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Symmetry-induced band-gap opening in graphene superlattices
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We study nXn honeycomb superlattices of defects in graphene. The considered defects are missing p,
orbitals and can be realized by either introducing C atom vacancies or chemically binding simple atomic
species at the given sites. Using symmetry arguments and electronic-structure calculations we show that it is
possible to open a band gap without breaking graphene point symmetry. This has the advantage that new Dirac
cones appear right close to the gapped region. We find that the induced gaps have an approximate square-root
dependence on the defect concentration x=1/1? and compare favorably with those found in nanoribbons at the

same length scale.
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I. INTRODUCTION

The recent isolation of graphene,! the one atom-thick
layer of carbon atoms arranged in a honeycomb lattice, has
triggered a wealth of studies in both fundamental and applied
science. Graphene is a zero-gap semiconductor in which the
valence and the conduction bands touch at the two inequiva-
lent corners of the hexagonal Brillouin zone (BZ) (the so-
called Dirac points). Its low-energy excitations experience a
linear-energy dispersion and thus mimic the behavior of rela-
tivistic massless fermions.>= This gives rise to a number of
interesting phenomena such as an anomalous quantum Hall
effect>’ and quasirelativistic Klein tunneling.® From a prac-
tical point of view, its unconventional properties with ballis-
tic transport on a micrometer scale’ and with carrier mobili-
ties up to 2X 10° cm? V~! s7! (Ref. 8) offer the possibility
of high-performance interconnects in a hypothetical carbon-
based nanoelectronics. However, since conductivity cannot
be turned completely off, pristine graphene cannot be used as
a transistor in logic applications, where high on/off ratios are
required.”!'? Field-switching capabilities depend on the pres-
ence and size of a band gap in the electronic structure.

Within the realm of single-layer graphene physics, elec-
tron confinement (such that occurring when rolling up
graphene into single-walled nanotubes or cutting its edges to
form nanoribbons) is the most effective way to open a gap in
the band structure. In this case one partially breaks transla-
tional symmetry and let the two Dirac points hybridize,
thereby opening a gap whose size is inversely proportional to
the confinement length. This possibility has already been ex-
ploited and promising carbon nanotube/nanoribbon field-
effect transistors realized.’ Alternatively, one can break the
point symmetry by rendering inequivalent the two sublattices
of which graphene is made, thus turning the massless exci-
tations into massive (relativistic) pseudoparticles.!! This
could be the source of the gap observed in a recent angle-
resolved photoemission study of epitaxial graphene on a SiC
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substrate,'>!3 though different explanations are possible.!+!

In this work we explore a different possibility made avail-
able by recent progresses in patterning graphene with litho-
graphic techniques.'®! Specifically, we study n X n honey-
comb superlattices of defects on graphene (defined to be
periodic structures of defects arranged to form a honeycomb-
lattice commensurate with the substrate) and use symmetry
arguments to design semiconducting structures. The consid-
ered defects are missing p, orbitals and can be realized by
either introducing C atom vacancies or chemically binding
simple atomic species at the given sites. Differently from
previous investigations of patterned graphene (see, e.g.,
Refs. 20 and 21 and the closely related study in Ref. 22), we
show that a gap can be opened in this way without breaking
graphene point symmetry. This implies that degeneracy may
still occur in the valence (conduction) bands at the high-
symmetry points in k space and, in that case, a k-linear struc-
ture close to these points is expected, i.e., new Dirac cones
can be anticipated. These are similar to some extent to what
has been theoretically suggested?>?’ and experimentally
found?® in a different kind of superlattices, namely, those
obtained by subjecting graphene to an external periodic
potential.

