Eggert, H. Kim, S. J. Kahng, H. Shinohara and
Y. Kuk, Physical Review Letters, 2004, 93, 166403.

V. Lukose, R. Shankar and G. Baskaran, Physical Review Let-
ters, 2007, 98, 116802.

O. Roslyak, G. Gumbs and D. Huang, Philosophical Transac-
tions of the Royal Society a-Mathematical Physical and Engi-
neering Sciences, 2010, 368, 5431.

R. Ribeiro, J.-M. Poumirol, A. Cresti, W. Escoffier, M. Goiran,
J.-M. Broto, S. Roche and B. Raquet, Physical Review Letters,
2011, 107, 086601.

J. Beard and F. Debray, Journal of Low Temperature Physics,
2013, 170, 541.

S. B. Kumar, M. B. A. Jalil, S. G. Tan and G. Liang, Journal of
Applied Physics, 2010, 108, 033709.

J. W. McClure, Physical Review, 1956, 104, 666.

V. P. Gusynin and S. G. Sharapov, Physical Review Letters,
2005, 95, 146801.

G. Binning, H. Rohrer, C. Gerber and E. Weibel, Physical Re-
view Letters, 1982, 49, 57.

G. Binnig and H. Rohrer, Helvetica Physica Acta, 1982, 55,
726.

G. Binnig, H. Rohrer, C. Gerber and E. Weibel, Physical Re-
view Letters, 1983, 50, 120.

J. W. G. Wildoer, L. C. Venema, A. G. Rinzler, R. E. Smalley
and C. Dekker, Nature, 1998, 391, 59.

L. C. Venema, J. W. Janssen, M. R. Buitelaar, J. W. G. Wil-
doer, S. G. Lemay, L. P. Kouwenhoven and C. Dekker, Physical
Review B, 2000, 62, 5238.

R. J. Hamers, R. M. Tromp and J. E. Demuth, Physical Review
Letters, 1986, 56, 1972.

R. M. Feenstra, J. A. Stroscio and A. P. Fein, Surface Science,
1987, 181, 295.

M. N. Piancastelli, N. Motta, A. Sgarlata, A. Balzarotti and
M. Decrescenzi, Physical Review B, 1993, 48, 17892.

D. L. Miller, K. D. Kubista, G. M. Rutter, M. Ruan, W. A.
de Heer, P. N. First and J. A. Stroscio, Science, 2009, 324,
924,

This journal is © The Royal Society of Chemistry [year]

Page 46 of 53



Page 47 of 53

203

204
205
206
207
208
209
210

211

212

213

214

215

216
217

218
219

220
221
222
223

224

Physical Chemistry Chemical Physics

Y. J. Song, A. F. Otte, Y. Kuk, Y. Hu, D. B. Torrance, P. N.
First, W. A. de Heer, H. Min, S. Adam, M. D. Stiles, A. H.
MacDonald and J. A. Stroscio, Nature, 2010, 467, 185.

D. Waldmann, J. Jobst, F. Speck, T. Seyller, M. Krieger and
H. B. Weber, Nature Materials, 2011, 10, 357.

Z. Tan, C. Tan, L. Ma, G. T. Liu, L. Lu and C. L. Yang, Physical
Review B, 2011, 84, 115429.

L. Shubnikov and W. de Haas, Leiden Communication, 1930,
207a, 3.

N. M. R. Peres, A. H. C. Neto and F. Guinea, Physical Review
B, 2006, 73, 241403.

Y. Niimi, H. Kambara and H. Fukuyama, Physical Review Let-
ters, 2009, 102, 026803.

M. Morgenstern, J. Klijn, C. Meyer and R. Wiesendanger,
Physical Review Letters, 2003, 90, 056804.

S. Becker, M. Liebmann, T. Mashoff, M. Pratzer and M. Mor-
genstern, Physical Review B, 2010, 81, 155308.

P. Cheng, C. Song, T. Zhang, Y. Zhang, Y. Wang, J.-F. Jia,
J. Wang, Y. Wang, B.-F. Zhu, X. Chen, X. Ma, K. He, L. Wang,
X. Dai, Z. Fang, X. Xie, X.-L. Qi, C.-X. Liu, S.-C. Zhang and
Q.-K. Xue, Physical Review Letters, 2010, 105, 076801.

T. Hanaguri, K. Igarashi, M. Kawamura, H. Takagi and
T. Sasagawa, Physical Review B, 2010, 82, 081305.

K. Hashimoto, C. Sohrmann, J. Wiebe, T. Inaoka, F. Meier,
Y. Hirayama, R. A. Roemer, R. Wiesendanger and M. Mor-
genstern, Physical Review Letters, 2008, 101, 256802.

D. L. Miller, K. D. Kubista, G. M. Rutter, M. Ruan, W. A.
de Heer, M. Kindermann, P. N. First and J. A. Stroscio, Na-
ture Physics, 2010, 6, 811.

K. Hashimoto, T. Champel, S. Florens, C. Sohrmann,
J. Wiebe, Y. Hirayama, R. A. Roemer, R. Wiesendanger and
M. Morgenstern, Physical Review Letters, 2012, 109, 116805.
Y.-S. Fu, M. Kawamura, K. Igarashi, H. Takagi, T. Hanaguri
and T. Sasagawa, Nature Physics, 2014, 10, 815.

M. E. Itkis, S. Niyogi, M. E. Meng, M. A. Hamon, H. Hu and
R. C. Haddon, Nano Letters, 2002, 2, 155.

D. S. Novikov, Physical Review Letters, 2007, 99, 056802.

R. Alaei and M. H. Sheikhi, Fullerenes Nanotubes and Carbon
Nanostructures, 2013, 21, 183.

O. Roslyak, G. Gumbs and D. Huang, Physics Letters A, 2010,
374, 4061.

S. B. Kumar and J. Guo, Applied Physics Letters, 2011, 98,
263105.

M. Yang, Y. Cui, R.-Q. Wang and H.-B. Zhao, Physics Letters
A, 2012, 376, 1215.

B. Ostahie, M. Nita and A. Aldea, Physical Review B, 2015,
91, 1554009.

A. Matulis and F. M. Peeters, Physical Review B, 2007, 75,

This journal is © The Royal Society of Chemistry [year]

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242
243

244

125429.

