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It is well known that a carbon material can be either
a dielectric (diamond or C

 

60

 

 fullerite) or a semimetal
(graphite), whereas it can exhibit the properties of a
semiconductor and semimetal with a low density of
states in the case of nanotubes. New prospects related
to the preparation and characterization of individual
graphite sheets (graphenes) are being currently devel-
oped in carbon nanotechnology [1–3]. Indeed,
graphene exhibits an unusual energy spectrum with 

 

π

 

and 

 

π

 

* bands where the entire Fermi surface is degen-
erated into points at the intersection of band cones [4].
Therefore, it is a semimetal with a very small amount
of free current carriers, in which the energy is propor-
tional to the momentum rather than its square. This spe-
cial feature of a graphite sheet plays an important role
in the electronic structure of carbon nanotubes whose
conductivity type depends on the coincidence of the
allowed wave vector with the Dirac points of graphene.
Recently [3–7], graphene with single vacancies has
been theoretically studied. It has been found that a high
peak formed by valence electrons localized on a defect
appeared in the energy spectrum on the Fermi level [7].
A vacancy reduces the symmetry of the hexagonal lat-
tice of C atoms and removes the degeneracy of the
spectrum at the Dirac point. Moreover, a similar situa-
tion was observed in graphene with a chain of boundary
defects [6], as well as in the electronic structure of car-
bon nanotubes doped with nitrogen at vacancies [8].
Lehtinen et al. [9] considered the possibility of forming
defects of this kind on a graphite surface upon bom-
bardment with helium and hydrogen ions [10]. Lee
et al. [11] studied the stability of the spatial arrange-
ment of vacancies in graphene in the framework of the
molecular dynamics method. They found that defects

of this kind are very stable, and they begin to migrate
and combine only at about 3000 K. Actually, this tem-
perature is lower (~1000 K) but is also much higher
than room temperature.

In this work, we predict a considerable transforma-
tion in the spectrum of graphene in the presence of peri-
odically arranged lines of vacancies at a distance of
~1 nm from each other. The electrons localized on
vacancies are combined, and the overlapping wave-
functions of these electrons form a miniband with a
high density of states near the Fermi level: the graphene
semimetal becomes lined into quasi-one-dimensional
metallic nanowaveguides with a high density of carriers
alternating with less conductive bands.

COMPUTATIONAL APPROACH 
AND CALCULATION DETAILS

Usually, single or double graphite layers are pre-
pared on substrates [1–3]. Therefore, we chose models
in which the upper layer with vacancies was molecu-
larly bound to the lower graphite layer. The Abel–Ter-
soff–Brenner molecular dynamics method (parametri-
zation I) [12], which proved adequate in the calculation
of carbon nanostructures [13, 14], was used for struc-
ture optimization. The molecular dynamics method was
chosen based on consideration of van der Waals forces,
which play an important role in the interaction between
neighboring graphene sheets. This consideration can-
not be taken into account in the DFT–LDA method
(based on the density functional theory within the
framework of the local-density approximation), which
is commonly used for the calculation of the electronic
characteristics of carbon nanostructures. The molecular
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interaction potential was chosen in the standard 6–12
form [14].

The computation of the band structure and the den-
sities of electronic states was performed using the
OpenMX v. 2.3 program [15] within the framework of
the local density functional [16–18].

A linear combination of localized pseudoatomic
orbitals was used as a basis [19, 20]. The pseudopoten-
tial generated by the Trouillier–Martins method [21]
with partial core correction [22] was chosen as a
pseudopotential for carbon. The 

 

s

 

2

 

p

 

2

 

d

 

1 set, which was
obtained upon the optimization of the 

 

s

 

3

 

p

 

3

 

d

 

2 basis set
for a defect-free graphene sheet, was chosen as valence
orbitals. The cutoff radius of 4.5 au was chosen for
orbitals. In the numerical integration of the Poisson
equation, a cutoff energy of 150 Ry was chosen.

To obtain a band pattern, 50 

 

k

 

 points were used in
each of the high-symmetry directions. To calculate the
density of electronic states, a 16 

 

×

 

 32 

 

×

 

 1 set of 

 

k

 

 points
was used.