We estimate that the gap size in the proposed structures
has an approximate inverse proportionality to the (super)lat-
tice constant n and use tight-binding (TB) and first-principles
calculations to validate these predictions. We show that new
chiral, Dirac fermions are generated right close to the band
edges and that their velocity depends linearly on 1/n. The
computed gaps are sizable and compare favorably with those
found in nanoribbons at the same length scale,?® thereby sug-
gesting that the proposed structures have good field-
switching capabilities. In addition, the preserved pseudorela-
tivistic behavior of the charge carriers for energies beyond
the gap may be important for all-carbon nanodevices work-
ing in the coherent-transport regime. In the case of similar
graphene p-n junctions, for instance, intriguing phenomena
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FIG. 1. (Color online) (a) The simplest symmetrically defective superlattice for n=4 [the (4,0) honeycomb]. Also indicated the two halves
of the cell («,B), their centers I,,lg (red balls) and one of the triangles A, ,. A defect is a missing p, orbital at I,,/5. (b) The (14,0)
honeycomb along with the superlattice vectors (blue arrows) and its Wigner-Seitz supercell (red lines).

such as electron focusing have already been suggested.’”

The paper is organized as follows. In Sec. II we present
our symmetry arguments and derive some general rules to
open a gap in the considered superlattices. In Sec. III we
estimate its value and in Sec. IV we present the results of
numerical calculations.

II. SYMMETRY AND BIPARTITISM

Graphene’s unconventional electronic properties are
strictly related to its D¢, point symmetry. The k group at the
K(K') high-symmetry points (D) allows for doubly degen-
erate irreducible representations, and Bloch functions built
with p, orbitals of A and B sublattices span one of its two-
dimensional irreducible representations (irreps), namely, E".
This is enough for the 7-7* degeneracy at the K(K') point
and for the unusual linear-dispersion relation, irrespective of
the level of approximation.’! These properties are captured
by the simple TB model Hamiltonian

H=-1>, a;}'bj +He. -1 > a;-i'a_,« —1' Y, bib,

1]
(@) (i) (i.jn

where a;"(b;") is the creation operator for an electron on site i
of the A (B) sublattice, the first two sums run over nearest-
neighboring sites in the honeycomb lattice and the second
ones run over sites which are nearest neighbors in the trian-
gular sublattices. The hopping ¢ has been estimated to be
~2.7 eV whereas t' <t has different values depending on
the parametrization. When ' =0 the Hamiltonian describes a
bipartite system, and we assume that this approximately
holds for graphene. The consequences of relaxing this ap-
proximation will be addressed numerically in Sec. I'V.
Bipartitism has a large impact on the electronic structure

(1)

via the induced electron-hole (e-h) symmetry. For instance, it
has long been known that in bipartite systems, at half filling,
sublattice imbalances due to vacancies strongly affect the
energy spectrum at the Fermi level through the introduction
of midgap states.3> According to theory’*3* and
experiment,® in graphene such states have a semilocalized
nature with a 1/r dependence on the distance from the de-
fect. By introducing an equal number of defects on each
sublattice one restores balance, eliminates midgap states and
a gap possibly opens. In general, however, there is no guar-
antee that the gap opens at K and does not close somewhere
else in the BZ. Therefore, we focus here on n X n honeycomb
patterns of defects only, in such a way to constrain (by sym-
metry) the changes in the band structure and possibly reduce
accidental degeneracies. (One further possibility, namely, the
n\3 X n\3R30° superlattices, will be briefly considered later
in this paper). In these structures the high-symmetry points
where degeneracy is expected are I" and K points, that is
where the k groups (D¢, and D5, respectively) allow for
doubly degenerate irreps. In the following we use E(A) for a
generic two-(one-) dimensional irreducible representation
and denote as K,,, the K point of the n X n superlattice BZ.
For a strictly bipartite system at half filling, degeneracy at
the Fermi level occurs when the number of E irreps is odd;
when this number is even degeneracy, if occurs, can be con-
sidered as accidental. Therefore, introducing symmetric de-
fects in such a way to have an even number of E irreps both
at I and K points a gap generally opens.