M. Tahir and K. Sabeeh, Physical Review B, 2007, 76,
195416.

M. Barbier, F. M. Peeters, P. Vasilopoulos and J. M. Pereira,
Physical Review B, 2008, 77, 115446.

J. H. Ho, Y. H. Chiu, S. J. Tsai and M. F. Lin, Physical Review
B, 2009, 79, 115427.

R. W. Winkler, J. P. Kotthaus and K. Ploog, Physical Review
Letters, 1989, 62, 1177.

C. G. Smith, W. Chen, M. Pepper, H. Ahmed, D. Hasko, D. A.
Ritchie, J. E. F. Frost and G. A. C. Jones, Journal of Vacuum
Science and Technology B, 1992, 10, 2904.

A. Messica, A. Soibel, U. Meirav, A. Stern, H. Shtrikman,
V. Umansky and D. Mahalu, Physical Review Letters, 1997,
78, 705.

A. Soibel, U. Meirav, D. Mahalu and H. Shtrikman, Physical
Review B, 1997, 55, 4482.

S. Goswami, M. A. Aamir, C. Siegert, M. Pepper, I. Farrer,
D. A. Ritchie and A. Ghosh, Physical Review B, 2012, 85,
075427.

M. Staab, M. Matuschek, P. Pereyra, M. Utz, D. Schuh,
D. Bougeard, R. R. Gerhardts and D. Weiss, New Journal of
Physics, 2015, 17, 043035.

Y.-H. Chu, Q. He, C.-H. Yang, P. Yu, L. W. Martin, P. Shafe.
and R. Ramesh, Nano Letters, 2009, 9, 1726.

S.Y. Yang, J. Seidel, S. J. Byrnes, P. Shafer, C. H. Yang, M. D.
Rossell, P. Yu, Y. H. Chu, J. F. Scott, I. Ager, J. W., L. W. Mar-
tin and R. Ramesh, Nature Nanotechnology, 2010, 5, 143.

J. Seidel, D. Fu, S.?Y. Yang, E. Alarcon-Llado, J. Wu,
R. Ramesh and I. Ager, Joel W., Physical Review Letters, 2011,
107, 126805.

Y.-P. Chiu, Y.-T. Chen, B.-C. Huang, M.-C. Shih, J.-C. Yang.
Q. He, C.-W. Liang, J. Seidel, Y.-C. Chen, R. Ramesh and
Y.-H. Chu, Advanced Materials, 2011, 23, 1530.

C. T. Nelson, B. Winchester, Y. Zhang, S.-J. Kim, A. Melville,
C. Adamo, C. M. Folkman, S.-H. Baek, C.-B. Eom, D. G.
Schlom, L.-Q. Chen and X. Pan, Nano Letters, 2011, 11, 828.
K. Tsubaki, H. Sakaki, J. Yoshino and Y. Sekiguchi, Applied
Physics Letters, 1984, 45, 663.

D. Weiss, K. Vonklitzing, K. Ploog and G. Weimann, Euro-
physics Letters, 1989, 8, 179.

D. Weiss, C. Zhang, R. R. Gerhardts, K. Vonklitzing anu
G. Weimann, Physical Review B, 1989, 39, 13020.

C. W. J. Beenakker, Physical Review Letters, 1989, 62, 2020
R. R. Gerhardts and C. Zhang, Physical Review Letters, 1990,
64, 1473.

R. R. Gerhardts, D. Weiss and K. Vonklitzing, Physical Review
Letters, 1989, 62, 1173.

Journal Name, [year], [vol.],1-53 | 47



245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260
261

262

263

264

265

266

Physical Chemistry Chemical Physics

J. R. Williams, L. DiCarlo and C. M. Marcus, Science, 2007,
317, 638.

B. Huard, J. A. Sulpizio, N. Stander, K. Todd, B. Yang and
D. Goldhaber-Gordon, Physical Review Letters, 2007, 98,
236803.

B. Oezyilmaz, P. Jarillo-Herrero, D. Efetov, D. A. Abanin,
L. S. Levitov and P. Kim, Physical Review Letters, 2007, 99,
166804.

A. F. Young and P. Kim, Nature Physics, 2009, 5, 222.

N. Stander, B. Huard and D. Goldhaber-Gordon, Physical Re-
view Letters, 2009, 102, 026807.

K. Tsukagoshi, S. L. Li, H. Miyazaki, A. Aparecido-Ferreira
and S. Nakaharai, Journal of Physics D-Applied Physics, 2014,
47, 094003.

S. Marchini, S. Guenther and J. Wintterlin, Physical Review
B, 2007, 76, 075429.

A. L. Vazquez de Parga, F. Calleja, B. Borca, J. Passeggi, M.
C. G., J. J. Hinarejos, F. Guinea and R. Miranda, Physical
Review Letters, 2008, 100, 056807.

Y. Pan, H. Zhang, D. Shi, J. Sun, S. Du, F. Liu and H.-J. Gao,
Advanced Materials, 2009, 21, 2777.

Y. Zang, D. Xie, X. Wu, Y. Chen, Y. Lin, M. Li, H. Tian, X. Li,
Z. Li, H. Zhu, T. Ren and D. Plant, Applied Physics Letters,
2011, 99, 132904.

Y. Zang, D. Xie, Y. Chen, X. Wu, T. Ren, H. Zhu, J.-L. Cao and
D. Plant, Journal of Applied Physics, 2012, 112, 054103.

R. K. Katiyar, P. Misra, F. Mendoza, G. Morell and R. S. Kati-
yar, Applied Physics Letters, 2014, 105, 142902.

S.C. Chen, T. S. Wang, C. H. Lee and M. F. Lin, Physics Letters
A, 2008, 372, 5999.

