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In recent years there has been significant debate on whether the edge type of graphene nanoflakes
(GNFs) or graphene quantum dots (GQDs) are relevant for their electronic structure, thermal stability,
and optical properties. Using computer simulations, we have proven that there is a fundamental
difference in the absorption spectra between samples of the same shape, similar size but different
edge type, namely, armchair or zigzag edges. These can be explained by the presence of electronic
structures near the Fermi level which are localized on the edges. These features are also evident from
the dependence of band gap on the GNF size, which shows three very distinct trends for different
shapes and edge geometries. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4953172]

I. INTRODUCTION

Graphene, a 2D sheet of carbon atoms arranged in a
honeycomb lattice, has arguably been the most promising
and investigated material since it was first isolated in
2004.1 Due to its remarkable properties such as unusually
high current capacity,2 mechanical strength,3 and thermal
conductivity,4 several applications have been conceived for
this material. However, its zero band gap and semi-metal
character represent a limitation that needs to be sorted out
for carbon-based electronics to be feasible. Some ways to
open up a gap are nanostructuring graphene into graphene
nanoribbons (GNRs) and graphene nanoflakes (GNFs) or
carbon nanotubes5,6 as well as chemical functionalization.7

Fortunately these compounds have been extensively studied
from the experimental point of view, both for GNR8–11

and armchair GNF of triangular,12 hexagonal,13,14 and other
shapes.15,16

Quasi-zero-dimensional nanostructures derived from
graphene such as GNF (also known as called graphene
quantum dots (GQDs)) are good candidates for the
aforementioned applications. The quantum confinement
caused by reduced dimensionality of these structures opens
a tunable bandgap.7,17 Several studies have characterized the
electronic properties of GNF5,18–39 and some have shed light
on their optical features.20–24,27,33,34,40–44 Yamijala et al.42

performed a systematic study of the linear and nonlinear
optical properties for ∼400 graphene quantum dots at the
ZINDO/S semiempirical level. However, there is not, to the
best of our knowledge, a study relating the optical features
with structural and electronic aspects, for various shapes,
sizes, and types of edges.

Actually, much of what is known for GNR is related
to the properties of GNF: in armchair GNR there is always

a)cgsanchez@fcq.unc.edu.ar

a band gap, which can be attributed to edge effects, while
for zigzag nanoribbons, there are always zero-energy states
mainly confined along the edges, causing a peak of the density
of states at the Fermi level.19 These edge states have been
experimentally observed.45 Some of these features also hold
for GNF: armchair flakes show a band gap, although in zigzag
edges gap states occur only in triangular flakes.18,28 Moreover,
the electronic,46,47 magnetic48 and optical properties49–52 of
GNR are well understood from the theoretical point of view.

There seems not to be a general agreement on whether
edge and corner terminations affect the electronic properties
of GNF. On the one hand, it was shown that the edges and
corners in GNF have little influence on the distribution of the
highest occupied molecular orbital (HOMO),26 although the
Fermi level of hexagonal flakes is independent on the type of
edges but rather sensitive to corner reconstructions.53 On the
other hand, zigzag edges lower the band gap with respect to
armchair edges in GNF38 and the electronic density of states
is modified by edge and corner geometries even in GNF with
the same shape and similar size, both for hexagonal53 and
triangular structures.31

In this work, we show calculated optical absorption
spectra of triangular and hexagonal GNF for a range of
sizes and edge structures and give an explanation based on
the electronic structure for the different trends. Both edge and
corner terminations effects on the excitation energy spectrum
are analyzed. Results suggest that previously characterized
edge states are responsible for the differences observed in the
calculated absorption spectra.

II. COMPUTATIONAL METHOD

In this work, we have studied four classes of hydrogen
passivated GNF with different shape, edge, and size, namely,
hexagonal and triangular flakes with armchair and zigzag

0021-9606/2016/144(22)/224305/8/$30.00 144, 224305-1 Published by AIP Publishing.
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FIG. 1. Optical absorption spectra calculated for (a) triangular armchair, (b) triangular zigzag, (c) hexagonal armchair, and (d) hexagonal zigzag GNF. Results
are shown for structures of varying size, the number of atoms of each structure is detailed in the plot as N.

edge. A representative structure for each of these systems is
shown at the bottom of Figure 1. Throughout the paper we
have defined N as the total number of atoms, and adopted the
following abbreviation for the structures: TAC for triangular
armchair, TZZ for triangular zigzag, HAC for hexagonal
armchair and HZZ for hexagonal zigzag.

The electronic structure of the system was described using
the self-consistent charge density functional tight binding
(SCC-DFTB) method, which is based on a second-order
expansion of the Kohn-Sham energy around a reference
density of the neutral atomic species.54 This method has been
extensively used for the study of graphene and graphene-based
structures26,31,38,42,53,55 and has been benchmarked with respect
to DFT for several graphene based systems with defects,
with bond length discrepancies around 2% and formation
energies matching DFT values within 1.5%.56 We have used
the DFTB+ implementation of DFTB,57 with the mio-1-1 set
of parameters,58 to obtain the hamiltonian, overlap matrix
and the initial ground state (GS) single-electron density
matrix. All purely electronic properties such us the (total
and projected) density of states and HOMO-LUMO energy
gaps are calculated from these results.

The use of the DFTB hamiltonian allows for the
calculation of the optical properties of very large systems
(results for up to 1400 atoms are shown in this work) that
would be unfeasible using ab initio methods. The DFTB model
provides a well tested approximation to the self-consistent
electronic structure and its response to external electric fields
which can however deal with systems containing thousands
of atoms.

