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ABSTRACT: The geometric structures and electronic prop-
erties of graphene and armchair ribbon superlattices are
investigated by the first-principles calculations. Parallel arm-
chair ribbons are periodically placed upon a graphene sheet.
The interlayer atomic interactions strongly influence the
interlayer distance, binding energy, energy dispersion, state
degeneracy, band gap, Fermi velocity, and Fermi momentum
except for the intralayer bond length. These properties depend
on the stacking configurations, ribbon width, and existence of

hydrogen atoms at the ribbon edges. Such interactions also result in the distortion of graphene and ribbons, which is more
obvious in the AA-stacked systems than the AB-stacked ones. All low-energy bands come from the 2p, orbitals of graphene or
ribbon or from those of both. Most AA-stacked systems possess two intersecting low-lying bands, which exhibit highly
anisotropic Fermi velocities. AB-stacked systems mainly have a direct band gap that is monotonously widened as ribbon width

expands.

B INTRODUCTION

Carbon-related materials have been investigated extensively in
experiments' > and theories.”* > There are many allotropes
of carbon, for example, zero-dimensional (0D) fullerences, 1D
nanotubes and nanoribbons, 2D graphenes, and 3D graphites
and diamond. In recent years, few-layer graphenes have been
produced by the mechanical exfoliation method' and chemical
vapor deposition.”> Rectangular ribbon and cylindrical nano-
tube can be structured by reducing the dimensionality of
monolayer graphene. These allotropes may be self-combined,
or mixed with other molecules, to form diverse graphene-
related systems, such as graphene—hydrogen hybrid systems,”
carbon nanoribbon network,® carbon nanopeapod®*® (a
fullerence chain within a carbon nanotube), graphene—
nanotube hybrid systems,”® carbon—nanobud hybrid sys-
tems,'””’” hydrogen-line graphene-based superlattice,”* and
periodic graphene nanobuds.”® Lately, the carbon nanoribbon
array has been successfully fabricated by nanolithography.”!
Such hybrid systems and superlattices are becoming more
important in the real-world application of nanodevices. In this
work, the armchair nanoribbon array is placed upon a graphene
sheet.

Monolayer graphene has a honeycomb structure with two
carbon atoms in a unit cell. The hexagonal symmetry and the
equivalent A and B sublattices result in a pair of linear bands
intersecting at the Fermi level (Eg = 0), and the intersection is
known as the Dirac point. The charge carriers near E; = 0
satisfy the Dirac equation and behave like massless relativistic
fermions. The Dirac points are located at two high-symmetry
points (K and K’) in the first Brillouin zone (FBZ). Graphene
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is a zero-gap semiconductor with the vanishing density of states
at Eg = 0. It exhibits many interesting electronic properties, e.g,,
extremely high electron mobility,'"" the anomalous quantum
Hall effect," "> ballistic transport at room temperature,'* and so
forth. Consequently, graphene is a promising material for
making future electronic nanodevices. However, its zero-gap
property makes it difficult for the actual applications in logic
electronics at room temperature. Researchers have proposed
various schemes to modify the low-energy electronic properties
of graphene, for instance, the application of external electric or
magnetic fields,'>** 7 the symmetry configurations of different
stackings,"**"** and the exertion of strain.'”**** It is deduced
that the low-energy electronic properties of graphene are
allowed to be manipulated by the interlayer atomic interactions.

Productions of ribbons are promising based on chemical
syntheses'® > and lithographic techniques.”' ~>* Geometrically,
a ribbon is shaped by cutting a graphene sheet along the
longitudinal wx-direction with a finite width (Figure la). Its
electronic properties are mainly determined by the edge
structure, the existence of dangling bonds, and the quantum
confinement due to the limited width. According to the edge
strucutre, there are armchair, zigzag, and chiral ribbons. The
focus of this work is on the armchair ribbons. The width of
armchair ribbon is characterized by the number of dimer lines
(N,,) along the transverse y-direction. For the pristine ribbon,
the electronic states near Er = 0 come from the dangling bonds.
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Figure 1. (a) Geometric structure of AA-stacked GARS. (b) Bond
lengths of edge atoms in ribbons. (c) FBZs of the GARS and graphene.
(d) Configurations of AA and AB stackings.

