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Strong dependence of band-gap opening at the Dirac point of graphene upon hydrogen
adsorption periodicity
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The band gap of periodically doped graphene with hydrogen is investigated. It is found through a tight-
binding (TB) model that for certain periodicities, called here nongap periodicities (NGPs), no gap is opened at
the Dirac point. Density-functional-theory calculations show that a tiny gap is opened for NGPs due to
exchange effects, not taken into account in the TB model. However, this tiny gap is one order of magnitude
smaller than the gap opened for other periodicities different from NGPs. This remarkable reduction in the
band-gap opening for NGPs provokes a crossing of the midgap and the conduction bands and, consequently,
the metallization of the system. This result is also valid for other adsorbates different from atomic hydrogen.
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The unusual semimetallic behavior of graphene, a single
layer of graphite, was first studied theoretically by Wallace'
and its recent synthesis> has renewed the interest for this
material.> The great variety of physical and chemical prop-
erties derived from the electronic structure of graphene
makes it very attractive for a range of applications, from
catalysis* to nanoscale electronics.’ It is remarkable that
graphene is a gapless semiconductor, with no gap at the
Dirac point® [the K and K’ points in Fig. 1(b)]. However, it
is well known that the presence of defects such as vacancies
or impurities,®’ the interaction with a substrate,® or the edge
structure (in graphene nanoribbons)’~!! can lead to a band-
gap opening in graphene.’

In particular, the hydrogenation of graphene and its effect
in the band gap has been investigated in several recent
works.”!'=20 Combined scanning tunneling microscopy and
angle-resolved photoemission spectroscopy experiments
showed that the patterned adsorption of atomic hydrogen
onto the Moiré superlattice positions of graphene grown on
an Ir(111) substrate produces a band-gap opening in
graphene.'? Density-functional-theory (DFT) calculations re-
ported in the literature'*!72! also predict a band-gap open-
ing, which depends on the periodicity of the hydrogen ad-
sorption, namely: (i) in graphane, the fully hydrogenated
graphene, the gap at the I' point [see Fig. 1(b)] is 3.5 eV,
whereas the gap opening at the Dirac point is above 10 eV.?!
(ii) In half-hydrogenated graphene the maximum of the va-
lence band is at the Dirac point and the minimum of the
conduction band is at the I" point with a gap between them of
0.43 eV. The direct gap at the Dirac point is 1.16 eV."” (iii) In
a graphene sheet with a hydrogen atom adsorbed with a
4d, X 4a, periodicity, being @, and &, the basis vectors of the
hexagonal lattice of graphene [see Fig. 1(a)], the gap opened
at the Dirac point, which in this case is the gap of the mate-
rial, is 1.25 eV.'* In this case a midgap state (a localized state
in the vicinity of the H atom) appears 0.45 eV above the
valence band.!*

After these observations the following question arises:
does the periodical adsorption of hydrogen atoms in
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graphene lead to an opening of its gap for any periodicity? In
order to answer this question we will first examine the main
features of the structure of graphene and its reciprocal lattice,
depicted in Fig. 1. A graphene sheet consists of a two-
dimensional hexagonal lattice with two atoms per unit cell [A
and B atoms in Fig. 1(a)]. The p. orbitals of the carbon
atoms, which cannot overlap with p,, p,, or s orbitals (it is
forbidden by symmetry), form 7 bands. We can understand
the band structure of graphene through a tight-binding (TB)
model, making linear combinations of the p, orbitals of A
and B atoms, denoted here as p? and pf, respectively. The
corresponding TB Hamiltonian for the unit cell of graphene,
assuming the overlap between p? and pf orbitals to be neg-
ligible, can be written as

FIG. 1. (Color online) (a) Basis vectors of the hexagonal lattice
of graphene, ﬁ1’2=§(\s"3, +1), with a=V3dcc, being dcc the
carbon-carbon distance. Atoms in A(B) sites are in red (black). The
coordinates of the A and B sites in the unit cell at the origin are
(0,0) and 1/3(d;+d,), respectively. &= %,0), 52=(—;—§,§), and
5_;:(—%,—%) are the nearest-neighbor vectors. (b) The first Bril-
louin zone of graphene with the K and K’ points at K’',K
=(0, £4m/3a).(c) A 3-d;X3-d, supercell showing the criterion
for the labeling of the carbon atoms followed in the present work.