To show that this is indeed possible, we consider a generic
n X n supercell and count the number of A and E irreps gen-
erated by the carbon atoms in cell (the so-called atomic rep-
resentations). To this end, it is sufficient to consider that half
of the cell which has D5, symmetry with respect to its center
I [see Fig. 1, panel (a)], the remaining half behaving simi-
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TABLE I. Number of irreducible one-(A) and two-(E) dimen-
sional representations (per cell) generated by the full atomic basis in
a n X n honeycomb superlattice at I and K points of the correspond-
ing BZ. In the table entries m=[n/3].

r A E

0y 6m?> 6m?

15 2(3m2*+2m+1) 2(3m?+2m)

2, 2(3m%+4m+2) 203m*+4m+1)
K, A E

0y 6m? 6m?

15 2m(3m+2) 2m(3m+2)+1
2, 2(3m%+4m+1) 203m2+4m+1)+1

larly. These two half cells (a and 8 in the following) play the
role of A and B types of sites in the honeycomb superlattice.
In each of them, the set of C atoms may be grouped in
classes of equilateral triangles A; ,(A; g), plus a possible
atom at 1,(I) as it happens when n=3m+1 and n=3m+2 (m
integer). Each triangle spans A+E irreps of the D5, group
(centered at I) which behave as s and (p,,p,) orbitals cen-
tered at /; the atom at I, when present, spans of course an A
irrep. Then, by considering Bloch functions built with these
s- and (p,,p,)-like orbitals it is possible to count the number
of A and E irreps for each case.’® At I" the Bloch functions
built with s-like orbitals centered on /, and Iz span two A
representations, whereas p,,p,-like functions span two E ir-
reps; at K, the first generate an E irrep whereas the latter
span 2A+E. These are also the irreps generated by the p,
orbitals of the C atoms as long as we discriminate between A
and E types only. The overall result is given in Table I where

the symbol 753=0;,15,2; identifies the three (congruence)
classes modulo 3, i.e., the sequences n=3m, 3m+1, and
3m+2, respectively.

It follows from Table I that with the full atomic set (i.e.,
considering pure graphene) degeneracy occurs at the K,

points when either n € 15 or n e 25. This is consistent with
the folding K(K')—K,(K,) and K(K')—K(K,), respec-
tively. In the case n e 0 both K and K’ folds to I" and there-
fore a fourfold degeneracy occurs; this can be considered
accidental in this context as it cannot be predicted by the
number of E irreps only. More interestingly, two important
results concerning the introduction of p, vacancies are easily
proved.

(I) By removing a A, ,, A;g pair only is not generally
possible to open a gap. Here, 2(A+E) irreps are removed
both at I and K,,, and no modification occurs on the parity of
the E sets. Exceptions to this rule are, of course, those cases

where degeneracy is accidental (as pure graphene in the 0,
case which does show a gap after removal of one such pairs,
see below).

(I1) When n e 15 or n € 2, removal of the atoms at /,, and
15 does open a gap. In these cases, the atomic basis spans 24
at I" and E at K,,, thereby turning the number of E irreps to be
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even at both special points. Also in this case, exceptions of
residual accidental degeneracy are possible.

The second result provides a very simple way for opening
a gap in two thirds of the cases, that is by introducing p,
vacancies at I, and Ig In practice, as already said in the
introduction, this can be realized by either removing sub-
strate atoms or using them to covalently bind simple adsor-
bates such as H atoms.3” In the latter case, indeed, the C
atoms involved in the chemisorption process turn their hy-
bridization to sp? and effectively get out of the 77" band
system. In the case of a C vacancy, on the other hand, there
are three additional unpaired electrons per vacancy coming
from the sp® network. The corresponding sp? dangling orbit-
als span A+E in the local point group and would give rise to
a Jahn-Teller distortion that breaks the symmetry of the su-
perlattice (see, e.g., Ref. 38). In this case, then, we assume
that dangling bonds are saturated, e.g., by exposing the sub-
strate to a (low-energy) H-atom beam after creation of
vacancies.