It was been shown that structures with zigzag edge
are magnetic.47,48,59,60 Therefore, spin-polarized calculations
were carried out for all the TZZ systems and the two
largest HZZ systems using the DFTB implementation for
collinear spin polarization.54 The rest of the them present
no net polarization in the GS. The total spin polarization

obtained agree to those for which there exists data in
the literature.59 Structural optimization was carried out by
minimizing the force restricting the z coordinate to keep a
planar configuration.

The methodology applied for the calculation of optical
properties is based on the real-time propagation of the density
matrix of the system and has been successfully used in
our group to study a range of molecular and nanostruc-
tured systems.61–69 A Dirac-delta-pulse-shaped perturbation
(Ĥ = Ĥ0 + E0δ(t − t0)µ̂) is applied to the initial GS density
matrix, which then evolves according to the Liouville-von
Neumann equation of motion in the non-orthogonal basis
(1) which is numerically integrated. Here Ĥ denotes the
hamiltonian matrix, S the overlap matrix, and ρ̂ the density
matrix,

∂ ρ̂

∂t
=

1
i~
(S−1Ĥ[ρ]ρ − ρĤ[ρ]S−1). (1)

For spin polarized systems both up and down spin density
matrices are propagated within the description provided by
the DFTB model. The time step for the integration was set
to 0.005 fs. 20 000 steps of dynamics were done, simulating
a total time of 100 fs. The intensity of the electric field was
E0 = 0.001 V Å−1. In the linear response regime, the dipole
moment can be calculated as shown in Equation (2), where
E(τ) = E0δ(τ − t0) and α(t − τ) is the polarizability along the
axis over which E(t) is applied,

µ(t) =
 ∞

−∞
α(t − τ)E(τ)dτ. (2)

The absorption cross section is proportional to the imaginary
part of the frequency dependent polarizability, which is
obtained from the Fourier transform of Eq. (2), leading to
Eq. (3). We have damped the signal with a damping factor
of 0.1 fs−1 to obtain uniform broadening of the peaks. The
absorption spectra are calculated averaging the polarizabilities
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over the three cartesian directions,

α(E) = µ(E)
E0

. (3)

Triplet excitations where obtained by the same method but
by applying a magnetic instead of electric initial pulse. The
spin-unpolarized, spin-polarized singlet and spin-polarized
triplet spectra are shown in Figure S5 for the TZZ flake
of 264 atoms to show the importance of including the spin
polarization.70 Throughout the rest of this work, spectra of
spin-polarized systems only consider singlet transitions, since
triplet transitions have negligible intensity.

III. RESULTS AND DISCUSSION

A. Optical absorption spectra

The optical absorption spectra of zigzag and armchair,
triangular and hexagonal GNF, with sizes ranging from 2.9 nm
to 7.3 nm, are shown in Figure 1. It has been reported that
the lowest-energy excitation usually involves delocalized π
electrons.19 Figure S1 of the supplementary material shows a
comparison of the total density of states (DOS) and projected
DOS on pz orbitals for the states involves in these transitions,
supporting the π character.70 Further evidence of collective
excitation can be obtained from the electrostatic potential
that arises when a resonant field is applied resonant to the
lowest-energy signal, plotted for the maximum and minimum
dipole moment in Figure 2, for one structure of each of the
four types. Section S2 (supplementary material) contains the
details of how this calculation is done.70 As it is evident,
charge polarization is spread in the surface for HAC, TAC,
and TZZ structures, while it is only delocalized in the edges
for the HZZ flake.

A comparison of the main spectral features with results
reported elsewhere can be enlightening. Cocchi et al. also
calculated absorption spectra for GNF of the HAC family,
albeit for smaller structures, using the ZINDO/S model based
on configuration interaction including single excitations.44 A
result for the flake of 264 atoms can be directly compared with
the spectrum in Figure 1(c). They observe the first optically
active transition at 2.38 eV and report two dark transitions
that are nevertheless detected in experiments. We observe
transitions at energies close to where these dark transitions
should appear.

A redshift of the lowest-energy excitation occurs as the
GNF size increases, since the HOMO and LUMO approach

as the electronic structure tends to that of bulk graphene.
However, different trends in the peak intensity are observed:
while for triangular (Figs. 1(a) and 1(b)) and armchair
hexagonal (Fig. 1(c)) flakes the intensity increases, for zigzag
hexagonal structures (Fig. 1(d)) it decreases. The first and
second peaks for HZZ structures can be told apart given the
fact that they follow different trends, as it can be drawn from
Figure S2.70 The intensity of the first peak for the two largest
structures is so weak that it could not be detected, and hence
could not be included in the forthcoming analysis.

Figure 3 offers further insight into the observed trends.
First of all, the relation between the excitation energy and the
inverse square root of the number of atoms N is linear, which
resembles the same type of relation for collective excitations in
metallic nanoparticles with N−1/3, namely, the surface/volume
ratio.68 Hence, for GNF the lowest excitation energies depend
linearly on the perimeter/surface ratio, a typical quantum
confinement feature. Secondly, a similar relation holds for the
intensity as a function of the square root of the number of
atoms, as a consequence of the increasing polarizability linked
to a larger number of electrons involved in the excitation for
large structures. However, this is not the case of HZZ flakes.
The reason is described in the following paragraph.

