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ABSTRACT: The electronic structure of diamane, a novel material of ultrathin hydrogenated
diamond, is investigated using density-functional-theory based calculations. Focus is given on
how defects and dopants can be used to tune the electronic properties of diamane ﬁlms. We
use boron, nitrogen, and sulfur atoms as dopants and focus also on nitrogen-vacancy defects in
diamane, for which we consider diﬀerent charged states. Our main focus is to quantify the
eﬀect of both dopants and defects and the way these modify the electronic properties of pure
diamane ﬁlms. This eﬀect is analyzed in detail with respect to the changes in the localization of
the electrons around the doped or defect site. The structural diﬀerences in all diamane ﬁlms
considered are investigated and mapped to their electronic properties. The results provided in
this work underline the strong diﬀerence of the properties of diamane ﬁlms compared to bulk
diamond and should have implications in various potential nanoelectronics applications.

I. INTRODUCTION
Carbon-like nanostructures of diﬀerent kinds are thoroughly
investigated for the variety of applications these can oﬀer due to
their ability to form sp1, sp2, or sp3-bonded networks. In the last
25 years a variety of carbon-based nanomaterials have been
characterized, such as carbon nanotubes,1 fullerenes,2 diamondoids,3 or graphene.4 Recent studies have turned into variations
in the graphene structure including hydrogens or sp3 bonding
as in graphane, a two-dimensional layer including carbon and
hydrogen atoms.5,6 Graphane or better graphene is considered
as a template for building ultrathin diamond sheets7 with
exceptional electronic, optical, mechanical, and thermal properties for novel applications.
A candidate for such a structure is a very thin hydrogenated
carbon ﬁlm, 2−3 layers thick, which is based on bilayer
graphene and includes hybrid sp2−sp3 bonds between graphene
layers. A number of studies use diﬀerent names for the same
nanoﬁlm, a family of carbon-based nanostructures: diamane,8
bilayer graphane,9 interlayer-bonded bilayer graphene,10,11
hydrogenated few-layer graphene,12 and hydrogenated bilayer
graphene.13
Diamane is believed to have properties quite diﬀerent than
those of bulk diamond. Controlling the number of layers in
diamane increases its formation energy14 and can tune their
properties.12 Diamane was found to be much more stable than
graphane, with a narrower bandgap compared to that of bulk
diamond and graphane.8 This band gap can be precisely tuned
by selectively choosing the size of the embedded diamond
nanodomain10 and a transition from a semiconducting to
metallic state can be observed.13 Along the same lines, the
choice of the functionalizing agent in the chemisorption process
of carbon nanostructures can be used for a precise tuning of the
properties of the resulting nanoﬁlms.11 Compared to graphane
and graphene, diamane is harder and more brittle.8 The
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mechanical properties can be tuned by controlling the fraction
of sp3-hybridized C−C bonds in the material.15The electrical
conductivity of hydrogenated diamond ﬁlms can additionally be
tuned by the absorption of chemical species.16
The production of diamane ﬁlms is intuitively expected17 as
the transition barrier of a few layer graphene hydrogenation is
very low.12 It has also been theoretically shown that
overlapping ends of graphene or graphane ribbons can lead
to stable diamane ﬁlms.18 Along these lines, experimental
indication of diamane has been found in the literature. A
comparison of theoretical and experimental data reveals that an
increase in the intensity of the D band in the Raman spectra of
hydrogenated graphene could be indicative of the presence of
diamane parts in the resulting structures.14,19 Synthesis of
continuous nanocrystalline diamond ﬁlms on substrates also
indicates diamane formation.20 Recently, the conversion of
multilayer graphene into ultrathin sp3-bonded carbon ﬁlms on
metal surfaces was also reported.21
Diamane ﬁlms can potentially be synthesized in a way similar
to that for obtaining graphane ﬁlms or to that of highly
ﬂuorinated graphite ﬁlms including sp2 and sp3 carbon atoms.22
The absorption of hydrogen atoms on the outer layers of
multilayered graphite transforms the sp2 atoms into sp3 ones
due to the depletion of electrons on the outer layers.14 The
hydrogen atoms stabilize the ﬁlm, while their absence renders
the bilayer diamond ﬁlm unstable which instead becomes a
bilayer graphene ﬁlm.23 Additional experimental evindence of
interlinked graphane ﬁlms has been reported, by using
femtosecond laser excitation of graphite,24 through hydrogen
adsorption in few-layer supported graphene,25 or by chemically
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theoretical positively charged defect center is modeled here as a
comparison. The ideal diamane structure is generated from a
two-layer diamond structure, which was hydrogen passivated,
i.e., hydrogen atoms attach to both the outer surfaces of
diamane. We use one stacking sequence, namely AB.18 We do
not consider the AA stacking or 3 layers stacking sequences of
diamane. We are interested in providing a proof of principles of
the eﬀect of dopants and defects on diamane rather than an
extended study of all of the possible atomic arrangements. In
this sense, considering additional stacking sequences or more
layers does not necessarily add more information neither is it
expected to alter qualitatively the results. Diﬀerent views of the
ideal diamane thin ﬁlm taken as a starting point for this
investigation are shown in Figure 1 together with the frontier