In this paper we mainly focus on the simplest defective
superlattices, i.e., those with vacancies at I, and I only and
call them (7,0) honeycombs. In general, the pair of integers
(n,p)[p=0,...,int(n%/3)] can be used to identify a nXn
honeycomb superlattice with 2p equilateral triangles sym-
metrically removed from the unit supercell, in addition to the

atoms at their centers /, and Iz when n e 1,U2;. Figure 1
shows two examples, (4,0) and (14,0) honeycombs.

Before closing this section, it is worth comparing the
above results with those that can be analogously found in
n\3><n\3R30° superlattices, as the latter have been em-
ployed in defining graphene antidot lattices®**’ and similar
structures have been experimentally realized.'®!° From the

symmetry point of view such superlattices behave as the 05
case above in that both K and K’ always fold to I'. This
means that they are generally semiconducting, i.e., a band
gap opens whenever the fourfold degeneracy in the folded
graphene band structure (accidental in this context) is re-
moved by symmetncallﬂy introducing a number of vacancies.
In other words, in ny3 X n\3R30° superlattices symmetry
always guarantees a gap for a sufficiently defective substrate.

III. BAND-GAP ESTIMATE

From the point of view of the low-energy carrier dynam-
ics, the atomic-scale defects we are considering in this work
break the pseudospin conservation and, introducing
intervalley-scattering and backscattering mechanisms, sup-
press Klein tunneling.® As they are also periodically arranged
hybridization occurs and opens a gap in the band structure.
By dimensional analysis, the gap size should scale as v/,
where vy is the Fermi velocity in pristine graphene (v
=13at/2 with Hamiltonian (1), a=+3dc.c~2.46 A being its
lattice constant and dq_ the C-C bond length) and [, is the
distance between defects (I,=na/ \3)

To estimate the size of the induced gap at the K,, point of
our (n,0) honeycombs we perform a lattice
renormalization*! by making use of the bipartite nature of the
Hamiltonian H=H g+ Hp,. This simplifies the problem by
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FIG. 2. (Color online) Left panel: the renormalized triangular
lattice corresponding to the (4,0) honeycomb (grey balls). Red and
green balls mark the positions of A and B defects. Right panel:
Brillouin zones for graphene (blue borders) and for the structure
shown on the left panel (red). Also indicated the four lowest-energy
k points (K and k; i=1-3) for the calculation in the text (black
circles).

halving the state space of interest. Indeed, since H only al-
lows transitions from the A to the B subspaces (Hpg,) and
vice versa (H,p) it is sufficient to consider the problem in the
A space only with Hamiltonian*> H,,=H,zHp,. For any
nonzero eigenvalue € and eigenvector [y, ;) of this Hamil-
tonian there exist two solutions of the original problem with
eigenvalues €= = \§ and eigenvectors |1, ;) | ), where
|¢h,) is defined to be |¢hp ) =& "*Hpalthy ); if §=0, |1hy,) is
already a H eigenvector. The converse is also true, namely,
from any eigenvector |¢;) the two projections |, ;) and | ;)
onto A and B supspaces satisfy Hpy|iy )=€ltp,;) and

Hyalths )= €th4,); that is, in studying Hy, one only misses
possible zero eigenstates in the B subspace.*?

