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Preface

Graphene, a single layer of graphite formed by a repetitive hexagonal lattice, has re-
cently raised extensive interest of the world-wide scientific community since it has
been obtained successfully in 2004. The graphene is of significant value for the funda-
mental studies of condensed matter and quantum physics. The main techniques of
graphene simulation based on density functional theory (DFT) and non-equilibrium
Green'’s function techniques provides the accurate results of electronic structure and
transport. In this section, semi-empirical simulation as a necessary implement facili-
tates the larger-scale system simulation. However, an important aspect to address real
world problems is the limitation to rather small system sizes of typically a few hun-
dred atoms, which makes it necessary to combine them with the analysis of simulation
results based on molecular dynamics techniques. Recent developments of quantum
theory on graphene can assist in the exploration of Dirac fermion behavior, external
field interaction etc.

Dr. Jian Ru Gong,
National Center for Nanoscience and Technology
China (NCNST)
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DFT Calculation for Adatom
Adsorption on Graphene

Kengo Nakada and Akira Ishii
Department of Applied Mathematics and Physics
Tottori University, Tottori

JST-CREST, 5 Sanbancho

Chiyoda-ku, Tokyo

Japan

1. Introduction

Graphene is well-known to be two-dimensional material made of carbon atoms. Graphene
is the basic material to form nanotube, fullerene and graphite. Graphene is a substance that
attracts attention not only as parts of the nanocarbons but also for its own interesting
electronic and mechanic properties ( T. Ando, A. K. Geim et.al, K.S. Novoselov et.al). In the
last decade, the most significant problem is how to make wide and high quality graphene
itself. Nowadays, good quality graphene can be made in labolatories, for example, using
SiC(0001) surface. Thus, one of the next step of the research related to graphene is how to
make nano structures on graphene plane (V. M. Karphan et.al ).

Recently, H.Fujioka et al. has suceeded for the growth of GaN on graphite using PLD
(Pulsed Laser Deposition) method and they success to make light emission diode using GaN
on graphite (K. Ueno et.al, A. Kobayashi et.al 2006, A. Kobayashi et.al 2007, G. Li et.al, M.-H.
Kim et.al, H.Fujioka 2009 ). Since the graphite is made of the stacking of many graphene
plane, similar growth will be possible for graphene, if the graphene plane is supported
mechanically with the other certain material. Such growth is not limited to GaN, but many
other possibilities to form nano structures, nano devices or thin films on graphite plane. In
order to apply graphene for such purpose, however, we should first investigate deeply for
the interaction between adatoms and graphene plane ( A. Ishii. et.al 2008, K.Nakada et.al). In
experiments, the adatom adsroption on graphene is reported for some atomic species (I.
Zanella et.a, K. Kong et.al, K. Okazaki et.al, A. Lugo-Solis et.al, M. Wu et.al, H.Gao et.al, J.
Dai et.al ), but not for all atomic species.

In this chapter, we introduce the adsorption mechanism, atomic structures, stabilty,
migration barriere energies and electronic properties of the adatom adsorption system on
graphene plane for most all atomic species using the density functional theory. First, we
review briefly the basic properties of graphene used in the following sections as remarks.
The band structure of graphene is shown in figure 1. Because of the in-plane hexagonal
symmetry, the px and py orbitals are degenerated. The s-orbital and the degenerated px and
py orbitals make sp2 hybrid orbitals in the graphene plane as ¢ bonds. The p, orbitals are out
of the sp? hybrid orbitals and they form the pi bonds normal to the graphene plane. These p,
orbitals forms bonding orbital (n) and anti-bonding orbital (n*) below and above the Fermi
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energy level. These two band has no bandgap and they contact at one point in the
momentum space just at the Fermi energy.
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Fig. 1. (a) Local density of states projected to s, px, py, p- orbitals for graphene. (b) Total
local density of states for graphene. The LDOS projected to px and py are degenerated. (c)
Band structure of 1x1 graphene. The blue lines in the figure correspond to wave functions
of p, orbitals.