RESULTS AND DISCUSSION

We studied structures with various arrangements of
defects on a graphite sheet. To classify superlattices
with a simple unit cell containing only one vacancy, we
chose a set of four indices (

 

n

 

, 

 

l

 

)–(

 

m

 

, 

 

k

 

), which denote
the vectors of this superlattice in terms of the unit vec-
tors 

 

a

 

1

 

 and 

 

a

 

2

 

 of the graphite lattice with the center (0,0)
at the site of a central vacancy (an analogue of the clas-
sification of carbon nanotubes [4]). However, to clas-
sify complex structures whose cell contains other non-
equivalent vacancies, the designations of the location of
these latter can contain the indices 

 

n

 

', 

 

l

 

', 

 

m

 

', and 

 

k

 

' that
are fractional numbers multiple of 1/3 along with inte-
gers. In this case, “simple” structures have no center of
inversion (for example, in these rectangular superlat-
tices, there is no inversion with respect to the 

 

y

 

 axis
(Fig. 1a); this leads to the appearance of polarization

(an analogue of the 3D piezoelectric effect) on the
propagation of phonons in this direction). “Complex”
structures can have a center of inversion in the case of
rectangular superlattices, as exemplified in Fig. 1c.

It is extremely important that, as in the case of car-
bon nanotubes, the electronic structure of a graphite
sheet is changed under changes of the configuration of
vacancies. Thus, relatively closely spaced defects can
form an additional band near the Fermi energy, as in the
case of an individual fragment of a graphite sheet with
hydrogen atoms added at the ends [23].

The width and shape of the band under consideration
entirely depend on the mutual arrangement of defects. It
is also reasonable to expect the appearance of van Hove
singularities because of the presence of a superlattice,
which is an analogue of unrolled nanotube strips [4].
Therefore, as in nanotubes, each particular vacancy
structure corresponds to an intrinsic set of peaks in the
electronic density of states (DOS) as a fingerprint. This
fingerprint manifests itself in all optical spectroscopic
experiments (Raman spectra, luminescence, fluores-
cence, and resonance optical effects), as well as in the
studies of single-layered carbon nanotubes [4].

For simplicity, we considered the structures of rect-
angular vacancy rows where the pairs (

 

n

 

, 

 

l

 

) and (

 

m

 

, 

 

k

 

)
determine the periods of vacancies in the 

 

x

 

 and 

 

y

 

 direc-
tions, respectively, and the Brillouin zone of which is
also rectangular (see notations in Fig. 1). As can be seen
in Fig. 1, in a defect graphite structure with the indices
(5,0)–(–4,4), vacancies are closest to each other along
the 

 

x

 

 direction. Therefore, its band structure (Fig. 2a)
forms a conduction miniband in the 

 

K

 

–

 

M

 

 direction with
the width 

 

δ

 

E

 

c

 

 = 0.29 eV and a high density of electronic
states near the energy 

 

E

 

 = 0, which corresponds to the
Fermi level 

 

E

 

F

 

 (cf. Fig. 2b). It is separated from the first
unoccupied band by the gap 

 

∆

 

v

 

 = 0.23 eV and from the
nearest occupied band by the gap 

 

∆

 

c

 

 = 0.23 eV (a simi-
lar result was obtained for the structure shown in
Fig. 1c).

 

Fig. 1.

 

 Graphite planes with periodically arranged vacancies. (a) “Simple” structure (5,0)–(–4,4) with a rectangular unit cell
(framed). (b) First Brillouin zone for the chosen superlattice; 

 

a

 

1

 

 and 

 

a

 

2

 

 are the unit cell vectors of graphene. (c) View of a “complex”
structure with the same rectangular unit cell containing an additional vacancy at the site (–5/3, 10/3).
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Figure 2c shows the surface of orbitals at the 

 

k

 

 point
(0, 0.5), which characterize electron density at the
Fermi level. At this 

 

k

 

 point, the Fermi level coincides
with the high occupation molecular orbital (HOMO)
level. It can be seen that electron density at 

 

E

 

 = 

 

E

 

F

 

 is
concentrated at the “line” of vacancies (with the width
1 nm = 6

 

d

 

C–C

 

 at the period 

 

D

 

y

 

 = 12

 

d

 

C–C

 

 

 

≈

 

 2 nm; 

 

d

 

C–C

 

 

 

≈

 

0.145 nm is the distance between neighboring C
atoms), and strips between the “lines” are depleted in
current carriers. This is confirmed by the shape of the
spectrum in the 

 

Γ

 

–

 

K

 

 direction, where the repulsion of
the spectrum of defect-free graphene occurs at the
Fermi energy; therefore, a local band gap of width
1.9 eV is formed in this direction. The van Hove singu-
larities of this band gap manifest themselves as corre-
sponding great peaks in the plot of the DOS(

 

E

 

) func-
tion. In this gap, impurity levels corresponding to elec-
trons localized at “lines” are arranged, as is the case in
the localization of electrons in a superlattice with quan-
tum wells [24]. Thus, this structure can be character-
ized as a two-dimensional superlattice of alternating
metallic “lines” and semiconducting nanostrips.