In graphene the renormalized Hamiltonian H 14 describes
a triangular lattice with on-site energy #’Z [where ¢ is the
hopping term of Eq. (1) and Z=3 is the coordination number
of A atoms in the original honeycomb lattice] and hopping 7>
between neighbors in the triangular lattice. Defects are of
two kinds: while A vacancies translate simply into A vacan-
cies in the renormalized lattice, B vacancies modify both the
coordination number and the hopping between A sites. The
renormalized (n,0) honeycomb for n=4 is shown in the left
panel of Fig. 2 whereas the right panel of the same figure
displays the superlattice Brillouin zone along with that of
graphene (BZ). The state space at K|, is given by its n® rep-
licas within BZ and comprises K or K’ depending on

whether nel; or ne2; Quasidegenerate perturbation
theory is necessary to estimate the ground-state energy
€,(K,) (and hence the gap egap=2\/€0), but it becomes intrac-
table at large n (i.e., at very small defect concentration x
=1/n?) because a huge number of K, replicas gets close to K
and K’ points. Therefore, we consider x sufficiently small
that the defects are isolated from each other, but large
enough that a few-state calculation is reliable. The smallest
set of K, replicas contains K and the k; vectors (i=1-3)
shown in Fig. 2 (right panel) for the case n=4 and corre-
sponds to the set of (graphene) Bloch functions |i)=|tx)
and [¢;)=[¢4,) built with p_ orbitals at A sites; the case n

€2, is analogous except that K is replaced with K. )

PHYSICAL REVIEW B 81, 245420 (2010)

spans the A irrep of the k group at K, (D3;,) whereas {|¢;)}
spans A5+E". Thus it is possible to setup a two-dimensional
problem in the AS subspace. The corresponding Hamiltonian

matrix can be obtained from the H 14 Matrix elements
between (graphene) Bloch states, Eq. (2)

(ol Haalth) = P 8 43 + F(K)] = x2Sy, o{e®%[3 + F(K')
+ F(K)] + e8%f(k')*f(k)}. (2)

Here F(k)=3% e %% f(k)=3] ¢ (where & and &,
are the vectors joining AA and AB nearest neighbors, respec-
tively), g is a reciprocal superlattice vector and &, and oy are
the position vectors of the defects in the unit supercell. In
deriving Eq. (2) periodicity of the superlattice has been used
and the defects have been considered as isolated (n>2).
With the help of Eq. (2) and of the symmetry properties of
F(k) and f(k), the Hamiltonian matrix in the above A} space
reads as

t2

—
3x —x\3F,
: 3)

—x\3F, 3+F,—9x(2+F)

where F,=F(k)~-3+3(2m/3)%—\3(27/3)*?. The low-
est eigenvalue &|[~3x2(0.561-0.961\x)] of this matrix al-
lows us to estimate the energy gap egal,:Z\Eo at the K, point.
This function is plotted in Fig. 3(a) along with the results of
tight-binding calculations to be discussed in the next section.

IV. CALCULATIONS

We performed a number of tight-binding calculations by
numerically diagonalizing the tight-binding Hamiltonian (1)
with periodic boundary conditions. In addition, we investi-
gated a smaller number of superlattices by means of periodic
density-functional theory (DFT) as implemented in the Vi-
enna ab initio simulation package suite.*>*® The generalized
gradient  approximation, as  provided by  the
Perdew-Burke-Ernzerhof*’ functional, and the projector-
augmented wave method within the frozen-core
approximation*® were used throughout. Details are analogous
to those reported in a recent work®’ and will not be repeated
here. We only note that a 6 X 6 X 1 I"-centered k-points mesh
that included all the special points of the Brillouin zone (i.e.,
where the minimum gap was expected) was used and that
extensive tests were performed to check convergence on the
computed band gaps.

The results of tight-binding calculations are reported in
Fig. 3. The numerically computed gaps decrease slightly
faster than Vx with a best-fit exponent ~0.66. Clearly, the
estimate given in Sec. II deteriorates at small x where a
larger number of states would be needed, but it behaves
rather well for moderate values of x. Tight-binding calcula-
tions reveal that the minimum gaps occur either at M or I’
[see Fig. 3(b)], depending on x and on the sequence consid-
ered, but behave similarly to the gaps at K,. Differences
between the two sequences appear at large x and reflect the
different shape of the low-energy bands (not shown). A best
fit of €,,,/t=c;x*(1+c,xP) to the numerical results, also re-