G. Dresselhaus and M. S. Dresselhaus, Physical Review, 1967,
160, 649.

L. G. Johnson and G. Dresselhaus, Physical Review B, 1973,
7, 2275.

N. V. Smith, Physical Review B, 1979, 19, 5019.

L. C. Lew Yan Voon and L. R. Ram-Mohan, Physical Review B,
1993, 47, 15500.

A. Gruneis, R. Saito, G. G. Samsonidze, T. Kimura, M. A.
Pimenta, A. Jorio, A. G. Souza, G. Dresselhaus and M. S.
Dresselhaus, Physical Review B, 2003, 67, 165402.

J. Jiang, R. Saito, A. Gruneis, G. Dresselhaus and M. S. Dres-
selhaus, Carbon, 2004, 42, 3169.

C. W. Chiu, S. H. Lee, S. C. Chen, F. L. Shyu and M. F. Lin,
New Journal of Physics, 2010, 12, 083060.

Y. H. Ho, Y. H. Chiu, D. H. Lin, C. P. Chang and M. F. Lin,
ACS Nano, 2010, 4, 1465.

L. Ju, B. Geng, J. Horng, C. Girit, M. Martin, Z. Hao, H. A.
Bechtel, X. Liang, A. Zettl, Y. R. Shen and F. Wang, Nature

48| Journal Name, [year], [vol.], 1-53

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

Nanotechnology, 2011, 6, 630.

J. G. Son, M. Son, K.-J. Moon, B. H. Lee, J.-M. Myoung,
M. S. Strano, M.-H. Ham and C. A. Ross, Advanced Materials,
2013, 25, 4723.

X. Wang and H. Dai, Nature Chemistry, 2010, 2, 661.

M. Freitag, T. Low, W. Zhu, H. Yan, F. Xia and P. Avouris,
Nature Communications, 2013, 4, 1951.

H. Yan, T. Low, W. Zhu, Y. Wu, M. Freitag, X. Li, F. Guinea,
P. Avouris and F. Xia, Nature Photonics, 2013, 7, 394.

C.-H. Huang, C.-Y. Su, T. Okada, L.-J. Li, K.-I. Ho, P.-W. Li,
I.-H. Chen, C. Chou, C.-S. Lai and S. Samukawa, Carbon,
2013, 61, 229.

A. N. Abbas, G. Liu, B. Liu, L. Zhang, H. Liu, D. Ohlberg,
W. Wu and C. Zhou, ACS Nano, 2014, 8, 1538.

X. Liang and S. Wi, ACS Nano, 2012, 6, 9700.

G. Liu, Y. Wu, Y.-M. Lin, D. B. Farmer, J. A. Ott, J. Bruley,
A. Grill, P. Avouris, D. Pfeiffer, A. A. Balandin and C. Dimi-
trakopoulos, ACS Nano, 2012, 6, 6786.

V. P. Gusynin, S. G. Sharapov and J. P. Carbotte, Physical
Review Letters, 2007, 98, 157402.

M. Koshino and T. Ando, Physical Review B, 2008, 77,
115313.

R. S. Deacon, K. C. Chuang, R. J. Nicholas, K. S. Novoselov
and A. K. Geim, Physical Review B, 2007, 76, 081406.

S. Berciaud, M. Potemski and C. Faugeras, Nano Letters,
2014, 14, 4548.

C.<Y. Lin, S.-C. Chen, J.-Y. Wu and M.-F. Lin, Journal of the
Physical Society of Japan, 2012, 81, 064719.

E. Prada, P. San-Jose and L. Brey, Physical Review Letters,
2010, 105, 106802.

J. Liu, H. J. Dai, J. H. Hafner, D. T. Colbert, R. E. Smalley,
S. J. Tans and C. Dekker, Nature, 1997, 385, 780.

M. Sano, A. Kamino, J. Okamura and S. Shinkai, Science,
2001, 293, 1299.

Z. Liu, K. Suenaga, P. J. F. Harris and S. lijima, Physical Re-
view Letters, 2009, 102, 015501.

J. Zhang, J. Xiao, X. Meng, C. Monroe, Y. Huang and J.-M.
Zuo, Physical Review Letters, 2010, 104, 166805.

L. Ortolani, E. Cadelano, G. P. Veronese, C. D. E. Boschi,
E. Snoeck, L. Colombo and V. Morandi, Nano Letters, 2012,
12, 5207.

C. Cong and T. Yu, Nature Communications, 2014, 5, 4709.
W. Bao, F. Miao, Z. Chen, H. Zhang, W. Jang, C. Dames and
C. N. Lau, Nature Nanotechnology, 2009, 4, 562.

B. Borca, S. Barja, M. Garnica, M. Minniti, A. Politano, J. M.
Rodriguez-Garcia, J. J. Hinarejos, D. Farias, A. L. Vazquez de
Parga and R. Miranda, New Journal of Physics, 2010, 12,
093018.

This journal is © The Royal Society of Chemistry [year]

Page 48 of 53



Page 49 of 53

289
290
291
292

293

294
295
296
297
298
299

300

301

302
303

304
305
306

307

308

309

310

Physical Chemistry Chemical Physics

S. Goler, V. Piazza, S. Roddaro, V. Pellegrini, F. Beltram and
P. Pingue, Journal of Applied Physics, 2011, 110, 064308.

J. Lu, A. H. Castro Neto and K. P. Loh, Nature Communica-
tions, 2012, 3, 823.

C. H. Y. X. Lim, A. Sorkin, Q. Bao, A. Li, K. Zhang, M. Nes-
ladek and K. P. Loh, Nature Communications, 2013, 4, 1556.
C. H. Y. X. Lim, M. Nesladek and K. P. Loh, Angewandte
Chemie-International Edition, 2014, 53, 215.