On the contrary, if the dangling bonds are saturated by
hydrogen atoms, the stable covalent bonds will form, with the
states more distant away from Ep = 0. All the armchair ribbons
belong to semiconductors, regardless of the passivation. In the
case of hydrogen termination, the ribbons may be sorted into
three groups (Nry =3n, 3n + 1, and 3n + 2) with distinct
electronic properties.***> At the I point, there exist direct band
gaps governed mainly by N,,. The smallest band gap is for N, =
3n + 2, and the largest one is for N, = 3n + 1 at the same n
value. All energy gaps are inversely proportional to the ribbon
width for all groups.

The geometric structures and electronic properties of
graphene and armchair ribbon superlattices (GARSs) are
investigated detailedly by the first-principles calculations.
Various situations are taken into consideration, such as the
configurations of AA and AB stacking, three groups according
to the armchair ribbon widths, and the ribbon edges with and
without the hydrogen-atom saturation. The outcomes show
that the interlayer atomic interactions have significant impacts
on the interlayer distance, binding energy, energy dispersion,
band gap, band mixing, state degeneracy, and Fermi velocity.
The predicted results could be examined by experimental
spectroscopies, e.g., transmission electron microscopy
(TEM),”” angle-resolved photoemission spectroscopy
(ARPES),*®* and infrared cyclotron resonance (CR).***'
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B COMPUTATIONAL DETAILS

The geometric and electronic structures of GARSs are studied
by the density-functional theory (DFT). The calculations are
performed by the Vienna ab initio simulation package
(VASP).** The projector augmented wave method (PAW)
is utilized to characterize the electron—ion interactions, and the
exchange-correlation interactions are evaluated within the local
density approximation (LDA). The wave functions are
expanded by plane waves, and the maximum kinetic energy
of the plane wave is limited to 500 eV. The I" point-center grids
are applied for the k-point sampling in the FBZ. A 24 X 2 X 1
grid in the FBZ is taken for the geometry optimization, while a
60 X 6 X 1 k-mesh is used in the calculation of electronic
properties. All of the atoms are relaxed until the Hellmann—
Feynman force is less than 0.03 eV/A . The thickness of the
supercell is 15 A; that is, the vacuum thickness is around 11.5 A
to avoid interactions with neighboring GARSs in the z-
direction.

The graphene (purple) and ribbon (green) hybrid system, as
shown in Figure la, possesses a superlattice structure. The
armchair ribbons are periodically positioned above the
graphene along the transverse zigzag direction. The graphene
period is fixed at Ny, = 32 (the number of dimer lines along y-
direction), and the ribbon widths are varied from N, =4to 16
in the calculations. The interlayer distances are labeled by d, to
d; with respect to different distances from the edge dimer to the
central dimer of the ribbon, as shown in Figure la. The
distortion factor, defined as &€ = (d,,;; — dinin)/dmax X 100%, is
determined from two extreme values. A rectangular unit cell has
2(Ng, + N,,) carbon atoms, and the related bond lengths will
change near the ribbon edge. H, is the intralayer bond length
between carbon and hydrogen (green and gray balls in Figure
1b), and B;s (i = 1-5) are the C—C bond lengths near ribbon
edges. The band structure is calculated along the four high-
symmetry points within the FBZ (I' > Y > S > X —> I'in
Figure 1c). The graphene and ribbons are stacked up on the
basis of the AA and AB configurations (Figure 1d). For AA-
stacked systems, carbon atoms on graphene and ribbons are
positioned by the same reference frame. The AB-stacked
systems are formed by translating those ribbons used in the AA
systems by a C—C bond length along the longitudinal armchair
direction. The binding energy per atom between graphene and
ribbons is expressed as

Eb=Es—Eg—Er (1)
where E, E,, and E, are respectively the ground state energies
for the GARSs, isolated graphene, and ribbon. The total atoms
in calculating eq 1 include hydrogen atoms in the hydrogen-
terminated case.