modifying and defect manipulation in chemically modiﬁed
graphene.26 Diamane ﬁlms could lead to a number of
applications, speciﬁcally in nanoelectronics, as active layer
media in lasers, as optical waveguides, as mechanically stiﬀ
elements in nanoelectronics, as chemical nanosensors, or as a
nanometer thin dielectric in nanocapacitors, the properties of
which can be tuned through doping.11,14,18
Within the spirit of such applications, in this work, we focus
on ideal and doped diamane ﬁlms. Our aim is to investigate
how the structural and electronic properties of diamane ﬁlms
are modiﬁed through doping and the presence of defects. We
are interested in boron, nitrogen, and sulfur doped diamane
ﬁlms as well as nitrogen vacancy centers in diamane. Boron and
nitrogen are the most common dopant atoms found in
diamond, while nitrogen-vacancy defects in diamonds are
widely investigated as possible qubits27 or for nanomagnetic
resonance imaging (nano-MRI). 28 Sulfur is chosen to
investigate the eﬀects of a large size mismatch between the
dopant and the host atom. In the following, we will show
quantitatively and qualitatively how the bonding environment
in diamane allows the selective tuning of the electronic
structure of the diamane ﬁlm. This understanding can pave
the way for realizing diamane applications. This paper is
organized as follows: in section II we present the details of the
simulations carried out in this work, as well as the speciﬁc
materials we have modeled, in section III we analyze the results,
and we conclude in section IV.

II. COMPUTATIONAL DETAILS
We use density functional theory (DFT)29,30 within the local
spin density approximation (DFT-LSDA) of Ceperley-Alder.31
LSDA was chosen against the local density approximation
(LDA) to better approximate the spin component in the
nitrogen vacancy defects in diamane. The parametrization used
is provided by Perdew and Zunger.32 The geometries of the
defect and doped diamane structures considered here are
optimized with SIESTA.33 The nonlocal, smooth, normconserving pseudopotentials of Troullier-Martins34 are used
to eliminate the core electrons from the calculation and to
produce a smoother valence charge density. The valence
electrons in SIESTA are described using the linear combination
of atomic orbitals approximation. The high level split-valence
double-ζ basis set with polarization functions for all of the
atoms considered here was applied. In our calculations no
symmetry restriction was applied. We use computational
parameters (number of orbitals in basis, grid spacing, etc.)
that ensure a high level of convergence. All of the atoms were
allowed to relax until the magnitude of the calculated forces was
smaller than 0.01 eV. The Γ-point was used for the Brillouin
zone sampling. We have previously shown that this methodology is reliable in providing electronic properties for similar
defects in diamond-like structures.35
1. Simulated Diamane Structures. In this work, we have
considered the following diamane structures and calculated
their structural and electronic properties: (i) ideal with no
defects or dopants (“diam” in the following), (ii) doped with
nitrogen (“N-diam”), (iii) doped with boron (“B-diam”), (iv)
doped with sulfur (“S-diam”), (v) including a nitrogen-vacancy
defect (“NV-diam”), and (vi) a vacancy (“vac-diam”). For case
(v), the nitrogen vacancy center in diamane, we considered
three charged states: negative (NV−), neutral (NV0), and
positive (NV+). The former two defect centers can be found in
bulk diamond and used in practical applications.36−39 The