The edge character of the excitation observed in Figure 2
for HZZ flakes suggests that only edge states participate in
the transition; by inspecting the projected density of states per
atom (see Section III B for description), the number of such
states was found to be 12 one-particle states, half of them
filled at 0 K, for all the structures. A visual representation of
such states can be found in Figure S3.70 As a consequence, as
the GNF size increases the dipole density decreases, since the
constant number of electrons is spread in an increasing edge
perimeter. Visual evidence of this phenomenon is obtained by
plotting the transition dipole density (TDD). To calculate the
TDD, we consider only the two orbitals that contribute the
most on this transition, φinitial and φfinal, which are obtained as
described in Section S5 and Figure S4.70 A real space picture
of the TDD is calculated as

ρ(r) = |φ∗final(r)x̂φinitial(r)|2 + |φ∗final(r) ŷφinitial(r)|2
+ |φ∗final(r)ẑφinitial(r)|2, (4)

where r = (x, y, z). It is essentially a spatially weighted inner
product between initial and final orbitals. In Figure 4, a
comparison of ρ for two HZZ structures is done, where
the same density isosurface value has been considered. The
decrease in the transition dipole moment for the larger

FIG. 2. Electrostatic potential at maximum and minimum dipole moment, calculated for a 50 fs propagation of the system, using a sinusoidal electric field
resonant with the first peak of the spectra. The field was polarized along the maximum polarizability direction. Each of the plots correspond to (a) TAC, (b) TZZ,
(c) HAC, and (d) HZZ GNF with 540, 498, 420, and 432 atoms, respectively.
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FIG. 3. First excitation energy as a
function of the inverse square root of
the number of atoms (a). Intensity as
a function of the square root of the
number of atoms (b).

structure is evident, which in turn explains the decreasing
absorption cross section.

B. Electronic structure

The main features that arise from time-dependent
calculations are consistent with what is expected from
electronic structure analysis. The density of states (centered
at the Fermi level EF) shown in Figure 5 was plotted with a
Gaussian envelope at each eigenenergy ϵ i according to

DOS(ϵ) = 1
√

2πΓ


i

exp(−(ϵ − ϵ i)2/2Γ2). (5)

where ϵ denotes the energy and Γ is the standard deviation
of the distribution (a value of Γ = 0.05 eV was used in all
cases). A HOMO-LUMO gap around EF is found in armchair,
caused by the same reason than in armchair GNR.19 Zigzag
triangular flakes show several “gap states” close to EF, which
in spin-unpolarized calculations appear as zero-energy states
whose multiplicity increases with size.18 However it has been
proven that these nonbonding states arise due to topological
frustration (impossibility for all π bonds to be satisfied
simultaneously). When the spin polarization is included, the
asymmetry of spin breaks the degeneracy, opening a small
gap at the Fermi level.18,59 Furthermore, the total spin ground
state can be very large since it scales linearly with size,59 as it
is shown in Figure S6.70

Zigzag hexagonal flakes, on the other hand, show a
continuous distribution of states with no clear energy gap.

FIG. 4. Transition dipole density for the first peak of the spectra for HZZ
structures of (a) 252 and (b) 432 atoms, calculated as described in the text.

In the latter, the density of states close to the Fermi level
increases as the flake becomes larger (Figure 5(d)), giving rise
to very distinct DOS profiles: a small gap is present for smaller
N = 252 flakes (inset), but a continuous DOS is seen around
EF for larger ones (N = 936). This phenomenon is visible for
structures larger than ≈500 atoms, which are also magnetic.
Transitions among these states are responsible for low-energy,
low-intensity transitions in the absorption spectra.

In general, the calculated DOS are consistent with
previous calculations using a simple nearest-neighbor, one-
orbital Hückel model22,29,30,39 and DFT.28,33 For structures
comparable to the ones analyzed here, usually a wide range
of energies is considered in the literature, which have very
similar DOS profiles among the different structures.53 On the
contrary, we observe a remarkable difference in the lowest
electronic states for different type of edges. This implies that a
close inspection of this range of energies is crucial for a correct
understanding of the practically relevant optical features.

The trends shown in Figure 3 are directly related to
the dependence of the HOMO-LUMO gap with structural
properties. In Figure 6(a), the correlation between the gap
energy and the inverse square root of the number of atoms
is depicted. The general observation is a decrease in the gap
energy with increasing the size due to quantum confinement,71

also found in previous calculations.22,42,72 This explains the
red-shift in the absorption spectra. The higher excitation
energies values seen in armchair with respect to zigzag
flakes also holds when HOMO-LUMO gaps are considered
instead of excitations (Figure 6) and agrees with previous
calculations.38 There is a linear relation between the HOMO-
LUMO gaps and the excitation energies (see Figure 6(b)),
showing that the self-interaction term of the excitation density
is small, due to the spatial delocalization of these excitations.73

A natural classification in three groups arises by observing
this plot, suggesting that although armchair flakes have very
similar electronic properties, zigzag flakes have intrinsic
shape-dependent features.