B GEOMETRIC STRUCTURES OF GARS

After the atomic relaxation, the C—C bond length of graphene
is 1.413 A, identical to that of isolated graphene. It is also true
for the ribbons that the interlayer atomic interactions hardly
change the in-plane atomic bond lengths. With hydrogen
termination, the bond lengths of isolated ribbons are 1.092,
1.360, 1.403, 1.408, 1.415, and 1.423 A in the order of H, and
B, to Bs. The differences of the bond lengths between isolated,
AA- and AB-stacked ribbons are below 0.001 A with the same
ribbon width. On the other hand, the differences for isolated,
AA-, or AB-stacked ribbons with varied ribbon widths are less
than 0.015 A. Without hydrogen termination, the bond lengths
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of isolated, AA-, and AB-stacked ribbons are about 1.230, 1.383,
1.424, 1.408, and 1.382 A (B, to B;). The unstable dangling
bonds lead to the reconstruction of ribbon edge, and the two
outermost atoms form the triple bond.**

The interlayer atomic interactions determine the graphene—
ribbon distances, d; to dN,y/ZJ and distort the graphene and

ribbons.** Because of the interlayer edge-atom interactions, the
ribbons exhibit noticeable curvatures at two edges. The
maximum interlayer distance d,, occurs at the middle of
ribbon while N,, is smaller than 10 (12) with (without)
hydrogen termination; in other cases it moves toward the
ribbon edge. However, the occurrence of minimum interlayer
distance d,;, is always at the ribbon edge. The GARSs with
hydrogen atoms have a smaller d,;;, compared to those without
hydrogen. When the dangling bonds are saturated by hydrogen
atoms, the outermost structure of the ribbons is kept the same
in the AA or AB stacking. The ribbon-edge atoms only present
a tiny movement in the x—y plane. Without hydrogen
termination, the triple bonds cause the edge atoms to leave
the original A and B sites, resulting in the decreasing overlap of
the 2p, orbitals between graphene and ribbon-edge atoms. The
interlayer interactions between edge atoms are also weakened.
Thus, the GARSs without hydrogen termination possess a
larger d;,. These relatively reactive edge atoms of the ribbons
play a key role in the interlayer interaction. In addition to the
geometric deformation, this result could be deduced from the
fact that the pair of energy bands nearest to Ex = 0 mainly come
from the 2p, orbitals of the ribbon.

The deformation of the GARSs deserves a closer
examination. The effects of the stacking configuration, ribbon
width, and hydrogen attachment are quite strong on the
distortion factor &, as shown in Figure 2. The deformation in
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Figure 2. Distortion factors of AA- and AB-stacked GARSs with and
without hydrogen atoms.

AA-stacked systems is more obvious than that in AB-stacked
ones (€44 > €45) because of the smaller interlayer distance in
AB-stacked systems.”> The interlayer atomic repulsion limits
the extent of deformation at the ribbon edges. When the
ribbon-edge interlayer distance d; is reduced, the repulsion
energy between graphene and ribbons rises rapidly. The
repulsion energy has a greater increase in AB-stacked systems
than in AA-stacked ones. In other words, it is more difficult to
modify the interlayer distance in AB-stacked GARSs, which
accounts for the smaller distortion factors. The interlayer
distance can be observed by TEM>” with 0.1 A resolution. In
our results, the magnitude of distortion and the interlayer
distances are 0.02—0.21 A and 3.16—3.53 A, respectively. It
might be difficult to verify such fine effects by TEM experiment.
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The binding energy between graphene and ribbons varies
with the ribbon width. The N,,-dependent E,, in Figure 3 shows
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Figure 3. Ribbon-width-dependent binding energies for the AA- and
AB-stacked GARSs with and without hydrogen termination.