Figure 1. Diamane structure: (a) side and (b) top view of the twodimensional inﬁnite ideal 2-layer ﬁlm. In panel c the ﬁrst and second
nearest neighbors of a carbon atom in the diamane structure are
depicted. The labeling corresponds to the bond-length calculations
discussed in the text and summarized in Table 1. In panel c the
HOMO (blue) and LUMO (red) orbitals are also shown.

orbitals, i.e., the orbitals at the either edges of the energy
bandgap. We denote these orbitals as the highest occupied and
lowest unoccupied molecular orbital, HOMO and LUMO,
respectively. Due to the two-dimensional nature of the diamane
ﬁlm we prefer to use the concept of these molecular orbitals
rather than the terms “conduction” and “valence band energy
levels”. The pseudomolecule in the present case are the dopant
and defect sites.

III. RESULTS AND DISCUSSION
A. Doped Diamane. 1. Structural Analysis. All structures
were relaxed according to the methodology described in section
II. We ﬁrst evaluate the amount of distortion in the diamane
ﬁlms, through the change in the bonding environment.
Quantitatively this is presented in Table 1. The bond lengths
(ri,jb ) are given for the ﬁrst and second nearest neighbors j of a
carbon atom i, where i and j correspond to the labeling of the
atoms in Figure 1. The carbon−hydrogen bond length is also
given and is similar for all three carbon atoms close to the
surface bonded to hydrogen atoms. Carbon atom labeled “1” in
Figure 1 is the one which is replaced with a dopant atom (for
the doped diamane) or with nitrogen in the case of the NV
centers. In the latter case, the carbon site labeled “2” is left
vacant to form the nitrogen-vacancy center. In the following the
labels of the atoms refer to the labeling given in Figure 1.
We have found the following trends: in ideal diamane, all the
bond lenghs and angles are close to those in crystalline bulk
B
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Table 1. Bond Lengths (in Å), the HOMO-LUMO Gap Eg (in eV), and the Relative Diﬀerence (in %) of this Gap with Respect
to That of the Ideal Diamane Film (E0g) for Diﬀerent Diamane Films
structure

r(1,2)
b

r(1,3)
b

r(1,4)
b

r(15)
b

r(CH)
b

Eg

ΔEg/E0g

diam
N-diam
B-diam
S-diam
NV0-diam
NV−-diam
NV+-diam
vac-diam

1.550
1.554
1.613
2.901

1.534
1.523
1.620
1.793
1.452
1.447
1.458
1.536

1.532
1.523
1.620
1.792
1.457
1.447
1.457
1.624

1.533
1.523
1.563
1.792
1.452
1.447
1.459
1.536

1.126
1.136
1.130
1.130
1.144
1.151
1.140
1.117

4.05
3.99
3.71
1.40
0.67
0.61
0.95
1.40

1.5
8.4
65.4
83.4
84.9
76.5
65.4

diamond. The nearest-neighbor distance of the hydrogen atoms
(for example the hydrogen atoms bonded to carbon atoms “3”
and “4”) is 2.522 Å. In nitrogen-doped diamane (N-diam), the
bond lengths reduce about 1%. However, in “N-diam” the
nitrogen next nearest neighboring hydrogen atoms are tilted a
bit toward each other, reducing their distance to 2.33 Å, a
decrease of about 7%, induced by the presence of the nitrogen
dopant. We did not see this tilting of the hydrogen atoms when
the diamane ﬁlm was doped with boron, probably due to the
smaller size of boron which imposes less distortion into the
diamane lattice. A considerable diﬀerence is evident for S-diam.
As opposed to the case of the boron and nitrogen doped
diamane, the sulfur atom does not match optimally into the
diamond lattice. Substituting a carbon with a sulfur atom is
energetically not favorable, the size mismatch of the host and
dopant atom is signiﬁcant, and the sulfur atom is expelled from
the inner part of the diamond lattice and is stabilized at a
distance of about 2.9 Å from carbon atom “2” (in Figure 1).
Once it is stabilized at this distance it becomes 3-fold
coordinated with a bond distance increased by 16% and 26%
compared to a 4-fold (sp3) and a 3-fold (sp2) carbon−carbon
bond, respectively.
2. Electronic Structure. As complementary information on
the diﬀerent doped diamane ﬁlms, we turn to their electronic
structure. The charged densities and frontier orbitals are
depicted in Figures 2 and 3, respectively. We should ﬁrst

