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The structural, energetic and electronic properties of periodic graphene nanobud
(PGNB) with small-diameter fullerenes (C20, C34, C42, and C60) adsorbed have been
investigated by first-principles plane wave method. The bond-to-ring cycloaddition is
found to be energetically most stable among various configurations and the minimum
energy paths of different-sized fullerenes attaching to graphene indicate that smaller
fullerene shows lower energy barriers due to its larger surface curvature. For perfectly
ordered adsorption, band structures analyses by both density functional theory (DFT)
and tight binding (TB) methods show that the Dirac cone of graphene can be generally
preserved despite the sp2 to sp3 bond hybridization change for selected carbon atoms
in graphene sheet. However, the position of the Dirac points inside the Brillouin zone
has a shift from the hexagonal corner and can be effectively modulated by changing
the fullerenes’ concentration. For practical applications, we show that a considerable
band gap (∼0.35 eV) can be opened by inducing randomness in the orientation of the
fullerene adsorption and an effective order parameter is identified that correlates well
with the magnitude of the band gap opening. C© 2013 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution 3.0
Unported License. [http://dx.doi.org/10.1063/1.4807738]

I. INTRODUCTION

Graphene, a two-dimensional layer with sp2-bonded carbon atoms on a honeycomb lattice, has
aroused great interest for its excellent mechanical, electronic, and chemical properties, since its
discovery by mechanical exfoliation of graphite.1, 2 Different from conventional materials, intrinsic
graphene is semi-metallic where the valence and conduction bands meet each other at the Dirac
point.3 Dirac point, also known as the topological defect of band structure, is important to the most
attractive aspects of graphene, such as a remarkably high electron mobility at room temperature,
ballistic transport over micrometer-scale, and anomalous quantum hall effect.4–7 Many theoretical
attempts have been performed to realize topological transition by manipulating Dirac points.8–10

Very recently, creating and moving Dirac points have been realized in a system of ultracold Fermi
gas in a two-dimensional optical lattice.11 Furthermore, the energy gap in graphene derived structure
is another key parameter to describe the band structure, and has technological importance since
it determines Ion/Ioff ratios and thus the applicability of graphene in field-effect transistors. It is

aElectronic mail: ywwen@mail.hust.edu.cn.
bElectronic mail: bshan@mail.hust.edu.cn.
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therefore of great importance to achieve effective band structure engineering for graphene. Up
to now, a number of approaches have been tried to remedy the zero band gap problem, including
bilayer graphene stacking, formation of graphene nanoribbons or graphene antidot lattices, via hetero
atom doping, and chemical modification.12–25 For instance, hybridized h-BNC structures have been
synthesized and have a band gap around 18 meV.19 A gap of ∼0.26 eV can also be produced when
graphene is epitaxially grown on a SiC substrate.25 As for chemical modification method, patterned
adsorption of atomic hydrogen onto graphene can lead to band gaps as large as 0.73 eV.17 Some
recent experiments also aim to control Dirac points of graphene. Freitag et al achieved the spatial
movement of the Dirac point in a biased graphene.26 Gierz et al reported that the Dirac point shifts
along energy due to the adsorption of metal atoms.27 On the other hand, reports on tunable shifting
of Dirac points in the momentum space are limited and new methods of controlling Dirac points are
needed.

In the present work, we investigate the Dirac points and band gaps of monolayer graphene
by covalently bonding fullerenes which can be called periodic graphene nanobud (PGNB).28, 29

In previous studies, the formation of C60 attached PGNBs has been reported and is found to be
endothermic by 2.80 eV with a high activation barrier of 3.51 eV.28 We thus focus on small-diameter
fullerenes such as C20, C34, and C42 which are expected to bond to graphene stronger due to their high
activity. Several cycloaddition configurations have been considered and the most stable structure is
identified. Band structure analysis shows that perfectly ordered fullerene adsorption leads to shifting
of Dirac points without appreciable band gap opening, with the magnitude of shifting correlated to
the concentration of adsorbed fullerenes. In contrast, imperfect fullerene adsorption patterns with
randomness in the orientation of sp3 hybridized carbon pairs lead to sizable band gap opening.
We further show that the magnitude of the band gap opening can be related to an effective order
parameter that describes the relative orientation of hybridized carbon pairs to each other in the
graphene lattice.