To explore the nature of low-energy states in zigzag GNF
the projected density of states (PDOS), contribution per atom
was calculated. The PDOS of orbital α in a non-orthogonal
basis set is calculated according to

PDOSα(ϵ) =

i

|(SC)iα |2√
2πΓ

exp(−(ϵ − ϵ i)2/2Γ2), (6)
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FIG. 5. Density of states (black curve) and discrete energy spectrum (green, blue, and red bars) of a (a) N = 1134 triangular armchair, (b) N = 984 triangular
zigzag, (c) N = 1104 hexagonal armchair, and (d) N = 936 hexagonal zigzag flake. The inset in (d) shows the density of states of a smaller N = 252 hexagonal
GNF, where a band gap is clearly seen.

where S and C are the overlap and the molecular orbital
coefficient matrices, respectively. The PDOS is analogous to
the DOS but weighted by the factor |(SC)iα |2 indicating the
contribution of localized orbital α to molecular orbital i. We
observe that carbon pz orbitals are the only ones that contribute
to the total DOS close to the Fermi level70 (see Figure S1),
which explains the success of one-orbital tight-binding or

Hückel models for the study of these systems.22,29,30 Figure 7
shows the sum of the contributions of all orbitals of each atom
to the state at (or close to) EF for zigzag triangular (a) and (b)
and hexagonal (c) and (d) GNF. It is evident that such states are
mainly localized on the edge atoms and are hence edge states.
For TZZ flakes, the lowest-energy absorption peak involves
transitions from edge states to delocalized states, which give

FIG. 6. HOMO-LUMO gaps as a function of (a) the inverse square root of the number of atoms and as inverse of number of atoms (inset) only for HZZ.
(b) HOMO-LUMO gaps as a function of the excitation energy.
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FIG. 7. Normalized projected density of states (PDOS) per atom at EF of
(a) N = 264 and (b) N = 984 triangular zigzag; (c) N = 252 and (d) N = 936
hexagonal zigzag GNF. The area of the circle, as well as the color, is pro-
portional to the contribution of each atom to the PDOS at the EF. PDOSmax
for each structure is (a) 0.012 eV−1, (b) 1.2 eV−1, (c) 0.27 eV−1, and (d)
0.54 eV−1.

rise to a delocalized electrostatic potential profile as shown in
Figure 2(b). For HZZ structures, such transition involves only
edge orbitals, as evidenced in Figure 2(d).

Moreover, there is a strong difference in the magnitude
of the contribution of each atom to the total DOS between
zigzag triangular and hexagonal GNF. In the former, the
PDOS per atom increases by two orders of magnitude from
N = 264 to N = 936, while in latter the PDOS only doubles
from N = 252 to N = 936. This difference in the hexagonal
structures gives rise to the different profiles in the DOS plots
shown in Figure 5(d). The origin of these states has been
identified in GNR74 and explained for GNF.18,22 Due to the
gap around EF in armchair GNF, this analysis cannot be done
for such structures. It is clear that the frontier orbitals have
large edge dependence in zigzag flakes. This is key for the
understanding of the optical properties of such structures.

FIG. 9. Transition dipole density of the transition corresponding to the third
peak of the absorption spectra for armchair hexagonal (a) type I (N = 420)
and (b) type II (N = 360) corners.

C. Effect of corner geometry

Barnard and Snook53 examine the possible reconstruc-
tions that corner atoms undergo in two corner terminations of
armchair hexagonal GNF, analyzing the forces and the density
of states in a wide range of energies. However, low-energy
electronic aspects needs to be considered in order to explain
optical properties. In Figure 8(a), the spectra of two armchair
hexagonal nanoflakes (similar in size but not equal) with two
possible (zigzag) corner terminations, ending in one benzene
ring (HAC-I) or two benzene rings (HAC-II) are shown.
The spectra are similar up to the lowest-energy peak, but
show different profiles for higher energies. The comparison
between the size dependence of the excitation intensity of
the first and third peaks is done in Figure 8(b). Although
they show similar intensity for the first peak, when the third
peak is considered the intensities differ considerably. A larger
absorption intensity is caused by a large transition dipole
moment. To gain insight into the structural dependence of
this stronger absorption, we calculated the transition dipole
density for these structures. The same isovalue of ρ(x, y, z)
for the orbitals involved in the third excitation is shown in
Figure 9 for both structures analyzed previously. It is evident
from the larger volume enclosed by the isosurfaces that the

FIG. 8. (a) Absorption spectra for armchair hexagonal flakes with type I (N = 420, red line) and type II corners (N = 360, black line). (b) Intensity as a function
of square root of number of atoms for the first (continuous line) and third (dashed lines) excitations in armchair hexagonal flakes with type I (red) and type II
corners (black).
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transition density is highly polarized in the HAC-II structure
(Figure 9(b)), giving rise to the stronger optical absorption see
in Figure 8.

IV. CONCLUSIONS

In this work we demonstrate that shape and edge geometry
do matter when optical properties of GNF are considered. In
fact, GNF with different geometries could be identified by
their optical absorption spectra which show very distinct
profiles and excitation energies. A classification in three
families (A,B,C) arises from this analysis: armchair GNF
belong to group A, zigzag triangular GNF to group B and
zigzag hexagonal GNF to group C. Group A: GNF shows
first excitation peaks with linearly increasing intensity and
decreasing energy with respect to size, and higher excitation
energies are expected since the HOMO-LUMO gap is larger.
In group B, the trends in intensity and energy are the same than
group A, but the excitation energies are smaller because of
gap states. In group C, intensity decreases with size because of
the edge dependence and constant number of involved states.
Different corner terminations do not affect this classification
since they become relevant when higher excitation energies
of the spectrum are analyzed.

Given the structural polydispersity that is naturally
achieved in prepared experimental samples of these nano-
materials at present days, studies that contribute to the
understanding of relevant properties in different structural
configurations are imperative. The design of either robust
materials against disperse structural features or samples with
uniform properties or small property dispersity is benefited
from studies like this one. We show that, by performing a
statistic analysis over the optical properties of a mixture of
GNF structures, it could be possible to measure the proportions
of GNFs with a certain shape and edge type, and tell apart
two corner terminations. Further studies should be performed,
nevertheless, to extend the characterization and provide useful
insight into the design of novel applications.