Near the point, the band is linear so that the effective mass of the electron of the bands are
zero. This point is known to be "Dirac point", because the band structure around the point is
similar to the massless Dirac particle as the solution of the Dirac equation of the relativistic
quantum mechanics. The Dirac point is very important in the physics of graphene. Because
of this feature, the mobility of electron in graphene is very large. The theoretical prediction
of the mobility is 1000 times larger than silicon and experimentally observed mobility is
more than 100 times, at least. This large electron mobility is one of the significant reason that
the graphene is expected to be the material of the future nano device. Using the large
mobility, we can expect a lot of application for graphene for small gate voltage for electrons
and holes of the device. Moreover, interesting features of graphene are large heat
conductivity, large Young's modulus and light weight because of carbon atoms. Because of
the two-dimensionality of graphene, adsorption of atoms or molecules on graphene affects
the electronic properties of graphene itself dominantly through the p.-orbitals. It means that
the doping effect for graphene is very interesting.

2. Calculation method

In this work, we used a first-principles band calculation technique based on density
functional theory. We used VASP (G.Kresse et.al 1993, G.Kresse 1993, G. Kresse et.al 1996,
G. Kresse et.al 1996 ) which is a first-principles calculation code with high precision using
the PAW method (G. Kresse and D. Joubert ). We adopted LDA ( P. Hohenberg and W.
Kohn, W. Kohn and L. J. Sham ) as the term exchange correlation with a cutoff energy of 500
eV and all calculations performed nonmagnetically. The unit cell for the graphene sheet
adopted a 3 x 3 structure. The lattice constant of the grapheme used the value optimized by
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Fig. 2. Adsorption sites of graphene of 3x3 supercell. (a) Bridge site (B-site) positioned at
the center of C-C bond. Number in the figure shows us the numbering of each carbon atoms
of the 3x3 supercell. (b) Hexagonal site (H-site) positioned at the center of the six
membered ring. (c) Ontop site or tetrahedoral site (T-site)

calculation. The distance between graphene sheets is about 14.7A and the distance between
adatoms is about 7.3A. The final potential is constructed self-consistently from eigenstates at
24 sampling k-points in the irreducible Brillouin zone (IBZ). For the calculation of adatoms
at certain sites, the position coordinate of the adatom parallel to the surface is fixed and the
coordinate normal to the surface is fully relaxed. One atom of the edge of the 3x3 structure
of the graphene sheet is fixed during the relaxation of the other carbon atoms of the sheet.
Using the coordinate which converged potential, we performed convergent calculation
using 240 k-sampling point in the IBZ. To obtain a final potential, we calculated a 3x3
graphene. Fig.3 is band structure and BZ of 3x3 graphene. Owing to the supercell used in
the calculations, the K point of the1x1 grapehen BZ in Fig.1(c) is folded into the I point of
the supercell BZ. Similarly, the M point of the 1x1 graphene BZ is foled into the I' of the
supercell BZ. We calculated supercell BZ with M-I-K-M line to follow the dispersion of the
Dirac point. The calculation was carried out at three adsorption sites, H, B and T shown in
Fig. 1. We calculated the adsorption energy from the formula

Ebond = (Egraphene + Eadatom - Etotal)~ (1)

Ebond is the binding energy of the adsorbed atom to the graphene sheet. Egraphene is the total
energy of one sheet of the graphene and E.qatom is the total energy as an isolated atom of the
adatom. We treated almost all the elements of the periodic table except the lanthanoids and
noble gases as adatoms and carried out the calculation from H to Bi.

3. Result and discussion

3.1 Adsorption energy

The 3d transition metal is spin polarized at low temperature. In some groups (K. T. Chan
et.al, P. A. Khomyakov et.al), calculations considering spin polarization are performed for a
few adatoms. However, if the nonmagnetic state is one of the ground state, its calculation is
as important as the spin polarization calculation. In other words, the nonmagnetic state is in
the condition to take an average of the spin, and it is the starting point for discussion of the
ferromagnetic state and the discussion of high temperature. As the first step in the
discussion of the growth of a compound semiconductor on graphene, we discuss the
electronic state in the nonmagnetic state. Fig. 4 is the calculation result for the nonmagnetic
state. This figure shows the most stable adsorption site and bond energy when various
adatoms are adsorbed at three adsorption sites. In the figure, the most stable sites for each
adatom are indicated by colors. The green, red and yellow boxes mean that the most stable
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Fig. 3. The band structure and BZ of 3x3 graphene. The blue lines in the figure correspond
to wave functions of p,-orbitals.