Figure 3. Frontier (HOMO and LUMO in blue and red, respectively)
orbitals of the modiﬁed diamane structures: (a) vac-diam, (b) N-diam,
(c) B-diam, and (d) S-diam. For clarity, diﬀerent views (along (001)
and (100)) are shown for the diﬀerent ﬁlms.

graphic directions, this behavior changes considerably when a
vacancy is formed or the ﬁlm is doped with an atom (like S)
with a large size mismatch compared to the carbon atom. It is
clearly seen in the charge density contours of Figure 2 that the
symmetry of the ideal diamane ﬁlm (as well as the nitrogen and
boron doped diamane ﬁlms) is broken in the vac-diam and Sdiam structures. The electrons are localized at the surface, and
there is no charge transfer from one surface layer to the other
around the dopant (or vacant) site.
This behavior can also be viewed through the frontier
orbitals, HOMO and LUMO, respectively in Figure 3. In this
ﬁgure, diﬀerent views of the diamane ﬁlm are shown for the
diﬀerent cases for clarity. The HOMO and LUMO orbitals are
localized around the dopant or vacant site in the case of vacdiam and S-diam. On the other hand, in the nitrogen and boron
doped diamane ﬁlms, the HOMO orbitals are spread out along
the diamane ﬁlm and reside on the carbon atoms. The LUMO
orbitals are localized close to the dopant site and involve also
the hydrogen atoms.
We have also looked at the electronic energy levels in the
diamane ﬁlms and visualize these in Figure 4. For all diamane
ﬁlms, the Fermi energy was shifted to zero to allow for
comparison. Our simulations show that the ideal diamane ﬁlm
has a double degenerate HOMO level and a single LUMO level
forming a wide gap of 4.05 eV. Removing a carbon atom and
forming a vacancy leads to a shift of the energy states toward
the Fermi level. The degeneracy of the HOMO level in the
ideal diamane ﬁlms is broken and one of the degenerate level is
shifted above the Fermi level and is transformed into the
LUMO state. The LUMO level of the ideal diamane is now

Figure 2. Charge density of the defect diamane structures: (a) vacdiam, (b) N-diam, (c) B-diam, and (d) S-diameter. The contour
surfaces are shown along (100).

underline the signiﬁcant diﬀerence between vac-diam and Sdiam as compared to the nitrogen and boron doped diamane.
In the latter two cases the electron distribution is slightly
altered by the substitution of the carbon atom. The electron
charge contours resemble those for the ideal diamane ﬁlm with
a small modiﬁcation around the dopant site, denoting the
addition (in the case of nitrogen) and subtraction (in the case
of boron) of one electron from that site with respect to ideal
diamane. Note that, in both these cases, the dopant atoms are
close in size to the carbon atom. Along the same crystalloC
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absolute values. The trends of the band gaps are very well
captured even with LDA. Accordingly, the trends show that the
energy gap of the nitrogen and boron doped diamane is close to
the ideal diamane. This is a result of the fact that the HOMO
and LUMO states are distributed along the diamane ﬁlm in a
similar manner as in pure diamane (see Figure 3). The same
holds for the charge density, as discussed above. In vac-diam
and S-diam, the gap reduces about 60% with respect to ideal
diamane, again mapping the fact that both the charge densities
as well as the frontier orbitals in these cases deviate
signiﬁcantly, around the dopant or vacant site, from those in
pure diamane ﬁlms. Note, that the energy gap for vac-diam and
S-diam is almost identical within the error. This is guided by
the fact that the electrons are localized in an analogous manner
and the qualitative picture of the charge densities and frontier
orbitals in these doped diamane ﬁlms are very similar as
discussed above and justiﬁed through the respective ﬁgures.
B. Nitrogen Vacancy Defect Centers. We next focus on
diﬀerent nitrogen vacancy centers in diamane ﬁlms as
mentioned in section II. The diﬀerence among these centers
rely only on their charged state, i.e., negative, positive, and
neutral NV centers. Initially, i.e., before relaxation, in all three
cases the defect center was at the same site in the ﬁlms. We
begin our analysis with the charge densities shown in Figure 6