ACKNOWLEDGMENTS

The authors acknowledge financial support by Con-
sejo Nacional de Investigaciones Científicas y Técnicas
(CONICET) through Grant No. PIP 112-201101-0092 and
wish to thank SeCyT UNC for the funding received. This work
used computational resources from CCAD — Universidad
Nacional de Córdoba (http://ccad.unc.edu.ar/), in particular
the Mendieta Cluster, which is part of SNCAD — MinCyT,
República Argentina. C.M.W. and F.P.B. are grateful for
studentships from CONICET.

1K. S. Novoselov, Science 306, 666 (2004).
2K. Bolotin, K. Sikes, Z. Jiang, M. Klima, G. Fudenberg, J. Hone, P. Kim,
and H. Stormer, Solid State Commun. 146, 351 (2008).

3C. Lee, X. Wei, J. W. Kysar, and J. Hone, Science 321, 385 (2008).
4A. A. Balandin, S. Ghosh, W. Bao, I. Calizo, D. Teweldebrhan, F. Miao, and
C. N. Lau, Nano Lett. 8, 902 (2008).

5W.-L. Ma and S.-S. Li, Appl. Phys. Lett. 100, 163109 (2012).
6S. Kilina and S. Tretiak, Adv. Funct. Mater. 17, 3405 (2007).
7X. Yan, X. Cui, B. Li, and L.-S. Li, Nano Lett. 10, 1869 (2010).
8X. Li, X. Wang, L. Zhang, S. Lee, and H. Dai, Science 319, 1229 (2008).

9L. Jiao, L. Zhang, X. Wang, G. Diankov, and H. Dai, Nature 458, 877 (2009).
10D. V. Kosynkin, A. L. Higginbotham, A. Sinitskii, J. R. Lomeda, A. Dimiev,

B. K. Price, and J. M. Tour, Nature 458, 872 (2009).
11J. Cai, P. Ruffieux, R. Jaafar, M. Bieri, T. Braun, S. Blankenburg, M. Muoth,

A. P. Seitsonen, M. Saleh, X. Feng et al., Nature 466, 470 (2010).
12M. Treier, C. A. Pignedoli, T. Laino, R. Rieger, K. Müllen, D. Passerone,

and R. Fasel, Nat. Chem. 3, 61 (2011).
13F. Doetz, J. D. Brand, S. Ito, L. Gherghel, and K. Muellen, J. Am. Chem.

Soc. 122, 7707 (2000).
14L. Zhi and K. Müllen, J. Mater. Chem. 18, 1472 (2008).
15R. Liu, D. Wu, X. Feng, and K. Müllen, J. Am. Chem. Soc. 133, 15221

(2011).
16I. Snook and A. Barnar, in Physics and Applications of Graphene—Theory,

edited by S. Mikhailov (InTech, 2011), ISBN: 978-953-307-152-7.
17S. Neubeck, L. A. Ponomarenko, F. Freitag, A. J. M. Giesbers, U. Zeitler,

S. V. Morozov, P. Blake, A. K. Geim, and K. S. Novoselov, Small 6, 1469
(2010).

18M. Ezawa, Phys. Rev. B 76, 245415 (2007).
19L. E. F. Foa Torres, S. Roche, and J.-C. Charlier, Introduction to Graphene-

Based Nanomaterials: From Electronic Structure to Quantum Transport
(Cambridge University Press, 2014), ISBN: 9781107030831.

20A. Manjavacas, S. Thongrattanasiri, and F. J. G. de Abajo, Nanophotonics
2, 12 (2013).

21A. D. Güçlü, P. Potasz, and P. Hawrylak, Phys. Rev. B 82, 155445 (2010).
22Z. Z. Zhang, K. Chang, and F. M. Peeters, Phys. Rev. B 77, 235411 (2008).
23I. Ozfidan, M. Korkusinski, A. D. Güçlü, J. A. McGuire, and P. Hawrylak,

Phys. Rev. B 89, 085310 (2014).
24S. Schumacher, Phys. Rev. B 83, 081417 (2011).
25R. Chen, C. Chang, and M. Lin, Physica E 42, 2812 (2010).
26H. Shi, A. S. Barnard, and I. K. Snook, Nanoscale 4, 6761 (2012).
27Y. Li, H. Shu, S. Wang, and J. Wang, J. Phys. Chem. C 119, 4983 (2015).
28W. Hu, L. Lin, C. Yang, and J. Yang, J. Chem. Phys. 141, 214704 (2014).
29H. P. Heiskanen, M. Manninen, and J. Akola, New J. Phys. 10, 103015

(2008).
30J. Akola, H. P. Heiskanen, and M. Manninen, Phys. Rev. B: Condens. Matter

Mater. Phys. 77, 193410 (2008).
31H. Shi, A. S. Barnard, and I. K. Snook, Nanotechnology 23, 065707 (2012).
32H. Tachikawa and H. Kawabata, J. Phys. B: At., Mol. Opt. Phys. 44, 205105

(2011).
33A. M. Silva, M. S. Pires, V. N. Freire, E. L. Albuquerque, D. L. Azevedo,

and E. W. S. Caetano, J. Phys. Chem. C 114, 17472 (2010).
34S. Thongrattanasiri, A. Manjavacas, and F. J. García de Abajo, ACS Nano

6, 1766 (2012).
35K. Yoneda, M. Nakano, R. Kishi, H. Takahashi, A. Shimizu, T. Kubo, K.