site is the B-site, H-site or T-site respectively. The value in Fig. 4 shows the magnitude of the
adsorption energy when each adatom is adsorbed to the most stable adsorption site. This
result shows that for the transition metal elements the most commonly stable is the H-site.
For the nonmetallic elements, the B-site is most stable. For H, F, Cl, Br and I, where the
valence electron number of the adatom is 1, the T-site is the most stable adsorption site. In
addition, for transition metal elements, the magnitude of the adsorption energy of each
adatom is very large. The largest adsorption energy is shown for the adatoms of the
nonmetallic elements C, N, O. For the transition metal elements, the bond energy shows an
increasing tendency with an increasing number of d-electrons. Furthermore, it shows a
tendency for the bond energy to decrease when the number of d-electrons increases to more
than half occupancy, because the d-orbitals are shifted down. Therefore we find very large
bond energy for Mn, where the d-orbital is half occupied. The bond energy is a very large on
metal element adsorption, but this state is unstable because it is constructed from a localized
non-bonding band at the Fermi level and the number density of states at the Fermi level
(DOS(EF)) is very large. There is low bond energy for Cu, Ag, Au because all d-orbitals are
occupied. Furthermore, the bond energy becomes very small for Zn, Cd, and Hg, where the
s-orbital is close to the d-orbital. In addition, there is almost no difference in the adsorption
energy of the three adsorption sites when the adsorption energy of the adatom is small. In
contrast, the adsorption energy is large for the nonmetallic elements C, N, O and the
difference of adsorption energy between sites is also large (higher than 3.0 eV). This shows it
to be easy to adhere strongly to the B-site. However, there are a few differences between the
adsorption energy of the T-site and the B-site when the adatom is C. Fig. 5 is a table of the
bond distance between graphene and the adatom. (“The bond distance” means the distance
between the average of the position of the graphene sheet and the adatom.) In the case that
the bond distance between the adatom and graphene is large, the binding energy tends to
reduce. In the case of a large bond distance, the adatom shows physical adsorption-like
bonding. When the bond distance is short, the bond energy tends to increase. In this case the
bonding feature is like chemical adsorption.
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Fig. 4. The most stable sites and bond energy when an adatom was adsorbed: green is B-site,
red is H-site and yellow is T-site.

In figure 6, typical examples for physical and chemical adsorption are shown. We show the
band structure, the amount of carbon p, character is indicated by a red of the bands. The
Fermi level is at zero energy. The adatom of model metal element is Fig.6(a) Na, (b) K, (c) Ru
and (d) Cs. The adatom of nonmetallic element is (e) C, (f) N (g) O and (h) F. The Dirac point
corresponds to the crossing of bands at I' with predominantly p, character, as is clearly
visibel for physisorbed Na, K, Ru and Cs on graphene. For chemisorbed C, N, O and F on
graphene, the Dirac point disappear and the bands have a mixed character. If the binding
energy is small, (if adsorbed NaK,Ru or Cs), the characteristic conical points of band
structure at I' can still be clearly identified. In contrast, if the binding energy is large, (if
adsorbe C,N,O or F), the graphene bands are strongly perturbed. In particular, the
characteristic Dirac point of graphene at I' are destroyed because the graphene p, states
hybridize strongly with the adatom. However, a very wide hybridized orbital is constructed
between graphene and adatom. Furthermore, Fermi level shifts to upper on the C,N,O and F
atomic adsorption. In other words, it corresponds to an electronic dope. The tendency of the
adsorption is classifiable to two widely as had shown in typical example. The physical
adsorption and the chemical adsorption can discuss from the bond distance. We discuss on
tendency of the stability from adsorption energy and an adsorption distance. The long bond
distance between graphene and adatom shows physical adsorption, and the short bond
distance shows chemical adsorption.

Figure 7 shows local density of state and density of states when we adsorbed element of the
fourth period (K,Ca,Sc,Ti,V,Cr,Mn,Fe,Co,Ni,Cu,Zn,Ga,Ge,As and Se). We arranged model



8 Graphene Simulation

metal, transition metal and the calculation which adsorbed the nonmetallic element. The (a)-
(p) in fig.7 corresponds to K,Ca,Se,Ti,V,Cr,Mn,Fe,Co,Ni,Cu,Zn,Ga,Ge,As and Se adsorption.