gap
ported in Fig. 3(a), gives (c;,cy,a,B)=(3.34,-4.99,
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FIG. 3. (Color online) (a) Energy gaps (in units of #) for the (12,0) honeycombs as functions of x=1/n2, squares for n e 15 and circles for

ne 53. Filled symbols are results of tight-binding calculations with ¢’ =0 (red for the gap at K,,, blue for the full gap) and the bold black line
represents the K, gap estimate given in Sec. IIl. Open symbols are full gap results for |¢'|=0.1¢ and stars are for TB calculations including
the third-neighbor hoppings, using the parameters of Ref. 44. (b) Low-energy band structures of the (13,0) (black) and (14,0) (red)
honeycombs as obtained from tight-binding calculations with ¢"=0. Dashed lines for the (14,0) structure when ¢’ =0.1z. (c) Group velocity

(in units of Fermi velocity in pristine graphene) at the new Dirac point [circle in panel (b)] as a function of Vx for the 1; (squares) and

25(circles) sequences (filled and open symbols for ¢’ =0¢ and ¢’ =0.1z, respectively).

0.65,1.14) for n e 15 and (3.37,42.9,0.66,0.88) for n  2;.

A closer inspection to the band structure [see Fig. 3(b)]
shows, as expected, that degeneracy occurs at K, and T’
points for selected energies and gives rise to a
k-linear-energy dispersion. The interesting point is that new
Dirac cones are created right close to the band edge,*
thereby suggesting that they readily act as conducting chan-
nels once the gate-controlled Fermi level exceeds the
quasi-dispersionless bands at the gap edge(s). The group ve-
locity at these new Dirac points is closely related to the size
of the gap and scales like Vx, as can be guessed from a
higher order analysis and seen in Fig. 3(c) from the numer-
ics. Though smaller than vy such velocity is sizable enough
(0.2-0.4vy) to represent a good compromise for the pseu-
dorelativistic behavior of the carriers in graphene if a band
gap has to be introduced.

The limit x — 0 deserves some comment as it is clear from
Fig. 3(c) that the low-energy band structure of our honey-
combs is qualitatively different from that of graphene even in
such limit. The origin of this oddity lies in the combined
action of spatial and e-h symmetry or, in other words, this
behavior is a further manifestation of the deep impact that
vacancies have on graphene electronic structure. The limit
x— 0 represents the ideal, perfectly “compensated” situation
(i.e., with no sublattice imbalance) in which defects are al-
most isolated from each other and yet periodically arranged,
in such a way that they always hybridize and open a gap in
the band structure (by symmetry). This means that no mid-
gap states and accompanying local magnetic moments would
arise in such situation. This contrasts with the case of ran-
domly distributed defects, where midgap states appear at low
concentrations even in absence of imbalance fluctuations
(see the perfectly compensated case in Fig. 9 of Ref. 34) as a
consequence of a semilocal imbalance created in the neigh-
borhood of each defect. Then, the physically meaningful
limit would be restored by any kind of imperfections in the
superlattice and/or, as we show below, by the introduction of

the next-to-nearest-neighbor interactions which break the e-h
symmetry. Notice, however, that the behavior for x—0 of
the density of states (DOS) close to the Fermi energy can be
reconciled on average with that of pristine graphene, see Fig.
4.