that the binding energy difference is 0.81 meV/atom between
the AA- and AB-stacked GARSs without hydrogen for the case
of N,, = 4 (hollow blue and red triangles), and it grows with the
increasing ribbon width. Such a difference reaches 3.03 meV/
atom at N,, = 16. The similar results are obtained for the
hydrogen-terminated configurations. Apparently, the AB-
stacked GARSs become more stable than the AA-stacked
ones in the increase of N,,. For other graphene-related systems,
it could also be found that the AB stacking configuration
possesses the lower binding energy.”>>* The number of atoms
participating in the interlayer interaction increases as the ribbon
widens. The ratio of participating atoms to total atoms in terms
of their numbers is [2N, (graphene) + 2N, (ribbon)]/
[2Ngy(graphene) + 2Nry(ribbon):| = 2Nry/(Ngy + Nry). The
interlayer interactions between graphene and ribbon become
stronger as N, is increased, and therefore the binding energy
drops drastically. When the ribbon width is sufficiently large,
the graphene—ribbon GARSs resemble the bilayer graphene
(BLG). The binding energy of GARSs of this kind approaches
the value of BLG. In this calculation, the binding energies of
AA- and AB-stacked BLGs are —7.28 and —12.15 meV/atom,
respectively.

B ELECTRONIC PROPERTIES OF GARS

The low-dimensional nanocarbon systems exhibit rich elec-
tronic spectra. We first discuss the band structures of two
independent subsystems. The electronic structures of the
isolated graphene (red curves with Ny, = 32) and the isolated
ribbon terminated by hydrogen atoms (blue curves with N,, =
12) are shown in Figures 4a and 4b along the ['X and I'Y paths.
Both I'X and I'Y paths are respectively scaled by two different
reciprocal lattice vectors 0.74 and 0.08 1/A. Because of the
chosen rectangular unit cell, energy bands of isolated graphene
needs to be folded into the smaller rectangular FBZ from its
original hexagonal one. Owing to the hexagonal symmetry of
the crystal, most parabolic energy dispersions are doubly
degenerate along I'X and come from the region within the
irreducible hexagonal FBZ (gray area in Figure 1c). The other
nondegenerate bands only originate from the I'M path. A
subband gap is 0.576 eV at I point in the rectangular FBZ. On
the other hand, the band structure along I'Y exhibits the linear
energy dispersions. These bands are nondegenerate between I'
and Y points. The linear bands of the hexagonal FBZ are near K
point, and such bands lie in this path after zone folding. When
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Figure 4. The x-axis scales of 'X and 'Y paths are 0.71 and 0.08 1/4,
respectively. (a) and (b) illustrate the low-energy bands of isolated
graphene and isolated ribbon with hydrogen saturation. (c) and (d)
show the band structure of AA-stacked GARS. (e) and (f) display the
energy bands of AB-stacked GARS. The radii of the red and blue
circles represent the contribution percentage of the 2p, orbitals with
respect to graphene and ribbon.

Ng

is unequal (equal) to 6n, the Dirac point is located at the

two-thirds position from I to Y points (located at I" point). At
the Dirac point, the slightly anisotropic behavior of the two
linear bands gives rise to the tiny difference in the Fermi
velocity. The asymmetric properties could be enhanced in the
GARSs. As to the isolated ribbon, energy bands along I'X are
parabolic but have no degeneracy. It exhibits a band gap of
0.559 eV at I point and a few mixing bands. However, the
dispersionless band structure is along I'Y, owing to the absence
of the periodicity in the transverse y-direction. The low-energy
electronic states of the graphene and the ribbon are principally
contributed by the 2p, orbitals of carbon atoms and distributed
on the I'Y path. Thus, this particular path in GARSs is
intensively studied (in Figure S).