H He
M_ less than 2.0A

Li | Be more than 2.0A B|C|N|O|F]|Ne
m 1.72 1.65 1.62 159 1.87

Na | Mg | Al | Si | P S | Cl|Ar
2.2213.21 2.04(2.03]2.09]2.08|2.56

K | Ca Cu|Zn|Ga|Ge| As | Se | Br | Kr

2.5812.14 2.0313.02(2.11)|2.16|2.22|2.25|2.78

Rb | Sr Ag|Cd| In [ Sn | Sb | Te I | Xe

2.74(2.37 2.42(3.18(2.35(2.42(2.46(2.49(3.26

Cs | Ba Au|Hg| T1 [ Pb | Bi

2.8412.49 2.4113.13(2.48]2.53(2.57

Fig. 5. Distance between the adatom and grapehen in the most stable adsorption site: a red
substrat shows distances less than 24, a white substrate shows distances more than 2A.
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Fig. 6. Typical example for physical and chemical adsorption. A red circles correspond to the
amount of adatom of p, charactor. The adatom is (a) Na, (b) K, (c) Ru, (d) Cs, (e) C, (f) N (g)
Oand (h) F.

e
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The left axis of fig. 6 shows density of states (/eV), and the right axis shows local density of
state of adatom (/eV). It is performed a projection of a wave function of the adatom to s,p,d
orbital. The wave function character is calculated, either by projecting the orbitals onto
spherical harmonics that are non-zero within spheres of a radius. Each calculation is result
of the H-site adsorption. In a model metallic element and the transition metal element, H
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site adsorption is most stable. B-site adsorption is most stable in the metalloids such as
Ge,As and Br, but shows calculation result of the H-site adsorption for comparison. 18 C
atoms constituting graphene is included in the 3x3 wunit cell. We change an axial
contraction scale of LDOS to compare LDOS of the adatom with the DOS of the total. As for
the K adatom adsorption on the graphene in figure 7(a), peak structure of the p-orbital
appears around 12eV. The 3p-orbital of the K atom is a closed shell, but it is necessary to
treat 3p-orbital as a valence electron because there is the orbital in a shallow rank. In other
words, we prepared for pseudopotential to treat 3p-orbital as a valence electron to treat it as
shallow core. Almost of 3p bands are lone status, but hybridization with the graphene is
slightly shown. The 3d-orbital is not occupied with an electron. Conduction band
constructed from 3d is fermi level upper 5eV. In the K and the Ca atomic adsorption, the 3d-
orbital is located in the conduction electron band of the Fermi surface upper part. However,
the valence band around the Fermi level is occupied by d-orbital of the adatom when we
adsorbed adatom from Sc to Cu. One of the reasons of strong energy when transition metal
was adsorbed is a hybridized orbital between 3d-orbital of adatom and p orbital of
graphene. The peak structure is located around the Fermi level. The peak structure around
the Fermi level is made from the wave function of adatom which does not hybridize orbital.