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.82.235418

J. M. GARCIA-LASTRA

( “0 —mf(lé))(cA(if)): EE)(cAuf))’ 0
-/ (k) €o cp(k) cp(k)

where v, is the transfer integral between first-neighbor p,
orbitals [a typical value for it is 2.9 eV (Ref. 22)], g is the
energy reference from the p, orbital of a carbon atom (which
in the followmg will be set to £;=0), and the phase factor is

f(k)= E~ P , being 5 the nearest-neighbors vectors (see
Fig. 1). cA(k) and cy(k) are, respectively, the coefficients of
p? and pf orbitals in the linear combinations of the eigen-
functions. It can be noticed that at E=K,K’, i.e., at the Dirac

0 1 0 i27/3 0
1 0 —i27/3 0 i27/3
0 i27/3 0 1 0
—i2m/3 0 1 0 0
Y0 0 —i27/3 0 0 0
e”m™ 0 0 0 1
0 0 0 e®™ 0
0 0 ei27T/3 0 e—i277/3

where A;; and B; are, respectlvely, the coefficients of p, and
pZ orbltals at the position i-d; X j-d, in the linear combina-
tions of the eigenfunctions [see Fig. 1(c) for the labeling of
the carbon atom sites].

Obviously, the band gap at the Dirac point has to be (and
it is) independent of the choice of the m-d; X n-d, graphene
SC. For any size of the SC the highest occupied level (HOL)
and the lowest unoccupied level (LUL) are degenerate with
zero energy. HOL corresponds to the linear combination with
all A;;=0 and all B;j=1. LUL corresponds to the linear com-
bination with all the coefficients A;;=1 and all the coeffi-
cients B;;=0 (since the levels are degenerate, this correspon-
dence is arbitrary and could be the opposite). However, if the
size of the SC is m-d; X n-d,, being both m and n multiple of
3 (in the following this sort of SCs will be referred as 3C-
SCs) a new feature arises: the second highest occupied level
(HOL-1) and the second lowest unoccupied one (LUL+1)
are also degenerate with the HOL and the LUL. This is be-
cause both inequivalent Dirac points, K and K’, of the
graphene Brillouin zone are coincident with the I" point of a
3C-SC reciprocal cell. Thus, the solutions of the TB Hamil-
tonian for a 3C-SC at the K point also include the solutions
at the K’ point. For this reason there are four degenerate
states with energy O for a 3C-SC, instead of the two found
for the non-3C-SCs. In the case of non-3C-SCs the positions
of K and K’ points remain inequivalent. This feature can be
better understood by looking at Fig. 2, where the reciprocal
lattices of a 3-@, X 3-d, SC (a 3C-SC) and a 4-d, X4-d, SC
(a non-3C-SC) are shown.
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points, f(k)=0. Thus at the Dirac point, p? and pf orbitals
are decoupled and degenerate in energy, leading to a zero-
gap semiconductor band structure.

The same TB scheme can be used to model a m-d,
X n-d, graphene supercell (SC), instead of the d; X d, unit
cell used in Eq. (1). The TB Hamiltonian of a m-d; Xn-d,
SC at the Dirac point is a Hermitian matrix full of zeros,
except for the coupling matrix elements between two nearest
neighbors. These couphng matrix elements for two atoms
connected by 51, 52, and 53 are —7y, —7v-e>™3, and
—v-e2™3 (and their respective conjugated), respectively.
For instance, the corresponding TB Hamiltonian for a 2-4,
X 2-d, SC at the Dirac point is

e 0 0 Ay Ay
0 0 0 By By
0 0 e || Ap Ap
i27/3
e | D B D @
1 0 e Ay Ay
0 2 0 By, By,
™0 1 Ay Ay
0 1 0 B, By,

In the case of a 3C-SC the HOL and the LUL are the same
as in the case of a non 3C-SC. However, since HOL and
LUL are degenerate with the HOL-1 and the LUL+1 in a
3C-SC, it is possible to form new linear combinations of
them that are also eigenfunctions of the Hamiltonian. For
convenience, the following orthogonal linear combinations
will be taken:

HOL-1— All B;=0; A}=1; A;;=0; A=,
HOL — All A;=0; Bj;=1; B;;=0; Bjj=¢"™",

LUL — All A;=0; B);=0; Bj;=1; Bjj=¢"™,

LUL+1— All B;j=0; A);=0; Aj=1; Ajj=e7™,
3)

where the superscripts 3, 2, and 1 in the A;; and B;; coeffi-
cients mean that (i—j), (i—j—2), and (i—j—1) are multiple of
3, respectively.