Figure 4. Electronic energy levels for all doped and defect diamane
structures studied in this work. The notation in the legends refers to
the diﬀerent diamane ﬁlms.

shifted further away from the Fermi level together with all the
unoccupied orbitals.
The doped diamane ﬁlms show a counterintuitive behavior.
We ﬁrst observe that doping diamane with nitrogen, lowers
both the HOMO and LUMO levels. n-doping, though, is
expected to set the HOMO levels higher as more electrons are
available. As opposed to this, doping with boron sets both the
HOMO and LUMO states higher as in pure diamane. This is
again not expected as p-doping should lower the LUMO level
due to the fewer electrons that can move more freely. Sulfurdoped diamane, though, shows a behavior of an n-doped
material, as the HOMO level is set higher, but simultaneously
the LUMO levels are lowered with respect to ideal diamane.
We are still investigating these issues but believe that this
behavior might be related to the two-dimensional nature of the
diamane ﬁlms where the electrons are restricted to move along
two directions only. The electronic density of states (eDOS) is
depicted in Figure 5 and shows again the behavior described
above, with the states in the doped diamane ﬁlms ﬁlling the
energy gap of pure diamane.
We have also computed the HOMO−LUMO energy gap
(Eg) which is given in Table 1. We compute these gaps within
LDA; thus, there is an inherent error in the values of the energy
gaps. However, here we are interested in trends and not in

Figure 6. Charge densities of the negative (NV−) defect center in
diamane. The charge density contour planes are shown along (a)
(100), (b) (010), and (c and d) (001). In panel c the contour plane
crosses the nitrogen site, whereas in panel d the plane crosses the
vacancy site.

for the NV− defect in diamane. Similarly to the vac-diam
discussed in the previous section, the symmetry in ideal
diamane ﬁlms is broken and the electrons become localized
around the defect center, as shown through the charge densities
along diﬀerent orientations of the diamane ﬁlms in the ﬁgure.
Speciﬁcally a view along the [001] direction of a contour plane
passing through the vacancy site reveals the C3v symmetry of
the defect, similarly to the NV− centers in bulk diamond.35 The
picture is qualitatively similar for all charged states of the NV
defects in diamane considered here.
The HOMO and LUMO states in Figure 7 denote that there
are important diﬀerences in the distribution of the electrons
and the available electronic levels among the charged states of
the NV centers in diamane. First, in all three charged cases, the
HOMO state is associated with the defect center and is
localized on neighboring carbon atoms. In the NV−1 diamane,
the HOMO state was found to have important contribution
further away from the defect center (thus not evident in the
part of the structure selected for the ﬁgure). Note, that the
negatively charged NV center in diamane has a spin 1
component, and the LSDA calculations give diﬀerent
contributions in the distribution of the frontier orbitals for
both spin components as depicted in Figure 8 in blue and silver,

Figure 5. Electronic densities of states (eDOS) for all doped and
defect diamane structures studied in this work. The notation in the
legends refer to the speciﬁc structures. The Fermi level is set at 0 eV.
D
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summarized in Table 1. The band gaps have dropped more
than 75% with respect to ideal diamane.
In the neutral defect, the HOMO-1 level of ideal diamane is
split into two states, one of which has been shifted above the
Fermi energy, being the LUMO level of the neutral defect and
the other is the HOMO level. The latter, though, for this defect
is now much closer to the Fermi energy. In the negatively
charged defect, NV−1, one of the HOMO-1 states of the ideal
diamane remains the HOMO level for the defect and the same
holds for the LUMO level of ideal diamane which is the LUMO
level in this defect but lowered with respect to the Fermi
energy. We observe the opposite trend in the other two defects,
NV0 and NV+1, for which all unoccupied levels have been
shifted away from the Fermi surface. In all cases, the presence
of the vacancy ﬁlls up the energy gap of the ideal diamane with
electronic states, as can also be seen in the eDOS depicted in
Figure 5.