In figure 8, for typical example, we show a band structure of the Cr atomic adsorption on
the graphene with high adsorption energy. Fig. 8 shows a band structure close to the Fermi
level when a Cr atom adsorbed to the graphene B-site, H-site and T-site. The wave function
projected to p, orbital in the 8-site of C atom is plotted in blue color circle. The most stable
adsorption site is H-site. The n© bonding bands made from the p, orbital of the graphene is
broken by B-site adsorption and the T-site adsorption. However, the © bonding band is kept
when a Cr atom adsorbs on the H-site. The wave function projected to pz orbital in the 8-site
of C atom is plotted in blue color circle. The adatom was adsorbed each in (a) the B-site, (b)
the H-site and (c) the B site. We can understand from a surface structure (Fig. 9) of the
graphene after the Cr atomic adsorption. The Figure 9(a) is a side view of the graphene
structure when a Cr atom adsorbed on the B-site. When adatom adsorbed H-site, we
showed it in figure 9(b) and showed it to figure 9(c) when we adsorbed T-site. When adatom
adsorbs on the B-site and the T-site, a structure of the graphene after the adsorption is
warped. However, a structure of the graphene does not change when adatom adsorbs on
the H site.In other words a i bonding band of the p, orbital of the graphene functions
enough because symmetry of the graphene does not collapse when adatom adsorbs in the
H-site. Almost all H-site adsorption is most stable in the adsorption of the transition metal
in many cases. When adatom adsorbs on the H-site ( the center of the six-membered ring ), a
lot of adjacent bond between adatom and the C atom is made. However, when adatom
adsorbs on the B site and the T-site, bonding between the specific C atom and adatom
becomes strong, but bonding with the other C atom becomes weak. Besides, m bonding is
made weak when adatom adsorbs on the H-site and the T-site because a surface structure of
the graphene is broken. Figure 10 drew the wave function ( charge density map ) of the band
of around the Fermi level when a Cr atom adsorbed to the graphene. In fig. 10, A charge
density map when a Cr atom adsorbed to the graphene. (a-1) and (a-2) show a charge
density map made from around fermi the 39th band from the bottom. A shape of typical
d, » .-orbital is shown in the 39th band. We can understand that 39th band is very
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localized by comparing fig. 7(f) with fig.10(a). The p-d orbital hybridization of C atom and
the adatom begins with a band than 37th band below.
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Fig. 7. Density of states of the fourth period and local density of state.There is no spin
polarization. A black line is density of states, and the value is shown in a left axis. The local
density of state of the adatom is shown with axis of the right side. Local density of states
projected to s, p, d orbitals for graphene. A red line shows s orbital, a green line shows p
orbital, and blue line shows d-orbital component. (a)-(p) is the calculation result which
adsorbed K,Ca,Sc,Ti,V,Cr,Mn,Fe,Co,Ni,Cu,Zn,Ga,Ge,As and Se atom on graphene.

In Fig.7, we follow a band located very much just under the fermi level. In fig. 7, a band
structure of the Cr,Mn,Fe,Co and Ni atomic adsorption which is 3d transition metal element
is illustrated. These very localized around fermi level and the number of the density of
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status is very large. In addition, the m band of the graphene is divided by localized d-orbital.
The number of the very large status just under the fermi level shows that status is instability.
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Fig. 8. A figure of band when Cr adatom adsorbed in each adsorption site in the graphene.
The wave function projected to p,-orbital in the 8-site of C atom is plotted in blue color
circle. The adatom was adsorbed each in (a) the B-site, () the H-site and (c) T-site.
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Fig. 9. A surface structure when a Cr atom adsorbed in each adsorption site in the graphene.

(a) B-site, (b) H-site, (c) T-site.

Fig. 10. A charge density map when a Cr atom adsorbed to the graphene. (a-1) and (a-2)

show a charge density map made from the 39th band from the bottom. (b-1) and (b-2) is
made from 37th band. (c-1) and (c-2) is made from 35th band.
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We performed all nonmagnetic (we do not consider spin polarization) calculation. In other
words, this shows that status is stabilized by spin polarization. In figure 11, we show
calculation result in consideration of spin polarization of the 3d transition metal
Ti,V,Cr,Mn,Fe,Co and Ni. A left axis shows total density of states (/eV) in the figure, and the
right axis shows local density of state (/eV) of the adatom. The local density of state of the
graphene does not almost influence polarization. Only 3d electron of the adatom and C
atom around the Fermi surface cause polarization. We plotted only 5eV from -5eV around
the fermi level in fig. 11. In fig. 12, a calculation in consideration of spin polarization. A
black line is density of states, and the value is shown in a left axis. The local density of state
of the adatom is shown with axis of the right side. Local density of states projected to s, p, d
orbitals for graphene. A red line shows s orbital, a green line shows p orbital, and blue line
shows d-orbital component. (a)-(g) is the calculation result which adsorbed Ti,V,Cr,Mn,Fe,Co
and Ni atom on graphene.