Closely spaced vacancies, for example, as in the
structure (3,0)–(–3,3) in Fig. 3, lead to the interaction of
electrons localized on them in both directions. In the
spectrum (Fig. 3a), a “metallic” miniband appears in
both the 

 

Γ

 

–

 

K

 

 direction (a narrower of 0.1 eV) and the

 

K

 

–

 

M

 

 direction (a broader of 0.2 eV), although the
degeneracy at the points of intersection of 

 

π

 

 and 

 

π

 

*
bands 

 

Γ

 

, 

 

K

 

, and 

 

M

 

 is removed. The partial localization
of the orbitals of vacancies most distant from each other
along the 

 

x

 

 direction is retained; this manifests itself in
the appearance of two levels in the 

 

Γ

 

–

 

K

 

 region. They
and their extension to the 

 

K

 

–

 

M

 

 region contribute to
strong van Hove peaks in DOS at energies of 0.69 and
–1.18 eV (Fig. 3b). The DOS(

 

E

 

) function shows that, in
spite of its peak character, no band gaps appear in the
spectrum and, on the average, it reproduces the relation
for a defect-free graphite sheet. It can be seen in Fig. 3c
that, in this case, the electron density at 

 

E

 

 = 

 

E

 

F

 

 is con-
centrated at vacancy “lines” of width 

 

≈

 

1 nm, whereas
sites between the “lines” are depleted.

Based on Figs. 2 and 3, we can conclude that the
behavior of bands in the spectra of (

 

n

 

, 

 

l

 

)–(

 

m

 

, 

 

k

 

) vacancy
structures obeys a simple law: if the index difference
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Fig. 2.

 

 (a) Band structure and (b) density of electronic states for (solid line) the structure (5,0)–(–4,4) and (dashed line) a defect-
free graphite sheet. The Fermi energy was taken as zero. Figure 1a shows the view of the structure. (c) HOMO-level orbitals at the
k point (0, 0.5) of the Brillouin zone (cutoff value of 0.01): dark and bright figures correspond to unlike signs of the wavefunction.
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Fig. 3. (a) Band structure and (b) density of electronic states for (solid line) the structure (3,0)–(–3,3) and (dashed line) a defect-
free graphite sheet. The insert shows the view of the structure. The Fermi energy was taken as zero. (c) HOMO-level orbitals at the
k point (0.5, 0) of the Brillouin zone (cutoff value of 0.01): dark and bright figures correspond to unlike signs of the wavefunction.
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|n – l | (|m – k |) is not a number divisible by 3, a band gap
appears in the Γ–K (M–K) direction (similarly to the
case of an (n, m) carbon nanotube, which exhibits
metallic properties if the difference of its indices is a
multiple of 3 or semiconducting properties in any other
case [4]).

It is reasonable to expect that an individual vacancy
“line,” which can be considered as a metallic nano-
waveguide on a semimetallic graphene plane, will
exhibit a high degree of metallicity. In this context, the
question arises as to how it will manifest itself in its
physical properties. The high conductivity of “lines”
and DOS peaks will be detected in measurements by
scanning tunneling microscopy and spectroscopy (for
example, cf. [24, 25]). The same waveguide can serve
as a spin waveguide, because an unpaired spin remains
on a vacancy, and vacancies can result in the formation
of magnetic moments over a considerably large area [5,
6, 9]. For example, the interaction of these spins on
vacancies even at sufficiently large distances of ~1 nm
can explain magnetism in purely carbon systems, for
example, in polymerized fullerites [26].

It is most likely that magnetism can be suppressed
by doping with nitrogen at vacancies, as considered for
nanotubes [8], without considerably changing the
degree of metallicity of vacancy nanowaveguides.
Then, a phase transition to a superconducting state can
occur in the above nanowaveguides at low tempera-
tures, and a superlattice of superconducting nanostrips
can be obtained on graphene. It is most likely that a
change in the phonon spectrum, which exhibits the
waveguide properties of the structure, will influence
thermal and electron–phonon effects in the vacancy
superlattice on graphene. We will consider these situa-
tions in the future.

Thus, in this work, we found that, in the develop-
ment of a structure of periodically closely spaced mon-
atomic vacancies on a graphite sheet, a self-doping
effect occurs in vacancy-free graphene: a charge redis-
tribution between lattice atoms and defects, in which
quasi-homogeneous vacancy “lines” become metallic
with a high density of carriers.

For example, such vacancy superlattices and nano-
waveguides on graphene will be produced by knocking
out carbon atoms point by point using the tip of a scan-
ning tunneling microscope as an electron-beam nano-
source (incidentally, the tip of a carbon nanotube can
play this role [4]). We found that the use of defect
“lined” metallic structures based on graphene in new
electronic and spintronic nanodevices is promising.
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