Figure 7. Frontier (HOMO and LUMO in blue and red, respectively)
orbitals of the NV defect centers in diamane. Results are shown for
one spin component and all of the charged states considered here, as
denoted by the labels. The orbitals are shown along (001).

IV. SUMMARY AND CONCLUSIONS
In summary, we have used density-functional-theory based
simulations to investigate the electronic structure of doped and
defected ultrathin diamond ﬁlms. We have analyzed the frontier
orbitals in all these ﬁlms, which are associated with localized or
nonlocalized electrons and the ability of the electrons to pass
over the HOMO−LUMO gap. As a general remark, adding
dopants or defects closes the energy gap of ideal diamane ﬁlms
as these provide available electronic states within that gap. The
amount of band gap reduction is associated to the chosen
dopant or the charge state of the NV defect. In this respect, it
can be tuned as desired through an appropriate choice of these
factors.
We have also observed that adding a dopant with a large size
mismatch to the lattice, such as the sulfur atom leads to a
tendency to stabilize this atom at the surface and away from the
center of the nanoﬁlm. Accordingly, this atom can be released
again under certain conditions. This results also in a localization
of the electrons around the dopant site, which is not evident
when there is no size mismatch between the dopant and the
host atoms, as shown in the case of nitrogen and boron doping
of diamane. Finally, we have also analyzed the shifts of the
occupied and unoccupied electronic levels for all doped and
defected diamane ﬁlms with respect to the electronic structure
of the pure diamane ﬁlms.
Our aim in this work was to tune the electronic properties of
diamane through the addition of dopants and defects. We have
shown, that this is possible by choosing the optimum dopants/
defects. In this respect, our investigation is relevant to potential
applications of diamane ﬁlms in nanoelectronics. Most
importantly, NV centers in diamane could be proven to be
much more eﬃcient than NV centers in bulk diamond in nanoMRI applications. The spins of these NV centers being very
close to the surface might be easier to manipulate in the twodimensional ﬁlms rather than in a three-dimensional crystal.
Doping could tune the properties of diamane as a thin
dielectric, as an active layer medium in lasers or as a
nanosensor, to name a few. Once these ﬁlms have been
characterized and their large-scale production becomes
possible, then realizing the results of our work should be
straightforward.

Figure 8. Frontier (HOMO and LUMO in blue and red, respectively)
orbitals of the negative (NV−) defect center in diamane. Results are
shown for both spin components for the (a) HOMO and (b) LUMO
states. The down components are shown in silver. The structures are
shown along the (001).

respectively. As realized through this ﬁgure for one of the spin
components, the LUMO state is also associated with the defect
center. The situation is similar in the neutral defect, for which
the LUMO is more pronounced and is associated with the
surface carbon atoms and the carbon atom at a lower layer. This
carbon atom is located at the mid point between the surface
atoms. The situation changes in the positively charged defect in
which both HOMO and LUMO states are strictly localized
around the defect.
In accordance with the analysis presented for the doped
diamane ﬁlms, we visualize the available electronic levels in the
diamane ﬁlms including a nitrogen vacancy defect. The results
are shown in Figure 4. We observe the following trends with
respect to the ideal diamane ﬁlms: for all three charged states,
the degeneracy of the HOMO levels is broken and all occupied
levels are shifted toward the Fermi surface. Both HOMO-1 and
HOMO-2 states of the ideal diamane are now nondegenerate.
(As HOMO-1 we deﬁne the highest occupied molecular orbital
and as HOMO-2 the one below that; both of them being
double degenerate in the ideal diamane structure.) The shift of
the HOMO levels, for all charged states, is more pronounced in
the positive defect center. In that case, HOMO-1 of the ideal
diamane is now shifted above the Fermi level and has taken the
place of the LUMO level for the NV+1 diamane, for which again
the degeneracy of the HOMO-1 level of ideal diamane is
broken. The HOMO−LUMO energy gaps (Eg) for the
diﬀerent charged states of the NV centers in diamane are