The interlayer atomic interactions induce drastic changes in
electronic properties. The energy bands of the AA-stacked
GARS along I'X are shown in Figure 4c. The double
degeneracy of parabolic bands is destroyed, incurring numerous
mixing bands. Both graphene and ribbon dominate the subband
spacing (0.140 eV) at the I" point. In the segment of I'Y, the
energy dispersions are vastly modified (Figure 4d). The original
Dirac point still survives, but the Fermi momentum presents a
left shift, indicating that such a system is gapless. The n, and n,
subbands with different dispersions, which are respectively
above and below E; = 0 at the I" point, determine the Dirac
point or energy gap in GARSs. The n, subband mostly results
from the 2p, orbitals of graphene along I'Y, while the n,
subband mainly stems from those of ribbon at the I" point. The
contribution of 2p, orbitals of ribbon (graphene) is gradually
decreasing (increasing), as the wave vector moves toward the Y
point. In addition, the radii of the red (blue) circles represent
the contribution percentage from the 2p, orbitals of graphene
(ribbon). The interlayer atomic interactions make the 2p,
orbitals of all ribbon atoms responsible for the n, and n,
subbands. Averagely, the atoms at ribbon boundaries contribute
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Figure 5. Low-energy bands along I'Y for the AA-stacked GARSs with different ribbon: (a—c) with H and (d—f) without H. Similar plots are shown

for the AB-stacked ones: (g—i) with H and (j—1) without H. Also shown in the inset of (c) are the parabolic bands nearest to Ey.
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more than the interior ones for the n;, and n, subbands
dominated by the ribbons, and it is true for the following cases.
The average contribution of the edge atoms is 1.6 times that of
the interior ones at the I point in this case.

The stacking configuration has a strong effect on energy
bands. AA- and AB-stacked GARSs share many similar features
(Figures 4e and 4f), such as the destruction of double
degeneracy, existence of numerous mixing bands, and large
subband spacing along I'X. However, there are some major
differences between AB- and AA-stacked systems. The n; and 1,
subbands of the former constitute a direct energy gap (0.024
eV). The Dirac point is absent in the I'Y segment, and the two
intersecting linear bands become two separate parabolic bands.
Each parabolic dispersion has one band-edge state located at
about the two-thirds position of I'Y. Such band-edge states are
primarily governed by the 2p, orbitals of graphene.

The low-energy electronic properties of GARSs are also very
susceptive to the ribbon width and hydrogen termination. The
classification of isolated armchair ribbon based on the rules of
N,, =3n,3n + 1, and 3n + 2 is roughly applicable to the GARSs.
In the beginning, the discussion is focused on the energy bands
of AA-stacked GARSs with hydrogen termination. The main
features of N,, = 9 (3n group; Figure Sa) are very close to those
of N, = 12 (Figure 4d). The energy bands of N,, = 10 (3n + 1
group; Figure Sb) possess the Dirac point, which is located at
about the two-thirds position of I'Y. The 2p, orbitals of
graphene dominate the linear bands. For the N;, = 11 (Bn+2
group; Figure Sc) case, the system exhibits the unusual band
structure, in which a subband spacing exists along I'Y.
However, a band gap appears on the YS path near the Y
point (the inset of Figure Sc). The 2p, orbitals of both
graphene and ribbon contribute to this direct band gap. As an
exception, the 7, and n, subbands of N,, = S intersect at Ex = 0
along I'Y near the Y point (not shown).

When the hydrogen atoms are excluded, the electronic
structure is altered profoundly. The n, and n, subbands have an
intersection for N, = 9 (3n group; Figure 5d). However, the 1,
subband possesses a very weak energy dispersion along I'Y with
its slope rather different from that of the n, subband at Eg = 0.
The former and the latter are mainly contributed by the 2p,
orbitals of ribbon and graphene, respectively. The average
contribution of the ribbon-edge atoms is 2.4 times that of the
internal ribbon atoms at " point. Also be aware that the N,, =
15 system has a direct gap at I point. The energy bands of N,,
=10 (3n + 1 group; Figure Se) retain the Dirac point along I'Y.
Its existence is attributed to the 2p, orbitals of graphene. But
for N,, = 4 and 7, the dangling bond states associated with the
edge atoms of ribbons slightly cross Ep, = 0; therefore, the Dirac
point is positioned above Ep = 0. The Fermi velocity of these
systems is not provided in Figure 7. The band structures of N,,
=11 and 8 (3n + 2 group; Figure 5f) have a band intersection
along I'Y near the Y point. The intersection is above E = 0 for
the N,, = S case, as in the N,, = 4 case. As to N,, = 14, the
intersection does not exist and a tiny direct band gap is found
on YS near the Y point.