Returning to the main goal of the present paper we now
show that the symmetry arguments of Sec. Il are robust
against e-h symmetry breaking, at least for reasonably small
t'/large x. To this end, we performed tight-binding calcula-
tions including hopping beyond the nearest-neighbor one. As
can be seen in Fig. 3(a), introduction of the next-to-nearest-
neighbors interaction t’, though differently for the two se-
quences considered, only affects the results at small x. For
these values of x valence and conduction bands start to over-
lap at some point x, because of the asymmetry introduced in
the energy spectrum. This asymmetry “disconnects” the two
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FIG. 4. (Color online) Normalized, tight-binding density of
states in the (14,0) honeycomb (black lines) and in graphene (red).
Top and bottom panels for =0t and #'=0.1¢, respectively. The
arrows in the lower right panel mark the positions of the Fermi
levels. Energy in units of ¢.
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FIG. 5. (Color online) (a) Low-energy density of states in the (14,0) honeycomb as computed at the DFT (red) and TB level (same results
as in Fig. 4 with black solid line for t'=0.1¢ and dashed line for ' =0). (b) DFT results for the energy gap in (n,0) honeycombs as functions
of n (filled symbols). For comparison, also reported are the tight-binding results of Fig. 3 (open symbols) with =2.7 eV and ¢'=0. Squares

for n e 15, circles for n e 25. Stars are energy gaps in a number of superlattices with an asymmetric AB pair of defects per cell. (c) TB results

(normalized to the number P of pairs of defects, cap
diamonds for p=2. Squares and circles as in (b).

new Dirac cones above and below the Fermi level, and one
of them (the one above the Fermi level for ¢'/¢>0) reduces
to the Dirac cone in pristine graphene when x— 0, as can be
seen from the computed group velocity in Fig. 3(c) (see also
Fig. 4 for the behavior of the DOS at low energies). The
position of the critical value x,. shifts to larger x when in-
creasing 1’ but remains small for realistic values [for 7’
=0.1¢ used in Fig. 3(a) x,<1073]. Addition of the third-
neighbor hopping #’, which has been found** to be compa-
rable to t', does not modify the overall result, as this inter-
action does not contribute to the breaking of the e-h
symmetry. This is shown in Fig. 3(a) where the results ob-
tained using the first-principles-derived tight-binding param-
eters of Ref. 44 are almost indistinguishable from the case
t'=0 in the range of x considered, since in this case |¢'|
~ 0.06¢.

To further investigate the effect of breaking the e-h sym-
metry and, more importantly, to address the role of electron
correlation we performed gradient-corrected DFT calcula-
tions on a number of (n,0) honeycombs made by adsorbed H
atoms. Adsorption of hydrogen atoms on graphene was stud-
ied at the same DFT level in a previous work,?” where we
investigated the effects of graphene electronic structure on
this process. Calculations reported here are an example of
how adsorption of chemical species affects graphene elec-
tronic structure and may be used for material design. The
results of DFT calculations for our honeycombs structures
are reported in Fig. 5(b) up to n=14(x~0.005); for larger
values of n DFT calculations become prohibitive. As can be
seen from Fig. 5(b) DFT results show a reduced gap size
with respect to TB ones in all the cases considered but the

effect is much more pronounced in the 15 sequence than in

the 53 one. In particular, DFT results for n=5, 8, 11, 14
closely parallel the TB ones (7 has been set to its accepted
value, t=2.7 eV), despite the fact that the first refer to a
realistic situation where defects are H atoms while in TB
calculations defects are modeled by simple p, vacancies. A
closer inspection to the density of states [shown in Fig. 5(a)

e = €gqp! P) for some of the (1,p) honeycombs described in the text: triangles for p=1,

for n=14] reveals that in these cases TB calculations require
a nonzero ¢’ to better reproduce the DFT-computed DOS, but
they correctly predict the size of the gap even when ¢'=0.
[Figure 3(b) shows the corresponding TB band structures for
n=14. Notice in Fig. 5(a) the linear behavior of the DOS at
E=0.1 eV which corresponds to the Dirac point marked in

Fig. 3(b).] Discrepancies in the 15 sequence at small n needs
further investigation, though they are in line with the intro-
duction of the next-to-nearest-neighbor hopping [Fig. 3(a)].
Similar behavior was found for the gap in armchair graphene
nanoribbons where it was explained by the modified nearest-
neighbor hoppings for the sites close to the defect.?” In any
case, both the size of the gap and its dependence on n are
promising for future applications.