■

AUTHOR INFORMATION

Notes

The authors declare no competing ﬁnancial interest.
E

dx.doi.org/10.1021/jp407356u | J. Phys. Chem. C XXXX, XXX, XXX−XXX

The Journal of Physical Chemistry C

■

Article

(34) Troullier, N.; Martins, J. L. Phys. Rev. B 1991, 43, 8861−8869.
(35) Gali, A.; Fyta, M.; Kaxiras, E. Phys. Rev. B 2008, 77, 155206.
(36) Davies, G.; Hamer, M. F.; Proc, R. Soc. London, Ser. A 1976, 348,
285−298.
(37) Doherty, M. W.; Manson, N. B.; Delaney, P.; Jelezko, F.;
Wrachtrup, J.; Hollenberg, L. C. L. Phys. Rep. 2013, 528, 1−45.
(38) Davies, G.; Lawson, S. C.; Collins, A. T.; Mainwood, A.; Sharp,
S. J. Phys. Rev. B 1992, 46, 13157−13170.
(39) Gali, A. Phys. Rev. B 2009, 79, 235210.

ACKNOWLEDGMENTS
The author acknowledges support from the German Funding
Agency (Deutsche Forschungsgemeinschaft-DFG) as part of
the collaborative network SFB 716 “Dynamic simulation of
systems with large particle numbers” (“Dynamische Simulation
von Systemen mit großen Teilchenzahlen”).

■

REFERENCES

(1) Iijima, S. Nature 1991, 354, 56−58.
(2) Kroto, H. W.; Heath, J. R.; O’Brien, S. C.; Curl, R. F.; Smalley, R.
E. Nature 1985, 318, 162−163.
(3) Dahl, J. E.; Liu, S. G.; Carlson, R. M. K. Science 2003, 299, 96−99.
(4) Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Zhang,
Y.; Dubonos, S. V.; Grigorieva, I. V.; Firsov, A. A. Science 2004, 306,
666−669.
(5) Sluiter, M. H. F.; Kawazoe, Y. Phys. Rev. B 2003, 68, 085410.
(6) Sofo, J. O.; Chaudhari, A. S.; Barber, G. D. Phys. Rev. B 2007, 75,
153401.
(7) Ruoff, R. S. MRS Bull. 2012, 37, 1314−1318.
(8) Chernozatonskii, L. A.; Sorokin, P. B.; Kvashnin, A. G.; Kvashnin,
D. G. JETP Lett. 2009, 90, 134−138.
(9) Leenaerts, O.; Partoens, B.; Peeters, F. M. Phys. Rev. B 2009, 80,
245422.
(10) Muniz, A. R.; Maroudas, D. Phys. Rev. B 2013, 86, 075404.
(11) Muniz, A. R.; Maroudas, D. J. Phys. Chem. C 2013, 117, 7315−
7325.
(12) Zhu, L.; Hu, H.; Chen, Q.; Wang, S.; Wang, J.; Ding, F.
Nanotechnology 2011, 22, 185202.
(13) Samarakoon, D. K.; Wang, X. Q. ACS Nano 2010, 4, 4126−
4130.
(14) Chernozatonskii, L. A.; Sorokin, P. B.; Kuzubov, A. A.; Sorokin,
B. P.; Kvashnin, A. G.; Kvashnin, D. G.; Avramov, P. V.; Yakobson, B.
I. J. Phys. Chem. C 2011, 115, 132−136.
(15) Machado, A. S.; Maroudas, D.; Muniz, A. R. Appl. Phys. Lett.
2013, 103, 013113.
(16) Andriotis, A. N.; Mpourmpakis, G.; Richter, E.; Menon, M. Phys.
Rev. Lett. 2008, 100, 106801.
(17) Ruoff, R. Nature 2012, 483, S42.
(18) Chernozatonskii, L. A.; Mavrin, B. N.; Sorokin, P. B. Phys. Status
Solidi B 2012, 249, 1550−1554.
(19) Luo, Z.; Yu, T.; Kim, K. J.; Ni, Z.; You, Y.; Lim, S.; Shen, Z.;
Wang, S.; Lin, J. Z. ACS Nano 2009, 3, 1781−1788.
(20) Tsugawa, K.; Ishihara, M.; Kim, J.; Koga, Y.; Hasegawa, M. J.
Phys. Chem C 2010, 114, 3822−3824.
(21) Odkhuu, D.; Shin, D.; Ruoﬀ, R. S.; Park, N. Condens. Mater.
2013, arXiv:1309.3127 .
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