G. Zamborlini, M. Imam, L. L. Patera, T. O. Mentes, N. Stojic,
C. Africh, A. Sala, N. Binggeli, G. Comelli and A. Locatelli,
Nano Letters, 2015, 15, 6162.

A. Cresti, M. M. Fogler, F. Guinea, A. H. Castro Neto and
S. Roche, Physical Review Letters, 2012, 108, 166602.

J. C. Meyer, A. K. Geim, M. 1. Katsnelson, K. S. Novoseloy,
T. J. Booth and S. Roth, Nature, 2007, 446, 60.

L. M. Viculis, J. J. Mack and R. B. Kaner, Science, 2003, 299,
1361.

X. Xie, L. Ju, X. Feng, Y. Sun, R. Zhou, K. Liu, S. Fan, Q. Li
and K. Jiang, Nano Letters, 2009, 9, 2565.

C.-Y. Lin, J.-Y. Wu, Y.-J. Ou, Y.-H. Chiu and M.-F. Lin, Physical
Chemistry Chemical Physics, 2015, 17, 26008.

H. Ajiki and T. Ando, Journal of the Physical Society of Japan,
1996, 65, 505.

S. Zaric, G. N. Ostojic, J. Kono, J. Shaver, V. C. Moore, M. S.
Strano, R. H. Hauge, R. E. Smalley and X. Wei, Science, 2004,
304, 1129.

M. F. Lin, Journal of the Physical Society of Japan, 1998, 67,
1094.

M. F. Lin and D. S. Chuu, Physical Review B, 1998, 57, 6731.
C. C. Tsai, F. L. Shyu, C. W. Chiu, C. P. Chang, R. B. Chen
and M. F. Lin, Physical Review B, 2004, 70, 075411.

F. L. Shyu, C. C. Tsai, C. H. Lee and M. F. Lin, Journal of
Physics-Condensed Matter, 2006, 18, 8313.

P. W. Fowler, P. Lazzeretti and R. Zanasi, Chemical Physics
Letters, 1990, 165, 79.

R. C. Haddon and V. Elser, Chemical Physics Letters, 1990,
169, 362.

R. S. Ruoff, D. Beach, J. Cuomo, T. McGuire, R. L. Whetten
and F. Diederich, Journal of Physical Chemistry, 1991, 95,
3457.

R. C. Haddon, L. F. Schneemeyer, J. V. Waszczak, S. H.
Glarum, R. Tycko, G. Dabbagh, A. R. Kortan, A. J. Muller,
A. M. Mujsce, M. J. Rosseinsky, S. M. Zahurak, A. V. Makhija,
F. A. Thiel, K. Raghavachari, E. Cockayne and V. Elser, Na-
ture, 1991, 350, 46.

M. Prato, T. Suzuki, F. Wudl, V. Lucchini and M. Maggini,
Journal of the American Chemical Society, 1993, 115, 7876.
R. Zanasi and P. W. Fowler, Chemical Physics Letters, 1995,

This journal is © The Royal Society of Chemistry [year]

311
312

313

314

315

316

317

318

319

320

321

322
323

324

325

326

327

328

329

330

331

332
333

334

238, 270.

R. C. Haddon, Nature, 1995, 378, 249.

F. Guinea, M. I. Katsnelson and M. A. H. Vozmediano, Phy:-
ical Review B, 2008, 77, 075422.

T. O. Wehling, A. V. Balatsky, A. M. Tsvelik, M. I. Katsnelson
and A. 1. Lichtenstein, Europhysics Letters, 2008, 84, 17003.
F. Guinea, B. Horovitz and P. Le Doussal, Solid State Com-
munications, 2009, 149, 1140.

M. A. H. Vozmediano, M. I. Katsnelson and F. Guinea, Physic.
Reports-Review Section of Physics Letters, 2010, 496, 109.

N. Levy, S. A. Burke, K. L. Meaker, M. Panlasigui, A. Zettl,
F. Guinea, A. H. Castro Neto and M. F. Crommie, Science,
2010, 329, 544.

H. Yan, Y. Sun, L. He, J.-C. Nie and M. H. W. Chan, Physical
Review B, 2012, 85, 035422.

D. Guo, T. Kondo, T. Machida, K. Iwatake, S. Okada and
J. Nakamura, Nature Communications, 2012, 3, 1068.

L. Meng, W.-Y. He, H. Zheng, M. Liu, H. Yan, W. Yan, Z.-D.
Chu, K. Bai, R.-F. Dou, Y. Zhang, Z. Liu, J.-C. Nie and L. He,
Physical Review B, 2013, 87, 205405.

C.-Y. Lin, J.-Y. Wu, C.-P. Chang and M.-F. Lin, Carbon, 2014,
69, 151.

J. C. Charlier and P. Lambin, Physical Review B, 1998, 57.
15037.

J. W. Mintmire and C. T. White, Carbon, 1995, 33, 893.

C. L. Kane and E. J. Mele, Physical Review Letters, 1997, 78,
1932.

F. L. Shyu and M. F. Lin, Journal of the Physical Society of
Japan, 2002, 71, 1820.

M. Ouyang, J. L. Huang, C. L. Cheung and C. M. Lieber, Sci-
ence, 2001, 292, 702.

R. Saito, M. Fyjita, G. Dresselhaus and M. S. Dresselhaus,
Physical Review B, 1992, 46, 1804.

M. F. Lin and K. W. K. Shung, Physical Review B, 1994, 50,
17744.

M. F. Lin and K. W. K. Shung, Physical Review B, 1995, 51,
7592.

M. F. Lin and K. W. K. Shung, Physical Review B, 1995, 52,
8423.

B. Raquet, R. Avriller, B. Lassagne, S. Nanot, W. Escoffie,
J.-M. Broto and S. Roche, Physical Review Letters, 2008, 101,
046803.