Finally, to underline the role played by symmetry in de-
signing the defective structures, TB results for different su-
perlattices are also reported in Fig. 5. In Fig. 5(b) we show
the gap obtained when an asymmetric pair of defects (of type
AB) is periodically arranged in the same n X n superlattices
(star symbols); in Fig. 5(c) we report the results of different
symmetric structures with a variable number of triangles of
vacancies, i.e., (n,p) honeycombs with p>0 (including the

sequence 05). Notice that results of Fig. 5(c) have been nor-
malized to the number of pairs of defects to emphasize that
the (n,0) honeycombs considered in this paper show the
largest gaps with the minimum number of defects per super-
cell.

In practice, it may be experimentally challenging to real-
ize the atomic-scale patterned structures discussed so far. It
is, however, feasible'®!"” to produce superlattices of circular
holes with diameters as small as 2-3 nm and periodicity
~5 nm, i.e., structures similar to those suggested by Peder-
sen et al.3*Y Therefore, we have also considered honeycomb
antidot superlattices obtained by creating holes of radius R,
at the centers /, and I of each half cell. As unstable struc-
tures may form in this way, we only made sure that each C
atom had a coordination number greater than one. In Fig. 6
we report the TB energy gaps for different hole radii as func-
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SYMMETRY-INDUCED BAND-GAP OPENING IN GRAPHENE...

FIG. 6. (Color online) (a) Energy gaps in honeycomb antidot
superlattices as functions of the superlattice constant a,,. From left
to right, solid curves for hole diameters 2R; of 1, 2, and 4 nm.
Dashed line is for the case R,<dc.c, which reduces to the (n,0)
honeycombs of the main text for n € 13U 25 (square symbols) and
to pristine graphene otherwise. (b) Band structure (for £>0 only)
of the antidot superlattices n=21 (dashed lines) and n=22, 23
(solid black and red lines, respectively) for 2R,=1 nm.

tions of the superlattice constants (a,=na). The results fit
well to a R,/ ai scaling law suggested for similar antidot
superlattices,* which reduces to 1/a, for R, small. As a
matter of fact, for R, <d.c the above antidot lattices reduce

to our (1,0) honeycombs for 1 € 15 or n € 2 and to pristine
graphene otherwise. This explains the oscillating behavior of
the gap as a function of the superlattice constant, a feature
which persists for larger R;, as a consequence of the different
folding properties of three sequences above. In Fig. 6(b) we

PHYSICAL REVIEW B 81, 245420 (2010)

also report the band structure for three different antidot su-
perlattices with a hole diameter 1 nm long to show that low-
energy Dirac cones can be found in this case, too. This dif-
fers from what happens in the previously suggested
triangular superlattices of holes (see, e.g., Fiirst et al>® for a
review), which do not show such Dirac cones. It is worth
noticing, however, that if the same triangular superlattices
are created by subjecting graphene to an external periodic
potential new Dirac cones do appear at the M points of the
corresponding BZ.%3

V. SUMMARY AND CONCLUSIONS

To summarize, we have studied graphene superlattices of
defects where a gap at the Fermi level opens because of the
preserved symmetry. This differs from conventional ways of
introducing a gap in the band structure by symmetry break-
ing, in that it partially preserves the pseudorelativistic behav-
ior of the carriers. With the help of tight-binding and density-
functional-theory calculations we have shown that the
induced gap is indeed sizable and, furthermore, that new
Dirac cones are formed right close to the gap edge(s). All this
suggests that novel field-effect transistors might be obtained
by patterning graphene to form such superstructures. Though
the simple atomic-scaled structures discussed at length in
this paper may seem challenging at present, the related hon-
eycomb antidot superlattices should be experimentally fea-
sible. Actually, in a recent work Bai et al.>' have reported a
graphene nanomesh closely related to the proposed
structures.
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