II. COMPUTATIONAL METHOD

Density functional theory (DFT)30, 31 calculations are performed using the VASP package with
projector-augmented-wave (PAW) method32–34 and the local density approximation (LDA). LDA
is chosen because it could improve the structural description of graphitic systems by spuriously
mimicking a fraction of the vdW interaction.35 The wave functions are expanded in a plane wave
basis set with an energy cutoff of 400 eV. The k points are sampled on a Monkhorst-Pack36 grid
of 5 × 5 × 1 and the geometry is allowed to relax until Hellmann-Feynman force on each atom is
less than 0.05 eV/Å. In order to avoid image interactions, we adopt a hexagonal graphene supercell
of 9.84 Å × 9.84 Å and larger, with a vacuum thickness of 20 Å. These settings well reproduce
energetic properties and band structures for PGNB systems and is used throughout our study.36

III. RESULTS AND DISCUSSIONS

We begin our discussion on the structural stability of differently sized PGNBs. As indicated
by statistical measurements of spherical size distribution,37 C60 is the most abundant one among
all fullerenes species on carbon nanobuds. Interestingly, those ultra-small fullerenes such as C42,
C34, especially the smallest carbon cage C20, were also observed with an appreciable portion in
experiments. Geometrically, C20 is a symmetric molecule with twelve pentagonal rings, which
has been successfully synthetized by chemical dehydrogenation from C20H20 and different bulk
structures of C20 have been obtained.38–40 Ground state energies of different isomers of C34 and C42

have also been calculated and the most stable ones are shown in Fig. 1(a), in good agreement with
previous studies.41 Fig. 1(a) shows the supercell of graphene to which fullerenes will be attached.
According to the symmetry, fullerenes can bind to graphene via several configurations. Taking C20 as
an example, four types of cycloadditions are considered (Fig. 1(b)): i) atom-to-atom cycloaddition
(AA), ii) bond-to-bond cycloaddition (BB), iii) bond-to-ring cycloaddition (BR), iv) ring-to-ring
cycloaddition (RR). For C34 and C42, there are three types of inequivalent C-C bonds that may get
involved in the cycloaddition reaction: C-C bonds shared by a hexagonal and a pentagonal ring
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TABLE I. The binding energies of C20-, C34- and C42-PGNBs.

BB BR
Eb (eV) AA hh hp pp hh hp Pp RR

C20 −0.17 / / − 0.68 / / − 0.91 4.83
C34 / 1.51 1.27 0.70 / 1.18 0.47 5.71
C42 / 1.92 0.87 1.70 / 0.71 1.46 5.68
C60 / 1.86 2.57 / / 6.42

FIG. 1. Optimized structures (a) graphene p(4 × 4) supercell and a single C20, C34 and C42 molecule. (b) The geometrical
structures of C20-PGNB with different cycloaddition configuration(AA, BB, BR and BR). The sp3 hybridized carbon atoms
are marked yellow.

(hp), by two hexagonal rings (hh) and by two pentagonal rings (pp). We have considered all the
combinations involving these different bonds and cycloadditions, and the lowest energy configuration
for each fullerene type was adopted for the subsequent electronic structure analysis.