The main effects of the adsorption of hydrogen atom in a
site X of the graphene sheet are two, namely: (i) the potential
of the H* ionic core shifts the energy of site X with respect to
the rest of the carbon atoms.'# This effect can be introduced
straightforwardly in the TB model, just by adding a potential
energy, V, to the diagonal element of the site X in the TB
matrix. (i) After the adsorption, the carbon atom at site X is
fourfold coordinated, so its hybridization changes from sp?
to sp>. This leads to a change in the transfer integral with its
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FIG. 2. (Color online) (a) Top: Brillouin zones of a 1 X 1 (black)
and 3 X3 (red) supercells of graphene. 51,2 and l;?yz are the recip-
rocal basis vectors of the 1X 1 and 3 X3 (red) supercells, respec-
tively. High symmetry points of 1 X1 Brillouin zone are in black
without any superscript. The high symmetry points of 3 X3 Bril-
louin zone are in red with a 3 superscript. Middle: the 3 X 3 super-
cell. Bottom: schematics of the band structure of a 3 X 3 supercell
upon adsorption of a hydrogen atom in the vicinity of the Dirac-
point, showing the valence band (VB), conduction band (CB), and
midgap band (MGB). (b) Brillouin zones of a 1 X 1 (black) and 4
X 4 (blue) supercells of graphene. 51,2 and I;T,z are the reciprocal
basis vectors of the 1 X 1 and 4 X4 (blue) supercells, respectively.
High symmetry points of 1X 1 Brillouin zone are in black without
any superscript. The high symmetry points of 4 X 4 Brillouin zone
are in blue with a 4 superscript. Middle: the 4 X4 supercell. Bot-
tom: schematics of the band structure of a 4 X4 supercell upon
adsorption of a hydrogen atom in the vicinity of the Dirac point.

first neighbors.>7-!18 In the TB model this is accounted for
by replacing the factor 7, in the coupling matrix elements of
site X by a factor yy. Here, without losing generality, it will
be considered that the adsorption of the H atom occurs at the
Ay, site. In a non-3C-SC the HOL of the pristine graphene
remains an eigenfunction of the doped system since the co-
efficient A;;=0. By contrast, the LUL of the pristine
graphene is not anymore an eigenfunction of the doped sys-
tem since the coefficient A;;=1. Consequently, the HOL and
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the LUL are not anymore degenerate in a non-3C-SC and a
gap is opened at the Dirac point. This result of the TB model
is confirmed by the DFT calculations of Duplock et al.'* for
a 4d, X 4d, SC, where they found an opening in the gap of
1.25 eV. The TB model also predicts the size of the gap
between the HOL and the LUL in a non-3C-SC to be pro-
portional to ﬁ, i.e., the gap is proportional to the hydrogen
concentration. This result can be checked using the MATLAB
code given in Ref. 23. Martinazzo et al.'® found the same
proportional law for graphene supercells doped with two H
atoms, one in the sublattice A and the other in the sublattice
B.

In a 3C-SC the HOL, LUL, and LUL+ 1 shown in Eq. (3)
have a coefficient A;;=0 and hence they remain eigenfunc-
tions of the TB Hamiltonian after the H atom adsorption. It
can be verified that the change in the coupling matrix ele-
ments of the A, site from vy to 7y, does not affect to this
result. The HOL-1 has a coefficient A;;=1 and thus is not
anymore an eigenfunction after the adsorption. However,
since three of the four frontier levels in a 3C-SC remain
unaffected after the H adsorption it can be concluded that no
gap is opened at the Dirac point after the adsorption of one H
atom in a 3C-SC. Moreover, since all the coefficients A? are
equal to zero for the HOL-1, HOL, and LUL, the following
more general conclusion can be reached: it is possible to
adsorb several H atoms in a 3C-SC without a band gap
opening at the Dirac point if all the H atoms are adsorbed at
Ay sites, being (i-j) multiple of 3. Henceforth this sort of
arrangement will be called NGPs (nongap periodicities).
Given that V and vy are adjustable parameters dependent on
the kind of adsorbate, this result is also valid for other ad-
sorbates different from atomic hydrogen.

It should be mentioned that Zhang et al.,”* through the
Born approximation for pointlike scattering potentials, and
Garcfa-Lastra et al.,”> by means of the nonequilibrium
Green’s function formalism, studied the ballistic transport of
electrons in carbon nanotubes (CNTs). They found that for
certain arrangements of two or more adsorbates on CNTs,
which are particular cases of the NGPs presented here, there
is an open channel close to the Fermi level for the electronic
transport. That result is physically equivalent to the nonband-
gap opening result shown in this work.