For the AB-stacked GARSs with hydrogen termination, the
band structure of N,, = 9 (31 group; Figure 5g) resembles that
of N,, = 12 (Figure 4f). The N,, = 10 system (31 + 1 group;
Figure Sh) possesses a direct E,, which is located at about the
two-thirds position of I'Y and dominated by the 2p, orbitals of
graphene. Nevertheless, for the N,, = 4 case, because the
isolated ribbon owns a greater band gap at I" point, the top of
valence band (TVB) and the bottom of conduction band
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(BCB) are far away from Eg = 0. The ribbon hardly affects the
low-energy dispersion of graphene on I'Y, even in the presence
of interlayer atomic interactions. The low-energy band structure
of this GARS stays nearly unchanged, just as in graphene.
Regarding the N,, = 11 system (3n + 2 group; Figure 5i), there
exists a special band structure, in which TVB and BCB are
located at the I' point and on the I'Y path, respectively. An
indirect band gap is opened and chiefly determined by the 2p,
orbitals of ribbon, revealing the particular E,—N,, relation.

In the absence of hydrogen termination, the n, and n,
subbands corresponding to N, = 9 (3n group) have a direct
band gap along I'Y (Figure 5j). Both TVB and BCB are situated
at about the two-thirds position of I'Y. The former and the
latter are closely related to the 2p, orbitals of two subsystems
and graphene, respectively. Owned by the energy bands of N,,
=10 (3n + 1 group; Figure Sk), a direct gap appears again along
I'Y. This gap is dominated only by the 2p, orbitals of graphene.
But when N,, = 4 and 7, the dangling bond states due to the
edge atoms of ribbons slightly cross Eg 0, a similar
phenomenon also appearing in the AA-stacked systems without
hydrogen. The band structure of N, = 11 (31 + 2 group; Figure
S1) exhibits a direct gap along I'Y near the Y point. The n; and
n, subbands behave much like what has been discussed for the
N,, = 3n group. The features of the N,, = 5 case are similar to
those of the N, = 4 case.

A thorough investigation is performed to realize the influence
of the ribbon width on the band gaps of different GARSs. Most
AB-stacked GARSs have direct band gaps along I'Y (red solid
dots in Figures 6a and 6b) that monotonously grow with the
increasing ribbon width in every group. The dependence of E,
on N,, in GARSs is not inversely proportional, which is
different from isolated ribbons because of the varied
mechanisms. The gaps of AB-stacked GARSs are created
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Figure 6. Variation of band gap with the ribbon width, (a) with and
(b) without hydrogen. Three groups are classified according to N,
Circles, triangles, and squares denote the Ny, =3n,3n+1, and 3n + 2
ribbons, respectively.
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from the Dirac point of graphene by the interlayer atomic
interactions, but those of isloated ribbons come from the finite-
width quantum confinement. The hydrogen-terminated cases
reveal smaller energy gaps compared to those without
hydrogen. However, the N,, = 3n + 2 AB-stacked systems
with hydrogen possess indirect band gaps along I'Y (red open
squares in Figure 6a). Such gaps are monotonously narrowed
with the increase of N,,. On the other hand, only a few AA-
stacked GARSs are semiconductors without a simple relation-
ship between E, and N,,. The theoretical predictions on band
gap, energy dispersion, and subband spacing can be verified by
ARPES*** and other experimental methods.