S. Nanot, R. Avriller, W. Escoffier, J.-M. Broto, S. Roche and
B. Raquet, Physical Review Letters, 2009, 103, 256801.

H. Ajiki and T. Ando, Physica B, 1994, 201, 349.

S. Tasaki, K. Maekawa and T. Yamabe, Physical Review B,
1998, 57, 9301.

M. F. Lin, Physical Review B, 2000, 62, 13153.

Journal Name, [year], [vol.],1-53 | 49



335

336

337

338
339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

Physical Chemistry Chemical Physics

M. E. Portnoi, O. V. Kibis and M. R. da Costa, Superlattices
and Microstructures, 2008, 43, 399.

M. Y. Sfeir, T. Beetz, F. Wang, L. M. Huang, X. M. H. Huang,
M. Y. Huang, J. Hone, S. O'Brien, J. A. Misewich, T. F. Heinz,
L. J. Wu, Y. M. Zhu and L. E. Brus, Science, 2006, 312, 554.
J.-C. Blancon, M. Paillet, H. N. Tran, T. Xuan Tinh, S. A. Gue-
brou, A. Ayari, A. San Miguel, P. Ngoc-Minh, A.-A. Zahab,
J.-L. Sauvajol, N. Del Fatti and F. Vallee, Nature Communica-
tions, 2013, 4, 2542.

Y. Aharonov and D. Bohm, Physical Review, 1959, 115, 485.
R. A. Webb, S. Washburn, C. P. Umbach and R. B. Laibowitz,
Physical Review Letters, 1985, 54, 2696.

A. Tonomura, N. Osakabe, T. Matsuda, T. Kawasaki, J. Endo,
S. Yano and H. Yamada, Physical Review Letters, 1986, 56,
792.

N. Osakabe, T. Matsuda, T. Kawasaki, J. Endo, A. Tonomura,
S. Yano and H. Yamada, Physical Review A, 1986, 34, 815.
A. Bachtold, C. Strunk, J. P. Salvetat, J. M. Bonard, L. Forro,
T. Nussbaumer and C. Schonenberger, Nature, 1999, 397,
673.

S. Zaric, G. N. Ostojic, A. D. Engroff, J. Kono, J. Shaver, V. C.
Moore, M. S. Strano, R. H. Hauge, R. E. Smalley and X. Wei,
Superlattices and Microstructures, 2003, 34, 413.

S. Zaric, G. N. Ostojic, J. Shaver, J. Kono, X. Wei, M. Furis,
S. A. Crooker, O. Portugall, P. H. Frings, G. Rikken, V. C.
Moore, R. H. Hauge and R. E. Smalley, Physica E, 2005, 29,
469.

T. W. Odom, J. L. Huang, P. Kim and C. M. Lieber, Nature,
1998, 391, 62.

A. Kanda, S. Uryu, K. Tsukagoshi, Y. Ootuka and Y. Aoyagi,
Physica B, 2002, 323, 246.

M. C. Lemme, T. J. Echtermeyer, M. Baus and H. Kurz, IEEE
Electron Device Letters, 2007, 28, 282.

G. Liang, N. Neophytou, M. S. Lundstrom and D. E. Nikonov,
Journal of Applied Physics, 2007, 102, 054307.

G. Liang, N. Neophytou, M. S. Lundstrom and D. E. Nikonov,
Nano Letters, 2008, 8, 1819.

H. Teong, K.-T. Lam, S. B. Khalid and G. Liang, Journal of
Applied Physics, 2009, 105, 084317.

G. Liang, S. Bin Khalid and K.-T. Lam, Journal of Physics D-
Applied Physics, 2010, 43, 215101.

F. Al-Dirini, F. M. Hossain, A. Nirmalathas and E. Skafidas,
IEEE Journal of the Electron Devices Society, 2014, 2, 118.

P. G. Silvestrov and K. B. Efetov, Physical Review Letters,
2007, 98, 016802.

Z. F. Wang, Q. W. Shi, Q. Li, X. Wang, J. G. Hou, H. Zheng,
Y. Yao and J. Chen, Applied Physics Letters, 2007, 91, 053109.
C. Stampfer, E. Schurtenberger, F. Molitor, J. Guettinger,

50| Journal Name, [year], [vol.], 1-53

356

357

358

359

360

361

362

363

364

365
366

367
368

369

370

371

372

373

374

375

376

377

378

T. Ihn and K. Ensslin, Nano Letters, 2008, 8, 2378.

J. Guettinger, C. Stampfer, S. Hellmueller, F. Molitor, T. IThn
and K. Ensslin, Applied Physics Letters, 2008, 93, 212102.

J. Guettinger, C. Stampfer, F. Libisch, T. Frey, J. Burgdoerfer,
T. Thn and K. Ensslin, Physical Review Letters, 2009, 103,
046810.

T. Thn, J. Guettinger, F. Molitor, S. Schnez, E. Schurten-
berger, A. Jacobsen, S. Hellmueller, T. Frey, S. Droescher,
C. Stampfer and K. Ensslin, Materials Today, 2010, 13, 44.
D. Prezzi, D. Varsano, A. Ruini and E. Molinari, Physical Re-
view B, 2011, 84, 041401.

H. Ren, Q.-X. Li, Y. Luo and J. Yang, Applied Physics Letters,
2009, 94, 173110.

V. N. Do and P. Dollfus, Journal of Applied Physics, 2010,
107, 063705.

K. M. M. Habib, F. Zahid and R. K. Lake, Applied Physics
Letters, 2011, 98, 192112.

P. Zhao, D.-S. Liu, S.-J. Li and G. Chen, Chemical Physics
Letters, 2012, 554, 172.

Y. Khatami, J. Kang and K. Banerjee, Applied Physics Letters,
2013, 102, 043114.

P. R. Wallace, Physical Review, 1947, 71, 622.

J. C. Slonczewski and P. R. Weiss, Physical Review, 1958,
109, 272.

J. W. McClure, Physical Review, 1957, 108, 612.

J. C. Charlier, J. P. Michenaud, X. Gonze and J. P. Vigneron,
Physical Review B, 1991, 44, 13237.

J. C. Charlier, J. P. Michenaud and X. Gonze, Physical Review
B, 1992, 46, 4531.

E. A. Henriksen, P. Cadden-Zimansky, Z. Jiang, Z. Q. Li, L. C.
Tung, M. E. Schwartz, M. Takita, Y. J. Wang, P. Kim and H. L.
Stormer, Physical Review Letters, 2010, 104, 067404.