12.00

8.00 -

400 -

000 P’
% 400 2
2 8
o L
a 8.00 a

12.00

E E 0
Energy (eV) Energy (eV) Energy (eV)
12.00 T 4.00
@
8.00
2.00

4.00

0.00 JT 0.00
% 400 %
= 200 «»
2] tal —— total o
8 8.00 - s R s 1 s 8

P P p
d — d d
1200 — : : : ' : : : : : : — 400
4 2 0 2 4 4 2 0 2 4 4 2 0 2 4
Energy (eV) Energy (eV) Energy (eV)

Fig. 11. Calculation in consideration of spin polarization. A black line is density of states,
and the value is shown in a left axis. The local density of state of the adatom is shown with
axis of the right side. Local density of states projected to s, p, d orbitals for graphene. A red
line shows s orbital, a green line shows p orbital, and blue line shows d orbital component.
(a)-(g) is the calculation result which adsorbed Ti,V,Cr,Mn,Fe,Co and Ni atom on graphene.

For the calculation in consideration of spin polarization, the case which the adsorption
energy shows most high value when a Ti atom adsorbed, Fe atom adsorbed shows the
second largest value. Migration energy is maximum the case which a Fe atom adsorbs, the
case which a Ti atom adsorbs shows the second largest migration energy. The stable
adsorption site is not different from spin polarization in calculation without the spin
polarization. The adsorption energy decreases in comparison with the result that does not
consider spin polarization widely generally. A tendency to decrease is seen in the
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adsorption energy in comparison with the result that does not consider spin polarization.
Most of the difference of the adsorption energy are because total energy (formula 1) of the
isolated atom is different by spin polarization. By the total energy of the 3d transition metal
isolated atom by spin polarization of number eV make a great difference. In other words,
originally the adsorption energy showed a slight overestimate for the calculation that did
not consider spin polarization. The large difference by the spin polarization is a change of
the migration energy. In other words, for the calculation in consideration of spin
polarization, the energy difference between adsorption sites decreases. When specially spin
polarization is large, we appear conspicuously. When spin polarization is large, it is
remarkable. When a Cr atom adsorbs, the exchange splitting with the spin is the largest (4
pe / adatom ). In this case the energy seems to profit by exchange splitting, but the
adsorption energy is small because most of the orbital hybridization with the graphene does
not exist. In the graphene adsorption of the Mn atom, similar discussion is possible.
However, except such a case, magnitude and the tendency of the adsorption energy in the
most stable adsorption site are about the same as a result of nonmagnetism. The difference
of the migration energy by the spin polarization needs attention in the 3d transition metal.

adatom migration B-site H-site T-site moment
Ti 0.78 1.76 2.55 1.77 1.65
Vv 0.45 1.46 1.91 1.41 1.36
Cr 0.12 0.65 0.77 0.65 4.16
Mn 0.14 -0.01 0.26 0.12 0.78
Fe 1.06 1.20 2.31 1.25 1.86
Co 0.73 1.88 2.61 1.83 0.92
Ni 0.43 2.22 2.65 217 0.00

Table 1. A calculation result when the 3d transition metal adatom which considered spin
polarization adsorbed to the graphene. We show migration energy when we adsorbed to the
H site of the most stable adsorption site. When adatom adsorbed each to the B,H,T sites, we
show adsorption energy and magnetic moment. The magnetic moment shows magnetic
moment per adatom (/pB).

3.2 Migration energy

In the above section, we discuss the adsorption energy for adatoms on graphene plane. The
adsorption energy is the energy to remove the adatom from the graphene. Here, we discuss
the other important energy, migration energy. Migration energy or migration barrier energy
is the required energy for adatom on graphene to move from a site to other site. For the case
of large migration energy, adatom does not move at room temperature. For the case of
small migration energy, adatom can move easily on the graphene plane even at room
temperature.

In general, for making nano structures on a surface, the migration barrier energy for the
adatom on the surface is very significant to discuss the temperature dependence of the nano
structure. For adatom having small migration energy, the nano structure on the surface can
easily disappear because of the movement of the adatoms on the surface. For the growth of
thin films on surface using epitaxy technique, the choice of the growth temperature is very
important, because adatoms to form the thin film should move on the surface. Thus, the
growth temperature is a function of migration energy of the adatom on the surface.
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Fig. 12. A sketch of the migration energy. Migration energy or migration barrier energy is
the required energy for adatom on graphene to move from a site to other site.

In figure 13, we show the table of the calculated migration energies for various adatoms on
graphene. From the result, we found that adatom can be distinguished into two groups;
adatoms with fixed adsorption site and mobile adatoms. Roughly speaking, the two groups
are separeted at the migration energy value of 0.5 eV. Above 0.5eV, adatom does not move
at room temperature. Below 0.5eV, adatom is very mobile even at room temperature.