We have considered all the combinations involving these different cycloadditions and
Table I summarizes the calculated binding energies of C20-, C34-, C42-, and C60-PGNBs, which
is defined as Eb = E(PGNB) − E(graphene) − E(fullerene). Note that more negative value indicates
higher stability of the PGNBs. It is clear that binding energies for smaller fullerenes are much lower
than that of C60, which can be attributed to their higher curvature and reactivity.42 The stability across
different binding configurations can be qualitatively understood as follows: (a) the primary driving
force for the binding is the chemical bond formation. Thus AA configuration with one covalent
bond is less favorable than BB or BR configuration with two covalent bonds. As shown in Table I,
BR cycloaddition is the most stable chemisorption configuration while AA is only stable for C20.
(b) the binding energy difference for configurations with same number of chemical bonds is primarily
due to strain effect. The less favorable binding of BB than BR can be related to the local structure,
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FIG. 2. The estimated minimum energy path for the formation of C20-, C34- and C42-PGNBs (final states) from their stable
physisorption states (initial states). The barrier of C60-PGNB (green curve) is also plotted from Ref. 28 for comparison.

where the latter configuration is preferable in releasing the strain caused by sp3 hybridization in the
junction. In BR configuration, sp3 bond angles of the bond-to-ring cycloaddition (Fig. 1(b)) are very
close to the ideal tetrahedral angle of 109.5 degree. Meanwhile the bond length of pp bond in the
fullerene also stretches to 1.62 Å, very close to the bond length of ideal carbon sp3 bonds. In con-
trast, the BB cycloaddition configuration involves squared carbon ring formation with bond angles of
90 degrees (Fig. 1(b)). This leads to substantial strain and the configuration is thus less stable. For the
same reason, ring-to-ring cycloaddition is very energetically unfavorable because of the formation
of four squared carbon rings in the junction. As for C34 and C42, the binding energies follow the
same trend. We notice that binding energies of BR cycloadditions show a clear dependence
of the fullerenes’ size and it becomes less favorable as the size of fullerene increases. This is
because the existence of a general repulsion interaction between the non-bonded fullerene and
graphene at a distance of ∼1.6 Å. Fullerenes with a flatter curvature will cause a stronger repulsion
and explains the reduction in adsorption energy going to larger fullerene sizes.

To estimate the energy barriers of PGNBs formation, minimum energy paths (MEPs) for the
formation of C20-, C34- and C42-PGNBs have been calculated by the drag method, with results
shown in Fig. 2. We choose fullerene molecules in gas phase on graphene monolayer as the initial
state and the PGNB as the final state. Eight intermediate images are interpolated linearly with two
carbon atoms of C20 closest to the graphene kept fixed at the interpolated value and all other degrees
of freedom allowed to relax. The distance between fullerene and graphene is taken as the reaction
coordinate. For comparison, the barrier of C60-PGNB formation is also plotted. The MEP suggests
that the energy barriers for the small-fullerene PGNBs are much lower than that of C60-PGNB
(3.51 eV).28 In particular, the C20 attachment barrier is as low as 0.44 eV, about one ninth that
of C60-PGNB. The observed smaller barriers are closely related to the sharper curvatures of small
fullerenes which facilitates the forward reaction. Note that the reverse reaction, i.e. detachment of
C20 from PGNB has a relatively high barrier of 0.89 eV, indicating the stableness of C20-PGNB once
it is formed.

Since the C20-PGNB is one of the most stable PGNBs, we focus on it in the following discussions.
To investigate the change of electronic properties of graphene upon fullerene adsorption, electronic
band structure analysis is carried out for C20-PGNB. According to Brillouin zone (BZ) folding rules,
two Dirac points K(K’) for a pristine graphene folds to K4(K4’) in a p(3n + 1 × 3n + 1) supercell,
to K5’(K5) in a p(3n + 2 × 3n + 2) supercell, and to K6 = K6’ = � point in a p(3n × 3n) supercell
as depicted in Fig. 3(a). The band structures of C20-PGNB with a p(4 × 4), p(5 × 5) and p(6 × 6)
graphene unit cell are calculated and presented in Fig. 3(c)–3(e). To illustrate the contribution of
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FIG. 3. (a) The first Brillouin zone and high-symmetry K points of the graphene primitive cell, K4(K4’), K5(K5’) and
K6(K6’) correspond to the folded K(K’) points in a p(4 × 4), p(5 × 5) and p(6 × 6)) supercell. (b) The band structure of
pristine graphene and the energy level of C20H2 (isolated C20 with two atoms passivated by hydrogen atoms). (c-e) The band
structure (black line) and DOS of C20-, C34- and C42-PGNB with BR cycloaddition in a p(4 × 4) unit cell based on DFT.
The green line is the band structure from π -orbital TB. The total DOS and LDOS of C20 and graphene are plotted with black,
red and blue lines, respectively.