Kamada, K. Ohta, B. Champagne, and E. Botek, Chem. Phys. Lett. 480, 278
(2009).

36S. Banerjee and D. Bhattacharyya, Comput. Mater. Sci. 44, 41 (2008).
37M. A. Akhukov, S. Yuan, A. Fasolino, and M. I. Katsnelson, New J. Phys.

14, 123012 (2012).
38A. Kuc, T. Heine, and G. Seifert, Phys. Rev. B 81, 085430 (2010);

e-print arXiv:1302.0964v1.
39J. Fernández-Rossier and J. J. Palacios, Phys. Rev. Lett. 99, 177204 (2007).
40Y. Li, H. Zhang, D.-W. Yan, H.-F. Yin, and X.-L. Cheng, Front. Phys. 10,

102 (2015).
41W. Wang, P. Apell, and J. Kinaret, Phys. Rev. B 84, 085423 (2011).
42S. S. R. K. C. Yamijala, M. Mukhopadhyay, and S. K. Pati, J. Phys.

Chem. C 119, 12079 (2015).
43H. Yin and H. Zhang, J. Appl. Phys. 111, 103502 (2012).
44C. Cocchi, D. Prezzi, A. Ruini, M. J. Caldas, and E. Molinari, J. Phys.

Chem. A 118, 6507 (2014); e-print arXiv:1409.2395v1.
45Y. Kobayashi, K.-i. Fukui, T. Enoki, K. Kusakabe, and Y. Kaburagi, Phys.

Rev. B 71, 193406 (2005).
46Y.-W. Son, M. L. Cohen, and S. G. Louie, Phys. Rev. Lett. 97, 216803 (2006).
47C.-A. Palma, M. Awasthi, Y. Hernandez, X. Feng, K. Müllen, T. A. Niehaus,

and J. V. Barth, J. Phys. Chem. Lett. 3228–3235 (2015).
48O. Hod, V. Barone, and G. E. Scuseria, Phys. Rev. B: Condens. Matter Mater.

Phys. 77, 1 (2008).
49C. Cocchi, D. Prezzi, A. Ruini, M. J. Caldas, and E. Molinari, J. Phys.

Chem. C 116, 17328 (2012); e-print arXiv:1208.4228v1.
50C. Cocchi, D. Prezzi, A. Ruini, E. Benassi, M. J. Caldas, S. Corni, and E.

Molinari, J. Phys. Chem. Lett. 3, 924 (2012).
51D. Prezzi, D. Varsano, A. Ruini, A. Marini, and E. Molinari, Phys. Rev. B

77, 041404 (2008); e-print arXiv:0706.0916v1.
52L. Yang, M. L. Cohen, and S. G. Louie, Nano Lett. 7, 3112 (2007).

 Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  200.16.16.13 On: Thu, 16 Jun