E. A. Henriksen, Z. Jiang, L. C. Tung, M. E. Schwartz,
M. Takita, Y. J. Wang, P. Kim and H. L. Stormer, Physical
Review Letters, 2008, 100, 087403.

E. McCann and V. 1. Fal’ko, Physical Review Letters, 2006, 96,
086805.

J. Pereira, J. Milton, F. M. Peeters and P. Vasilopoulos, Phys-
ical Review B, 2007, 76, 115419.

Y. H. Lai, J. H. Ho, C. P. Chang and M. F. Lin, Physical Review
B, 2008, 77, 085426.

H.-C. Chung, P.-H. Yang, T.-S. Li and M.-F. Lin, Philosophical
Magazine, 2014, 94, 1859.

H.-C. Chung, W.-P. Su and M.-F. Lin, Physical Chemistry
Chemical Physics, 2013, 15, 868.

M. Inoue, Journal of the Physical Society of Japan, 1962, 17,
808.

Y.-P. Lin, J. Wang, J.-M. Lu, C.-Y. Lin and M.-F. Lin, RSC Ad-

This journal is © The Royal Society of Chemistry [year]

Page 50 of 53



Page 51 of 53

379
380
381
382
383
384

385

386

387
388

389
390

391
392

393
394
395
396
397
398
399
400
401

402

Physical Chemistry Chemical Physics

vances, 2014, 4, 56552.

Y.-H. Ho, S.-J. Tsai, M.-F. Lin and W.-P. Su, Physical Review
B, 2013, 87, 075417.

Y. C. Huang, C. P. Chang and M. F. Lin, Journal of Applied
Physics, 2008, 104, 103714.

S. B. Kumar, T. Fujita and G. Liang, Journal of Applied
Physics, 2011, 109, 073704.

S.-L. Chang, B.-R. Wu, J.-H. Wong and M.-F. Lin, Carbon,
2014, 77, 1031.

B. Sahu, H. Min, A. H. MacDonald and S. K. Banerjee, Phys-
ical Review B, 2008, 78, 045404.

S. B. Kumar and J. Guo, Journal of Applied Physics, 2011,
110, 044309.

Y. Zhang, T.-T. Tang, C. Girit, Z. Hao, M. C. Martin, A. Zettl,
M. F. Crommie, Y. R. Shen and F. Wang, Nature, 2009, 459,
820.

E. V. Castro, K. S. Novoselov, S. V. Morozov, N. M. R. Peres,
J. Dos Santos, J. Nilsson, F. Guinea, A. K. Geim and A. H. C.
Neto, Physical Review Letters, 2007, 99, 216802.

T. Ohta, A. Bostwick, T. Seyller, K. Horn and E. Rotenberg,
Science, 2006, 313, 951.

K. F. Mak, C. H. Lui, J. Shan and T. F. Heinz, Physical Review
Letters, 2009, 102, 256405.

J. Yan and M. S. Fuhrer, Nano Letters, 2010, 10, 4521.

W. J. Yu, L. Liao, S. H. Chae, Y. H. Lee and X. Duan, Nano
Letters, 2011, 11, 4759.

W. J. Yu and X. Duan, Scientific Reports, 2013, 3, 1248.

H. Yan, T. Low, F. Guinea, F. Xia and P. Avouris, Nano Letters,
2014, 14, 4581.

G. Kim and S.-H. Jhi, Applied Physics Letters, 2010, 97,
263114.

M. Koshino, T. Nakanishi and T. Ando, Physical Review B,
2010, 82, 205436.

M. H. Lee, H. C. Chung, C. Y. Lin and M. F. Lin, Philosophical
Magazine, 2014, 94, 2812.

J. Nilsson, A. H. Castro Neto, F. Guinea and N. M. R. Peres,
Physical Review B, 2007, 76, 165416.

J. W. Gonzalez, H. Santos, M. Pacheco, L. Chico and L. Brey,
Physical Review B, 2010, 81, 195406.

D. Cai, M. Song and C. Xu, Advanced Materials, 2008, 20,
1706.

V. C. Tung, L. M. Chen, M. J. Allen, J. K. Wassei, K. Nelson,
R. B. Kaner and Y. Yang, Nano Letters, 2009, 9, 1949.

Q. Su, Y. Liang, X. Feng and K. Muellen, Chemical Communi-
cations, 2010, 46, 8279.

D. Yu and L. Dai, Journal of Physical Chemistry Letters, 2010,
1, 467.

M.-Y. Yen, M.-C. Hsiao, S.-H. Liao, P.-I. Liu, H.-M. Tsai, C.-

This journal is © The Royal Society of Chemistry [year]

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

C. M. Ma, N.-W. Pu and M.-D. Ger, Carbon, 2011, 49, 3597.
B. P. Vinayan, R. Nagar, V. Raman, N. Rajalakshmi, K. S.
Dhathathreyan and S. Ramaprabhu, Journal of Materia’s
Chemistry, 2012, 22, 9949.

J.<Y. Jhan, Y.-W. Huang, C.-H. Hsu, H. Teng, D. Kuo and P.-L.
Kuo, Energy, 2013, 53, 282.