R=R,exp(—E / k;T)

The rate of hopping of adatom per second, R can be expressed with the above formula,
where E is the migration energy, T is temperature and kB is the Boltzmann constant. Ro is a
prefactor. The prefactor for Si adatom on Si(001) surface, the value is determined to be
1.25x1010 (T.Kawamura et.al ). If we consider the grapnene plane having more than 1 million
atoms, the migration barrier energy 0.5eV corresponds to the hopping of at least one atom
within one second. For example, Ito and Shiraishi have reported a kMC simulation of MBE
which takes into account the electron counting model (T. Ito et.al, K.Shiraishi et.al ). They
have used parameters such as the hopping barrier energies obtained by first-principles
calculation. The migration barrier energy can be obtained by using the density functional
method where the barrier energy can be easily found by using the contour map of the total
energy of the adatom-graphene system as a function of the position of the adatom parallel to
the graphene plane. As a biginning Ito and Shiraishi, migration barrier energies of an
adatom on surface has been calculated by many researchers using the density functional
theory.

According to our calculation, the migration barrier energies of adatom on graphene can be
distinguished into two types; fixed adatom and mobile adatom. For some transition metals,
Ti, V, Cr, Mn, Fe, Co, Nb, Mo, Tc, Ru, Ta, W, Re, Os, the migration barrier energy at the most
stable site is very large so that these atoms adsorb on graphene strongly and do not move on
graphene plane. On the contrary, for many atoms, Be, B, Na, Mg, Si, Cl, K, Ca, Cu, Zn, Ga,
Ge, Br, Rb, Sr, Y, Pd, Ag, Cd, In, Sn, Sb, Te, I, Cs, Ba, Ir, Pt, Au, Hg, Tl, Pb, Bi, the migration
barrier energies are very small so that these adatoms can move even at room temperature.
The 3d transition metal is polarized with low temperature. Our calculation was carried out
without magnetism. However, the nonmagnetic calculation is the calculation that becomes
average about a spin. It is the starting point for the discussion of the ferromagnetic state and
the discussion of high temperature. For a typical example, by calculating the Ti adatom
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adsorption on graphene, a discussion of the metal-graphene junction is carried out [18-21],
because the Ti atom has a very large adsorption energy and large migration energy.
Furthermore, an important fact is that the Ti atom does not break the structure of graphene
on adsorption. Fig. 15 shows a structure of the graphene adsorption of the Ti atom using a
nonmagnetic calculation. The adatom disturbs the structure of graphene on adsorption at
the B-site and the T-site. However, there is no change of the graphene structure from H-site
adsorption. The H-site is the most stable adsorption site for Ti adsorption. It is important for
the growth of a compound semiconductor on graphene that the adatom does not disturb the
surface structure. In talbe 1, we performed a calculation including spin polarization for a
adatom of 3d transition metal. As a result, the structure does not change with the H-site
adsorption, just as for the nonmagnetic calculation. The adsorption energy decreases, but it
is energy very larger than physical adsorption. For our calculation, the adsorption energy is
2.55 eV when including the spin polarization. The migration energy is very high then with
0.78eV. When a Ti atom adsorbs on graphene, it is result almost same as nonmagnetism.
However, the migration energy is lower than nonmagnetic result in the 3d transition metal
adsorption. The adatom which is over threshold sill level 0.5eV of the migration energy at
the room temperature is only Ti,V,Fe and Co in the 3d transition metal. One of the reasons
which Ti atom is used for in metal-graphene junction is caused by migration energy and
adsorption energy.