2016 16:58:52

http://ccad.unc.edu.ar/
http://ccad.unc.edu.ar/
http://ccad.unc.edu.ar/
http://ccad.unc.edu.ar/
http://ccad.unc.edu.ar/
http://ccad.unc.edu.ar/
http://ccad.unc.edu.ar/
http://ccad.unc.edu.ar/
http://ccad.unc.edu.ar/
http://ccad.unc.edu.ar/
http://ccad.unc.edu.ar/
http://ccad.unc.edu.ar/
http://ccad.unc.edu.ar/
http://ccad.unc.edu.ar/
http://ccad.unc.edu.ar/
http://ccad.unc.edu.ar/
http://ccad.unc.edu.ar/
http://ccad.unc.edu.ar/
http://ccad.unc.edu.ar/
http://ccad.unc.edu.ar/
http://ccad.unc.edu.ar/
http://ccad.unc.edu.ar/
http://ccad.unc.edu.ar/
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1016/j.ssc.2008.02.024
http://dx.doi.org/10.1126/science.1157996
http://dx.doi.org/10.1021/nl0731872
http://dx.doi.org/10.1063/1.4704918
http://dx.doi.org/10.1002/adfm.200700314
http://dx.doi.org/10.1021/nl101060h
http://dx.doi.org/10.1126/science.1150878
http://dx.doi.org/10.1038/nature07919
http://dx.doi.org/10.1038/nature07872
http://dx.doi.org/10.1038/nature09211
http://dx.doi.org/10.1038/nchem.891
http://dx.doi.org/10.1021/ja000832x
http://dx.doi.org/10.1021/ja000832x
http://dx.doi.org/10.1039/b717585j
http://dx.doi.org/10.1021/ja204953k
http://dx.doi.org/10.1002/smll.201000291
http://dx.doi.org/10.1103/PhysRevB.76.245415
http://dx.doi.org/10.1515/nanoph-2012-0035
http://dx.doi.org/10.1103/PhysRevB.82.155445
http://dx.doi.org/10.1103/PhysRevB.77.235411
http://dx.doi.org/10.1103/PhysRevB.89.085310
http://dx.doi.org/10.1103/PhysRevB.83.081417
http://dx.doi.org/10.1016/j.physe.2009.12.012
http://dx.doi.org/10.1039/c2nr31354e
http://dx.doi.org/10.1021/jp506969r
http://dx.doi.org/10.1063/1.4902806
http://dx.doi.org/10.1088/1367-2630/10/10/103015
http://dx.doi.org/10.1103/PhysRevB.77.193410
http://dx.doi.org/10.1103/PhysRevB.77.193410
http://dx.doi.org/10.1088/0957-4484/23/6/065707
http://dx.doi.org/10.1088/0953-4075/44/20/205105
http://dx.doi.org/10.1021/jp105728p
http://dx.doi.org/10.1021/nn204780e
http://dx.doi.org/10.1016/j.cplett.2009.09.047
http://dx.doi.org/10.1016/j.commatsci.2008.01.044
http://dx.doi.org/10.1088/1367-2630/14/12/123012
http://dx.doi.org/10.1103/PhysRevB.81.085430
http://arxiv.org/abs/1302.0964v1
http://arxiv.org/abs/1302.0964v1
http://arxiv.org/abs/1302.0964v1
http://arxiv.org/abs/1302.0964v1
http://arxiv.org/abs/1302.0964v1
http://arxiv.org/abs/1302.0964v1
http://arxiv.org/abs/1302.0964v1
http://arxiv.org/abs/1302.0964v1
http://arxiv.org/abs/1302.0964v1
http://arxiv.org/abs/1302.0964v1
http://arxiv.org/abs/1302.0964v1
http://arxiv.org/abs/1302.0964v1
http://arxiv.org/abs/1302.0964v1
http://arxiv.org/abs/1302.0964v1
http://arxiv.org/abs/1302.0964v1
http://arxiv.org/abs/1302.0964v1
http://arxiv.org/abs/1302.0964v1
http://dx.doi.org/10.1103/PhysRevLett.99.177204
http://dx.doi.org/10.1007/s11467-014-0430-4
http://dx.doi.org/10.1103/PhysRevB.84.085423
http://dx.doi.org/10.1021/acs.jpcc.5b03531
http://dx.doi.org/10.1021/acs.jpcc.5b03531
http://dx.doi.org/10.1063/1.4706566
http://dx.doi.org/10.1021/jp503054j
http://dx.doi.org/10.1021/jp503054j
http://arxiv.org/abs/1409.2395v1
http://arxiv.org/abs/1409.2395v1
http://arxiv.org/abs/1409.2395v1
http://arxiv.org/abs/1409.2395v1
http://arxiv.org/abs/1409.2395v1
http://arxiv.org/abs/1409.2395v1
http://arxiv.org/abs/1409.2395v1
http://arxiv.org/abs/1409.2395v1
http://arxiv.org/abs/1409.2395v1
http://arxiv.org/abs/1409.2395v1
http://arxiv.org/abs/1409.2395v1
http://arxiv.org/abs/1409.2395v1
http://arxiv.org/abs/1409.2395v1
http://arxiv.org/abs/1409.2395v1
http://arxiv.org/abs/1409.2395v1
http://arxiv.org/abs/1409.2395v1
http://arxiv.org/abs/1409.2395v1
http://dx.doi.org/10.1103/PhysRevB.71.193406
http://dx.doi.org/10.1103/PhysRevB.71.193406
http://dx.doi.org/10.1103/PhysRevLett.97.216803
http://dx.doi.org/10.1021/acs.jpclett.5b01154
http://dx.doi.org/10.1103/PhysRevB.77.035411
http://dx.doi.org/10.1103/PhysRevB.77.035411
http://dx.doi.org/10.1021/jp300657k
http://dx.doi.org/10.1021/jp300657k
http://arxiv.org/abs/1208.4228v1
http://arxiv.org/abs/1208.4228v1
http://arxiv.org/abs/1208.4228v1
http://arxiv.org/abs/1208.4228v1
http://arxiv.org/abs/1208.4228v1
http://arxiv.org/abs/1208.4228v1
http://arxiv.org/abs/1208.4228v1
http://arxiv.org/abs/1208.4228v1
http://arxiv.org/abs/1208.4228v1
http://arxiv.org/abs/1208.4228v1
http://arxiv.org/abs/1208.4228v1
http://arxiv.org/abs/1208.4228v1
http://arxiv.org/abs/1208.4228v1
http://arxiv.org/abs/1208.4228v1
http://arxiv.org/abs/1208.4228v1
http://arxiv.org/abs/1208.4228v1
http://arxiv.org/abs/1208.4228v1
http://dx.doi.org/10.1021/jz300164p
http://dx.doi.org/10.1103/PhysRevB.77.041404
http://arxiv.org/abs/0706.0916v1
http://arxiv.org/abs/0706.0916v1
http://arxiv.org/abs/0706.0916v1
http://arxiv.org/abs/0706.0916v1
http://arxiv.org/abs/0706.0916v1
http://arxiv.org/abs/0706.0916v1
http://arxiv.org/abs/0706.0916v1
http://arxiv.org/abs/0706.0916v1
http://arxiv.org/abs/0706.0916v1
http://arxiv.org/abs/0706.0916v1
http://arxiv.org/abs/0706.0916v1
http://arxiv.org/abs/0706.0916v1
http://arxiv.org/abs/0706.0916v1
http://arxiv.org/abs/0706.0916v1
http://arxiv.org/abs/0706.0916v1
http://arxiv.org/abs/0706.0916v1
http://arxiv.org/abs/0706.0916v1
http://dx.doi.org/10.1021/nl0716404


224305-8 Mansilla Wettstein et al. J. Chem. Phys. 144, 224305 (2016)

53A. S. Barnard and I. K. Snook, Modell. Simul. Mater. Sci. Eng. 19, 054001
(2011).

54T. Frauenheim, G. Seifert, M. Elstner, T. Niehaus, C. Köhler, M. Amkreutz,
M. Sternberg, Z. Hajnal, A. D. Carlo, and S. Suhai, J. Phys.: Condens. Matter
14, 3015 (2002).

55H. Shi, L. Lai, I. K. Snook, and A. S. Barnard, J. Phys. Chem. C 117, 15375
(2013).