H. K. Park, S. M. Kim, J. S. Lee, J.-H. Park, Y.-K. Hong, C. H.
Hong and K. K. Kim, Synthetic Metals, 2015, 203, 127.

X. Dong, Q. Long, J. Wang, M. B. Chan-Park, Y. Huang,
W. Huang and P. Chen, Nanoscale, 2011, 3, 5156.

B. W. Smith, M. Monthioux and D. E. Luzzi, Nature, 199§,
396, 323.

K. Hirahara, K. Suenaga, S. Bandow, H. Kato, T. Okazaki,
H. Shinohara and S. Iijima, Physical Review Letters, 2000,
85, 5384.

S. Bandow, M. Takizawa, K. Hirahara, M. Yudasaka and
S. lijima, Chemical Physics Letters, 2001, 337, 48.

J. Lee, H. Kim, S. J. Kahng, G. Kim, Y. W. Son, J. Thm,
H. Kato, Z. W. Wang, T. Okazaki, H. Shinohara and Y. Kuk,
Nature, 2002, 415, 1005.

D. J. Hornbaker, S. J. Kahng, S. Misra, B. W. Smith, A. T.
Johnson, E. J. Mele, D. E. Luzzi and A. Yazdani, Science,
2002, 295, 828.

K. Urita, Y. Sato, K. Suenaga, A. Gloter, A. Hashimotc,
M. Ishida, T. Shimada, H. Shinohara and S. lijima, Nano
Letters, 2004, 4, 2451.

H. Shiozawa, H. Ishii, H. Kihara, N. Sasaki, S. Nakamura,
T. Yoshida, Y. Takayama, T. Miyahara, S. Suzuki, Y. Achiba,
T. Kodama, M. Higashiguchi, X. Y. Chi, M. Nakatake, K. Shi-
mada, H. Namatame, M. Taniguchi and H. Kataura, Physical
Review B, 2006, 73, 075406.

Y. F. Li, T. Kaneko and R. Hatakeyama, Applied Physics Le -
ters, 2008, 92, 183115.

T. Iwamoto, Y. Watanabe, H. Takaya, T. Haino, N. Yasuda
and S. Yamago, Chemistry-a European Journal, 2013, 19,
14061.

A. G. Nasibulin, P. V. Pikhitsa, H. Jiang, D. P. Brown,
A. V. Krasheninnikov, A. S. Anisimov, P. Queipo, A. Moisala,
D. Gonzalez, G. Lientschnig, A. Hassanien, S. D. Shandakov,
G. Lolli, D. E. Resasco, M. Choi, D. Tomanek and E. I. Kaup-
pinen, Nature Nanotechnology, 2007, 2, 156.

A. G. Nasibulin, A. S. Anisimov, P. V. Pikhitsa, H. Jiang, D. I
Brown, M. Choi and E. I. Kauppinen, Chemical Physics Let-
ters, 2007, 446, 109.

Y. Tian, D. Chassaing, A. G. Nasibulin, P. Ayala, H. Jiang,
A. S. Anisimov and E. I. Kauppinen, Journal of the American
Chemical Society, 2008, 130, 7188.

S. Okada, S. Saito and A. Oshiyama, Physical Review Letter. .
2001, 86, 3835.

Journal Name, [year], [vol.],1-53 | 51



420
421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

Physical Chemistry Chemical Physics

X. Wu and X. C. Zeng, ACS Nano, 2008, 2, 1459.

H.Y. He and B. C. Pan, Journal of Physical Chemistry C, 2009,
113, 20822.

C.-H. Lee, C.-K. Yang, M.-F. Lin, C.-P. Chang and W.-S. Su,
Physical Chemistry Chemical Physics, 2011, 13, 3925.

S. Osella, A. Narita, M. G. Schwab, Y. Hernandez, X. Feng,
K. Muellen and D. Beljonne, ACS Nano, 2012, 6, 5539.

T. S. Li, M. F. Lin and S. C. Chang, Journal of Physics-
Condensed Matter, 2009, 21, 435302.

F. Fergani, H. Chadli, A. Belhboub, P. Hermet and A. Rah-
mani, Journal of Physical Chemistry C, 2015, 119, 5679.

T. S.Li, M. F. Lin and S. C. Chang, Journal of Applied Physics,
2010, 107, 063714.

Z. Yang, M. Liu, C. Zhang, W. W. Tjiu, T. Liu and H. Peng,
Angewandte Chemie-International Edition, 2013, 52, 3996.
L. A. Girifalco and R. A. Lad, Journal of Chemical Physics,
1956, 25, 693.

K. H. Ahn, Y. H. Kim, J. Wiersig and K. J. Chang, Physical
Review Letters, 2003, 90, 026601.

T. Matsui, H. Kambara, Y. Niimi, K. Tagami, M. Tsukada and
H. Fukuyama, Physical Review Letters, 2005, 94, 226403.

Y. Niimi, H. Kambara, T. Matsui, D. Yoshioka and
H. Fukuyama, Physical Review Letters, 2006, 97, 236804.

M. Berahman, M. Sanaee and R. Ghayour, Carbon, 2014, 75,
411.

C. H. Lee, S. C. Chen, W. S. Su, R. B. Chen and M. F. Lin,
Synthetic Metals, 2011, 161, 489.

C. H. Lee, S. C. Chen, R. B. Chen and M. F. Lin, Diamond and
Related Materials, 2011, 20, 1026.

J.-H. Wong, B.-R. Wu, P.-H. Yang and M.-F. Lin, Journal of
Physical Chemistry C, 2013, 117, 7326.

A. W. Robertson, A. Bachmatiuk, Y. A. Wu, F. Schaeffel,
B. Rellinghaus, B. Buechner, M. H. Ruemmeli and J. H.
Warner, ACS Nano, 2011, 5, 6610.

A. W. Tsen, L. Brown, M. P. Levendorf, F. Ghahari, P. Y.
Huang, R. W. Havener, C. S. Ruiz-Vargas, D. A. Muller, P. Kim
and J. Park, Science, 2012, 336, 1143.