In order to validate the results of the TB model for the
3C-SCs, spin-polarized DFT calculations on 3d; X 3d,, 64,
X 3d,, 9d, X 3d,, 12d, X 3d,, and 64, X 6d, SCs (all of them

TABLE I. DFT energies (in eV) with respect to the Fermi level of the four frontier bands at the Dirac point for a graphene sheet with one
hydrogen atom adsorbed with 3 X3, 6 X3, 9X3, 12X3, and 6 X6 periodicities. ST and S| refer to spin-up and spin-down channels,

respectively.
3X3 6X3 9X3 12X3 6X6
ST S| ST S| ST S| ST S| ST S|

HOL—l(pf‘) -1.77 -1.72 —-1.11 -1.08 -1.14 -1.15 -0.71 -0.70 —-0.78 -0.77
HOL(pf) -0.79 -0.60 -0.56 —-0.50 -0.45 -0.42 —-0.40 -0.39 —-0.45 -0.43
LUL(p?) —-0.60 -0.62 -0.47 —-0.48 -0.40 —-0.40 -0.37 -0.37 -0.41 -0.41
LUL+ l(pf) -0.79 -0.60 -0.56 —-0.50 -0.45 -0.42 —-0.40 -0.39 —-0.45 -0.43
HOL-LUL gap 0.19 —-0.02 0.09 0.02 0.05 0.02 0.03 0.02 0.04 0.02
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3C-SCs) with a single H atom adsorbed were carried out.
The calculations were performed by means of the PWSCF
code.?® The exchange-correlation energy was computed with
the Perdew-Burke-Ernzehoff functional.”’” Vanderbilt ultra-
soft pseudopotentials replaced the ion cores. The kinetic-
energy cutoff was taken at 540 eV. The occupation of the one
electron states was calculated at an electronic temperature of
kgT=0.01 eV. The k grid was built using the Monkhorst-
Pack scheme”® with maximum spacing between k points of
0.03 Al

The results of the DFT calculations are shown in Table I.
The main difference between the DFT and the TB model
results is that the former displays the effect of the spin (i.e.,
the exchange energy) in the band gap and the appearance of
the midgap band. This new midgap band feature cannot be
captured by the proposed TB model since the orbital corre-
sponding to the H atom is not introduced explicitly in the TB
Hamiltonian [in order to do that the size of the TB matrix
should be 2n-m+1, instead of 2n-m] but it is only intro-
duced as a perturbation to the system. HOL-1 of DFT calcu-
lations corresponds to a p? linear combination with a strong
hybridization with the s orbital of the hydrogen atom. This
produces a significant decreasing in its energy (between 0.4
and 1.2 eV below the other three frontier levels in both spin
channels, depending on the considered 3C-SC). The HOL,
LUL, and LUL+1 of DFT calculations can be identified with
the ones obtained through the TB model (the ordering of the
levels can vary due to exchange effects). Interestingly, the
midgap band crosses the conduction band and thus LUL and
LUL+1 are in fact occupied states at the Dirac point, turning
the graphene sheet into a metallic system (see Fig. 2). In the
spin-up channel a tiny gap, varying from 0.19 eV in the
3d,X3d, SC to 0.03 eV in the 12d, X3d, SC, is opened
between the HOL, and the LUL and LUL+1. This is due to
exchange effects not taken into account in the TB model. The
effect of exchange is better observed in the density of states
of the doped graphene (Fig. 3). It can be noticed that close to
the Fermi level the spin-up channel electrons are stabilized
with respect to the spin down ones because of the exchange
effect. Obviously, the effect of exchange in the gap dimin-
ishes when the size of the unit cell increases. In the spin-
down channel the valence band and the two conduction
bands are almost degenerate at the Dirac point with a gap of
0.02 eV (for all of the studied 3C-SCs) between them. It is
worth noticing that the gaps found in the studied 3C-SCs are
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FIG. 3. (Color online) Electronic density of states of a graphene
sheet with a hydrogen atom adsorbed with a 3 X3 periodicity. The
blue curve corresponds to the spin-up channel and the red one to the
spin-down channel. The energies are given with respect to the
Fermi level.

one or two orders of magnitude smaller than the one found
by Duplock et al. for the 4d, X 4d, SC (1.25 eV). This dra-
matic reduction of the band-gap opening in 3C-SCs leads to
the crossing of the midgap and the conduction bands, and
eventually to the metallization of the system. Furthermore,
this evidences the strong dependence of the band-gap open-
ing of doped graphene with the doping periodicity.

In conclusion, it has been shown that it is possible to
minimize the band-gap opening produced by the adsorption
of atomic hydrogen on graphene by choosing specific ad-
sorption periodicities. Only a tiny gap is opened in 3C-SCs,
due to the small effect of exchange when the H atoms are
adsorbed at A;; sites, being (i-j) multiple of 3. This band gap
reduction causes in the 3C-SCs the crossing of the conduc-
tion and midgap bands, therefore inducing a metallization in
the system. These results are also valid for other adsorbates
different from atomic hydrogen.
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