56A. Zobelli, V. Ivanovskaya, P. Wagner, I. Suarez-Martinez, A. Yaya, and
C. P. Ewels, Phys. Status Solidi B 249, 276 (2012).

57B. Aradi, B. Hourahine, and T. Frauenheim, J. Phys. Chem. A 111, 5678
(2007).

58M. Elstner, D. Porezag, G. Jungnickel, J. Elsner, M. Haugk, T. Frauenheim,
S. Suhai, and G. Seifert, Phys. Rev. B 58, 7260 (1998).

59W. L. Wang, S. Meng, and E. Kaxiras, Nano Lett. 8, 241 (2008).
60Y.-W. Son, M. L. Cohen, and S. G. Louie, Phys. Rev. Lett. 97, 216803 (2006).
61E. N. Primo, M. B. Oviedo, C. G. Sánchez, M. D. Rubianes, and G. A. Rivas,

Bioelectrochemistry 99, 8 (2014).
62C. F. A. Negre, E. M. Perassi, E. A. Coronado, and C. G. Sánchez, J. Phys.:

Condens. Matter 25, 125304 (2013).
63V. C. Fuertes, C. F. A. Negre, M. B. Oviedo, F. P. Bonafé, F. Y. Oliva, and

C. G. Sánchez, J. Phys.: Condens. Matter 25, 115304 (2013).

64M. B. Oviedo, X. Zarate, C. F. A. Negre, E. Schott, R. Arratia-Pérez, and
C. G. Sánchez, J. Phys. Chem. Lett. 3, 2548 (2012).

65C. F. A. Negre, V. C. Fuertes, M. B. Oviedo, F. Y. Oliva, and C. G. Sánchez,
J. Phys. Chem. C 116, 14748 (2012).

66C. F. A. Negre and C. G. Sánchez, Chem. Phys. Lett. 494, 255 (2010).
67M. B. Oviedo, C. F. A. Negre, and C. G. Sánchez, Phys. Chem. Chem. Phys.

12, 6706 (2010).
68C. F. A. Negre and C. G. Sánchez, J. Chem. Phys. 129, 034710 (2008).
69M. B. Oviedo and C. G. Sánchez, J. Phys. Chem. A 115, 12280 (2011).
70See supplementary material at http://dx.doi.org/10.1063/1.4953172 for

information regarding methodological details as well as evidence for
assertions in this text (π character of the excitations, number of edge
states and comparison between triplet and singlet spectra).

71C. Berger, Science 312, 1191 (2006).
72M. Zarenia, A. Chaves, G. A. Farias, and F. M. Peeters, Phys. Rev. B 84,

245403 (2011); e-print arXiv:1111.5702v1.
73M. B. Oviedo, Doctoral Dissertation, Universidad Nacional de Córdoba,

2013, URL https://drive.google.com/file/d/0B3rAXo53v07JRUlseVJrZlZ1
Znc/view.

74K. Nakada, M. Fujita, G. Dresselhaus, and M. S. Dresselhaus, Phys. Rev. B
54, 17954 (1996).

 Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  200.16.16.13 On: Thu, 16 Jun

2016 16:58:52

http://dx.doi.org/10.1088/0965-0393/19/5/054001
http://dx.doi.org/10.1088/0953-8984/14/11/313
http://dx.doi.org/10.1021/jp404200r
http://dx.doi.org/10.1002/pssb.201100630
http://dx.doi.org/10.1021/jp070186p
http://dx.doi.org/10.1103/PhysRevB.58.7260
http://dx.doi.org/10.1021/nl072548a
http://dx.doi.org/10.1103/PhysRevLett.97.216803
http://dx.doi.org/10.1016/j.bioelechem.2014.05.002
http://dx.doi.org/10.1088/0953-8984/25/12/125304
http://dx.doi.org/10.1088/0953-8984/25/12/125304
http://dx.doi.org/10.1088/0953-8984/25/11/115304
http://dx.doi.org/10.1021/jz300880d
http://dx.doi.org/10.1021/jp210248k
http://dx.doi.org/10.1016/j.cplett.2010.06.017
http://dx.doi.org/10.1039/b926051j
http://dx.doi.org/10.1063/1.2955451
http://dx.doi.org/10.1021/jp203826q
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1063/1.4953172
http://dx.doi.org/10.1126/science.1125925
http://dx.doi.org/10.1103/PhysRevB.84.245403
http://arxiv.org/abs/1111.5702v1
http://arxiv.org/abs/1111.5702v1
http://arxiv.org/abs/1111.5702v1
http://arxiv.org/abs/1111.5702v1
http://arxiv.org/abs/1111.5702v1
http://arxiv.org/abs/1111.5702v1
http://arxiv.org/abs/1111.5702v1
http://arxiv.org/abs/1111.5702v1
http://arxiv.org/abs/1111.5702v1
http://arxiv.org/abs/1111.5702v1
http://arxiv.org/abs/1111.5702v1
http://arxiv.org/abs/1111.5702v1
http://arxiv.org/abs/1111.5702v1
http://arxiv.org/abs/1111.5702v1
http://arxiv.org/abs/1111.5702v1
http://arxiv.org/abs/1111.5702v1
http://arxiv.org/abs/1111.5702v1
https://drive.google.com/file/d/0B3rAXo53v07JRUlseVJrZlZ1Znc/view
https://drive.google.com/file/d/0B3rAXo53v07JRUlseVJrZlZ1Znc/view
http://dx.doi.org/10.1103/PhysRevB.54.17954