graphene p(4 × 4) supercell and fullerene in PGNB, the band structure of graphene and energy level
of C20 are calculated by DFT. Since the energy level of C20 in PGNB would be greatly affected by
the two strongly sp3 hybridized carbon atoms (Fig. 1 BR configuration), it is more reasonable to
present the energy levels of C20H2 (C20 with two atoms passivated by hydrogen) for comparison. The
band structure of PGNB can be approximately seen as a topological overlying of those of isolated
graphene and C20H2. By comparing the characteristic energy levels near Fermi level of C20H2, such
as LUMO and HOMO, we find the positions of energy levels of C20H2 are in good agreement with
those appear in PGNB in Fig. 3(b). The topological bands come from graphene can still be clearly
distinguished. However, detailed anisotropic changes of band structure have been observed due to the
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attaching of C20. We note the band structure of ideal graphene is well kept along the zigzag direction
(M’-�) and the bands from C20 have little dispersion. While along the armchair direction (K’-�),
serious band splitting occurs in the crossing bands of graphene and C20 due to strong hybridization.
As a result, the bands of graphene become flattened, indicating a heavier carrier effective mass.
These features imply the change of band structures of graphene is closely related to its intrinsic
symmetry and the attaching orientation of C20 may cause symmetry breaking. In additional, the
Dirac point at K’ splits a considerable band gap and the energy eigenvalues at points K(M) and
K’(M’) are no longer equal. We notice that some previous studies focused on the band dispersions
along �-K-M-� only and thus might not yield a complete picture about the defect induced band
gaps.28 In general, there is no guarantee that the gap opening at high symmetric points would not
close somewhere else in the BZ. As shown in Fig. 3(b), the PGNB would exhibit a band gap of
0.6 eV along the conventional �-K-M-� circuit. However, if we include the additional �-K4’
segment, band gap diminishes to zero and Dirac cone re-appears. The band structure of C20-PGNB
within p(5 × 5) supercell follows the same trend and the Dirac point appears at K5’-M5’. For the
case of p(6 × 6), the Dirac point is located at the � point in accordance with BZ folding rule.
First-principles calculations reveal the opening of a narrow band gap of about 0.08 eV, similar to
the secondary gap in (3n, 0) zigzag nanotubes where n is an integer.43 For the sake of simplicity, we
still regard � point as a Dirac point in following discussions. The partial density of states (PDOS)
is plotted to identify the contribution of the hybridized bands of PGNB, which is in good agreement
with the energy level of isolated C20H2 discussed above. It is found that the bands near the Fermi
level have contributions primarily from graphene, with some flat and hybridized C20 bands above and
below the Fermi level. Since states of C20 are relatively far away from the Fermi level, it is expected
that the state at the Fermi level is dominated by the π -π* bands due to pz orbitals in the graphene,
and a π -orbital tight binding (TB) method would capture the essential electronic properties near the
Fermi level. Green lines in Fig. 3(b)–3(d) show the TB band structure of PGNBs with pz hopping
integral set to 2.7 eV according to the Tomanek’s parameterization scheme.44 pz orbitals in the
graphene lattice that are directly contacting the fullerene are removed assuming a perfect sp2 to sp3

hybridization transition. Comparing to the DFT results, TB well reproduces all the main features
of band dispersion near the Fermi level for C20-PGNBs. For brevity, we did not include the band
structures for other PGNBs in Fig. 3, but note that the π -π* bands of C34- and C42-PGNBs near
the Fermi level are very similar to that of C20-PGNB. We can thus conclude that the effect of small
fullerene adsorption on band structure is approximately equivalent to introducing sp3 hybridization
of corresponding carbon atoms in the graphene lattice. We have also calculated the band structure
of C34-, C42-PGNBs and found change of the band structure follows the trend of C20-PGNBs.