It is necessary to analyze the energy dispersion that intersects
Eg = 0 for understanding the Fermi velocity defined as v = (1/
h)(dE/dk)li_r,, where kg is the Fermi momentum. vg

corresponds to the slope of energy dispersion at the
intersection. The asymmetry between the n; and n, subbands
about Ep. = 0 leads to the anisotropic Fermi velocities (vg, and
Vp,). For isolated graphene, the two Fermi velocities of vy, and
Vg, are 8.39 X 10° and 8.38 X 10° m/s (the red horizontal lines
in Figures 7a and 7b), a result in agreement with previous
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Figure 7. Dependence of vg; and v, on the ribbon width for AA- and
AB-stacked GARSs, (a) with and (b) without hydrogen. Note that the
red line is for isolated graphene.

study."' Nearly the same velocities are also observed in the N,
= 4 system, owing to the negligible contribution of ribbon in
low-energy region (red triangles in Figure 7a). In general, the
interlayer atomic interactions prominently enhance the
anisotropy of the Dirac cone and Fermi velocities. Profoundly
affected by the ribbon width, vy and vg, monotonically
decrease in the increment of N,, for all groups. In the hydrogen-
terminated cases, vy exhibits the nonlinear dependence and
declines rapidly. Noteworthily in Figure 7b, the N,, = 3n group
gives the lowest Fermi velocity as a result of the rather flat n;
subband, which is dominated by the 2p, orbitals of ribbon. The
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predicted Fermi velocities can be tested by infrared CR
experiments.“o‘41

B CONCLUSION

In this work, the first-principles calculations are used to study
the geometric structures and electronic properties of GARSs,
which strongly depend on the AA- and AB-stacking
configurations, the existence of hydrogen atoms, and the
ribbon widths. The main features, such as the ribbon bond
length, interlayer distance, binding energy, energy dispersion,
band mixing, state degeneracy, subband spacing, band gap, and
Fermi velocity, are all investigated in detail. TEM, ARPES, and
infrared CR could be used to examine the computed results.

For geometric properties, the rather reactive atoms at the
ribbon edges play a significant role in the interlayer interaction,
a revelation being manifested both in the geometric structures
and energy bands. The interlayer atomic interactions hardly
change the intralayer atomic bond lengths for the graphene and
ribbons but deeply influence the interlayer distance. The
GARSs without passivation have a greater d;, compared to
those with hydrogen terminations. The distortions in AA-
stacked systems are more obvious than those in AB-stacked
ones. The binding energy between graphene and ribbons varies
when changing the ribbon width. AB-stacked GARSs own the
lower E,s than AA-stacked ones, and the former become more
stable than the latter with the increasing ribbon width. Finally,
their Eys are close to —7.28 and —12.15 meV/atom for AA and
AB-stacked BLG systems, respectively.

As to band structures, the classification rules (Nry =3n,3n +
1, and 3n + 2) for isolated armchair ribbons are roughly
applicable to GARSs. The interlayer atomic interactions
strongly alter the low-energy bands while the case of N,, = 4
is not affected. Most AA-stacked GARSs have intersecting
bands at Eg = 0 along I'Y, but not for the group of N, = 3n + 2
with hydrogen and a few N, s. The anisotropy of energy bands
and Fermi velocities are highly enhanced. Fermi velocities
monotonically decrease in the increase of ribbon width for all
groups. In the case of N,, = 3n + 2 with hydrogen, a tiny direct
band gap contributed by the 2p, orbitals of both graphene and
ribbon appears in the path of YS. In general, AB-stacked GARSs
have a direct band gap along I'Y, except for the case of N, = 3n
+ 2 with hydrogen passivation and some other cases under
special circumstances. Such energy gaps are monotonously
widened with the ribbon width in every group. However, an
indirect band gap, which is mainly dominated by the 2p,
orbitals of ribbon, exists along I'Y for the case of N,, = 3n + 2
with hydrogen atoms. Such indrect gaps are narrowed in the
increment of N,, showing a tendency opposite to direct ones.
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