R. Rao, N. Pierce, Q. Xu and A. R. Harutyunyan, Carbon,
2014, 80, 513.

G. Z. Magda, X. Jin, I. Hagymasi, P. Vancso, Z. Osvath,
P. Nemes-Incze, C. Hwang, L. P. Biro and L. Tapaszto, Na-
ture, 2014, 514, 608.

S. Cahangirov, M. Topsakal, E. Akturk, H. Sahin and
S. Ciraci, Physical Review Letters, 2009, 102, 236804.

H. Sahin, S. Cahangirov, M. Topsakal, E. Bekaroglu, E. Ak-
turk, R. T. Senger and S. Ciraci, Physical Review B, 2009, 80,
155453.

B. Lalmi, H. Oughaddou, H. Enriquez, A. Kara, S. Vizzini,

52| Journal Name, [year], [vol.], 1-53

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460
461

B. Ealet and B. Aufray, Applied Physics Letters, 2010, 97,
2231009.

P. Vogt, P. De Padova, C. Quaresima, J. Avila,
E. Frantzeskakis, M. C. Asensio, A. Resta, B. Ealet and
G. Le Lay, Physical Review Letters, 2012, 108, 155501.

P. De Padova, P. Vogt, A. Resta, J. Avila, I. Razado-Colambo,
C. Quaresima, C. Ottaviani, B. Olivieri, T. Bruhn, T. Hira-
hara, T. Shirai, S. Hasegawa, M. C. Asensio and G. Le Lay,
Applied Physics Letters, 2013, 102, 163106.

A. Resta, T. Leoni, C. Barth, A. Ranguis, C. Becker, T. Bruhn,
P. Vogt and G. Le Lay, Scientific Reports, 2013, 3, 2399.

E. Bianco, S. Butler, S. Jiang, O. D. Restrepo, W. Windl and
J. E. Goldberger, ACS Nano, 2013, 7, 4414.

M. E. Davila, L. Xian, S. Cahangirov, A. Rubio and G. Le Lay,
New Journal of Physics, 2014, 16, 095002.

P. Bampoulis, L. Zhang, A. Safaei, R. van Gastel, B. Poelsema
and H. J. W. Zandvliet, Journal of Physics-Condensed Matter,
2014, 26, 442001.

L. Li, S.-Z. Lu, J. Pan, Z. Qin, Y.-Q. Wang, Y. Wang, G.-Y. Cao,
S. Du and H.-J. Gao, Advanced Materials, 2014, 26, 4820.

J. C. Garcia, D. B. de Lima, L. V. C. Assali and J. F. Justo,
Journal of Physical Chemistry C, 2011, 115, 13242.

Y. Xu, P. Tang and S.-C. Zhang, Physical Review B, 2015, 92,
081112.

F.-F. Zhu, W.-J. Chen, Y. Xu, C.-L. Gao, D.-D. Guan, C.-H. Liu,
D. Qian, S.-C. Zhang and J.-F. Jia, Nature Materials, 2015,
14, 1020.

J. N. Coleman, M. Lotya, A. O'Neill, S. D. Bergin, P. J. King,
U. Khan, K. Young, A. Gaucher, S. De, R. J. Smith, I. V.
Shvets, S. K. Arora, G. Stanton, H.-Y. Kim, K. Lee, G. T.
Kim, G. S. Duesberg, T. Hallam, J. J. Boland, J. J. Wang,
J. F. Donegan, J. C. Grunlan, G. Moriarty, A. Shmeliov, R. J.
Nicholls, J. M. Perkins, E. M. Grieveson, K. Theuwissen,
D. W. McComb, P. D. Nellist and V. Nicolosi, Science, 2011,
331, 568.

M. M. Benameur, B. Radisavljevic, J. S. Heron, S. Sahoo,
H. Berger and A. Kis, Nanotechnology, 2011, 22, 125706.

J. A. Wilson and A. D. Yoffe, Advances in Physics, 1969, 18,
193.

E. A. Marseglia, International Reviews in Physical Chemistry,
1983, 3, 177.

Y. Li, Z. Zhou, S. Zhang and Z. Chen, Journal of the American
Chemical Society, 2008, 130, 16739.

S. Cahangirov, M. Topsakal and S. Ciraci, Physical Review B,
2010, 81, 195120.

M. Ezawa, Physical Review Letters, 2012, 109, 055502.

M. Ezawa, New Journal of Physics, 2012, 14, 033003.

M. Ezawa, Applied Physics Letters, 2013, 102, 172103.

This journal is © The Royal Society of Chemistry [year]

Page 52 of 53



Page 53 of 53

462 S. Rachel and M. Ezawa, Physical Review B, 2014, 89,
195303.

463 J. Xiao, M. Long, M. Li, X. Li, H. Xu and K. Chan, Physical
Chemistry Chemical Physics, 2015, 17, 6865.

464 B. Aufray, A. Kara, S. Vizzini, H. Oughaddou, C. Leandri,
B. Ealet and G. Le Lay, Applied Physics Letters, 2010, 96,
183102.

465 P. De Padova, C. Quaresima, C. Ottaviani, P. M.
Sheverdyaeva, P. Moras, C. Carbone, D. Topwal, B. Olivieri,

This journal is © The Royal Society of Chemistry [year]

Physical Chemistry Chemical Physics

A. Kara, H. Oughaddou, B. Aufray and G. Le Lay, Applied
Physics Letters, 2010, 96, 261905.

466 X. Liu, T. Xu, X. Wu, Z. Zhang, J. Yu, H. Qiu, J.-H. Hong,
C.-H. Jin, J.-X. Li, X.-R. Wang, L.-T. Sun and W. Guo, Nature
Communications, 2013, 4, 1776.

467 C. Nethravathi, A. A. Jeffery, M. Rajamathi, N. Kawamoto,
R. Tenne, D. Golberg and Y. Bando, ACS Nano, 2013, 7.
7311.

Journal Name, [year], [vol.],1-53 | 53