It has been shown in many previous studies that graphene band gaps are dependent on the
defects patterning14, 17, 45, 46 and exhibit interesting 3n-osilation with respect to the supercell size.
However, we found that PGNBs can well preserve the Dirac cone regardless of the supercell size,
i.e presence of well-ordered sp3 hybridization pairs (corresponding to BR cycloaddition) in the
graphene lattice would not open a significant band gap. While a previous study suggests that band
gaps would be opened for C60 PGNB with BB cycloaddition along �-M-K-�,28 we found that by
taking into account the inequavalent K and K’ due to fullerene adsorption, the Dirac point come back
in the �-K’ directions. This is a general feature that we find valid for ordered fullerene adsorption
regardless of supercell size. Since the position of Dirac point might deviate from symmetry points
in BZ, we have mapped out the conduction band minimum (CBM) and valence band maximum
(VBM) of the PGNBs in the entire BZ for p(4 × 4), p(5 × 5) and p(6 × 6) supercell using TB.
Fig. 4(a) shows that two Dirac points (D1 and D2) can be found in the first BZ for p(4 × 4) supercell
and they are both along the �-K’ direction in the projection figure (inset). The two Dirac points
(D1, D2) in the first BZ for p(5 × 5) supercell are along the M’-K’ directions. The Dirac point
for p(6 × 6) coincides with the � point. Upon increasing the supercell size, which corresponds
to lower concentration of adsorbed fullerenes, the Dirac points of p(3n + 1 × 3n + 1) and p(3n
+ 2 × 3n + 2) series will appear at roughly similar positions, but move toward the K and K’
points along the direction marked by black arrows in the insets of Fig. 4(a) and 4(b). p(3n × 3n)
supercell yields a robust Dirac point at �. When n is large enough, the intrinsic electronic property
of graphene is recovered and Dirac points re-appears at the corresponding K points as predicted by
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FIG. 4. (a-c) The CBM and VBM states of the PGNBs in p(4 × 4), p(5 × 5) and p(6 × 6) unit cell. The black arrows in (a)
and (b) represent the direction which the Dirac points move in when n becomes larger.

FIG. 5. (a-c) The eigenstates at the Fermi level for p(4 × 4), p(5 × 5) and p(6 × 6) supercell. The red (blue) circles represent
positive (negative) component of the wavefunction and the size of the circle corresponds to the wavefunction magnitude.

BZ folding rules. Fig. 4 also indicates that the positions of Dirac points of graphene are predictable
and controllable by changing the concentration of fullerene molecules as adsorbates. We note that
in general, eigenstates in graphene can be represented by a superposition of A and B sub-lattice
states. Fig. 5 plots the spatial distributions of the degenerate A and B sub-lattice states for one of
the Dirac points derived from the eigenstates for p(4 × 4), p(5 × 5) and p(6 × 6) supercell. The
states at the other Dirac point can be related according to symmetry and are not shown for brevity.
The color (red/blue) indicates the sign (+/−) of the wave-function and the radius is proportional to
the absolute value of the state. It is not difficult to verify that the wavefunction depicted in Fig. 5
guarantees that it vanishes identically on the sp3 carbon sites (indicated by circles with cross) at the
corresponding K points. For p(4 × 4) and p(5 × 5) supercell, the states are localized around the sp3

carbon sites and show gradual decay moving away from the sp3 sites. On the other hand, the eigen
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FIG. 6. (a-c) The band gap openings of PGNBs with different orientation randomness in fullerene adsorption. The projection
maps represent the CBM and VBM gap in first BZ calculated by both TB and DFT. The values in parenthesis correspond
to the band gaps from DFT. Black dots indicate the corresponding sp3 hybridized carbon pairs in the graphene lattice upon
small fullerene adsorption. (d) The linear fitting relationship of the band gaps calculated by TB and DFT in (a-c).

state for p(6 × 6) is uniformly distributed on both A and B sub-lattice regardless of the distance
from the sp3 sites. This is because in a p(6 × 6) unit cell, both A and B lattice states happen to vanish
on the carbon sites where sp2 to sp3 transitions take place, thus there is effectively no perturbation
to the original eigen state.

Having shown that there is no appreciable band gap opening in PGNBs with well-ordered
BR cycloaddition, we further introduced randomness in the fullerene adsorption pattern within the
unit cell, which might happen at elevated temperatures or due to external potential perturbations.
We choose a relatively large p(12 × 12) supercell to accommodate the four C20s which might
change orientation with respect to each other. For each individual fullerene adsorption, there is a BR
cycloaddition, which we have shown is electronically equivalent to sp3 hybridization of a pair of
contrapuntal carbon atoms in the graphene lattice. As shown in a previous study, the gap opening due
to the adsorption-induced sp3 bonding is sensitive to the shape, size, and periodicity of adsorbates
on graphene.18 In non-ideal conditions, it is possible that the sp3 hybridized carbon pairs are not
perfectly aligned along the same direction. Fig. 6 shows one such case, where we have a p(12 × 12)
supercell and four adsorbed small fullerene molecules. The black dots show the the sp3 carbon pairs
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that correspond to differently oriented BR cycloadditions. When all the pairs are aligned in the same
direction, it reduces to a p(6 × 6) case, where we have shown no significant gap appears (Fig. 4(c)).
Going from left to right on Fig. 6 corresponds to increased randomness in adsorption orientation
that is characterized by the following order parameter:

λ =
〈

N∑
i=1

|cos θi |
〉

where N is the number of the nearest ones around each carbon pair and θ i is the angle between
a sp3 hybridization pair and its nearest ith sp3 hybridization pair. 〈〉 denotes average over all sp3

hybridization pairs in a supercell. Thus the order parameter λ indicates the average alignment of all
sp3 hybridization pairs’ order within a supercell. If all the carbon pairs are perfectly aligned, λ equals
1 and represents complete ordering. The level of orientation disorder increases with decreasing λ.
The order parameters in Fig. 6(a), 6(b) and 6(c) are calculated to be 0.75, 0.66, and 0.58, respectively.
We also calculated the band gaps of the above four configurations in the p(12 × 12) supercell using
TB and found that sizable band gaps are opened. The maximum band gap opening ∼0.35 eV occurs
at the highest orientation randomness configuration. The band structures contours of C20-PGNB
with randomness (Fig. 6(a)–6(c)) by DFT have also been calculated, with its values indicated in the
parenthesis near each contour lines. The band gaps in Brillouin zone obtained by TB modeling are
similar to DFT results, giving us clue that the origin of the band gap opening upon fullerene adsorption
can be attributed to the arrangement of sp3 hybridized carbon pairs in the graphene lattice. Fig. 6(d)
give the linear fitting relationship of band gaps obtained by TB and DFT calculations, the coefficient
of determinant (R2 = 0.994) also confirms the reliability of TB modeling. It is interesting to see
such a correlation between the orientation of the defects and the size of band gap opening, which to
our best knowledge, has not been reported before. Such band gap modulation could potentially be
useful in electronic device applications.

IV. CONCLUSION

In conclusion, we systematically studied the structural and electronic properties PGNBs with
small-diameter fullerenes. By mapping out the CBM and VBM across the full BZ, we reveal that
Dirac cones are preserved for well-ordered fullerene adsorptions, with its deviation from the ideal
case correlated to the concentration of fullerene adsorption. Sizable band gaps can be opened by
introducing orientation randomness in fullerene adsorption pattern. Our results provide new possible
ways of engineering the graphene band structure.
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