H He
0.60 more than 0.50 eV

Li | Be under 0.50 eV more than 0.30 eV B|C|[N|O]| F |Ne
0.30 | 0.02 less than 0.30 eV 0.12 {0.25|1.00 | 1.02 | 0.45

Na | Mg Al | Si | P S [ Cl| Ar
0.13 | 0.02 0.05 | 0.05|0.45 | 0.46 | 0.02

0.120.07 | 0.34 [ 0.61 | 1.05 | 1.45 | 1.26 ( 0.97 | 0.77 | 0.40 | 0.03 | 0.02 | 0.03 | 0.07 | 0.20 | 0.23 | 0.00

Rb|Sr| Y | Zr INb|Mo| Tc |Ru [Rh ([Pd ([Ag | Cd | In | Sn |Sb | Te | I | Xe

0.09 1 0.04 {0.12 | 0.39 | 0.83 | 1.47 | 1.40 ( 0.96 | 0.39 | 0.06 | 0.01 | 0.01 | 0.02 | 0.03 | 0.03 | 0.09 | 0.00

Cs|Ba|La|Hf | Ta| W Re|[Os| Ir | Pt |Au|Hg| Tl | Pb | Bi

0.100.05 | 0.18 { 0.23 | 0.60 | 1.17 | 1.23 [ 0.75 | 0.15 | 0.19 | 0.03 | 0.01 | 0.00 | 0.01 | 0.00

Fig. 13. The most stable site of migration energy. A dark green color is more than 0.5 eV and
a light green color is under 0.5 eV but more than 0.3 eV.

3.3 Charge transfer

Charge density analysis are done using AIM method or Bader method (R. F. W. Bader, W.
Tang et.al, E. Sanville et.al, G. Henkelman et.al ). In contrast to the Mulliken method using
local basis, we use only spacial gradient of charge density to analyze charge density of each
atoms using Bader method. Since requiered data is only charge density, we can apply the
Bader method in the density functional calculation with the plane wave expansion like
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VASP. In fig.15, we show the results the adatom adsorption at the most stable site. The
values in the table are the difference of the number of valence electron and the calculated
results with Bader method for each adatoms. The value obtained with the Bader method
and that obitained with the Mulliken method is usually not equal. No one know which is
correct. Neverthless, we can discuss the charge transfer between adoms using the Bader
method calculation where we obtain elecron charge density in a certain volume around each
atoms. The boundary of each atoms are determined simly as the minimum point of the
electron charge density between each two atoms. Therefore, positive values in the table
mean that electron transfer from the adatom to the graphene. On the other hand, negative
values in the table mean that the electron transfer from the graphene to the adatom.

() | () o ) @) o
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Fig. 14. We showed the final structure for the calculation in the Ti adatom adsorbed the
graphene. The calculation that (a)-(b) does not consider spin polarization. The calculation
that (d)-(f) considered spin polarization. We show B-site, H-site, T-site adsorption each. The
adatom disturbs the structure of graphene with B-site and T-site adsorp tion. The structure
of graphene does not change with H-site adsorption.

The present calculation is the calculation of the charge transfer for the system of one adatom
on a graphene plane. Thus, the calculation is almost equal to the study of electronegativity
for each adatom on graphene. The feature of our calculation is similar to the general
discussion of the electronegativity for each atomic species. For example, non metal atomic
species collect electrons from graphene. On the contrary, metallic atom leaves electron to
graphene. For some metals, Cu, Ag, Au, or Z, Cd, Hg, we found no electron transfer.
Similarly, we found no electron transfer for Pt on graphene, also. These results can be
applied for doping to graphene. We show the calculated density of states and the local
density of states for non metal species, B, C, N and O adsorbed on graphene in fig.16 (a), (b),
(c) and (d). The most stable adsorption sites for the four adatoms are B-site. For Boron, the
adsorption energy is 1.8eV and the electrons transfers from B atom to graphene. For
Oxygen, the adsorption energy is 4.8eV and the electrons transfers from graphene to the
Oxygen adatom. We analyze the local density of states when adsorbed O and B on
graphene. We represent typical example of low bond energy at nonmetallic element, in fig.
16(a), adsorbed B. The value of the total density of state corresponds to the left axis. The
value of the local density of states of adatom. We plotted the total density of states and local
density of states when adsorbed adatom B. This result shows decrease of the local density
of state of the adatom in fig 16(a-1) and increase of the local density of states of the
graphene in fig. 16(a-2). This result means that charge is transferred to graphene



DFT Calculation for Adatom Adsorption on Graphene 17

H Electron transfer from graphene to adatom He
0.15 I:I

Li | Be Electron transfer from adatom to graphene | B [ € | N [ O | F | Ne
0.86 | 0.05 greater than 0.5 0.43 | 0.02 [-0.68|-0.84 | -0.59

Na [ Mg less than 0.5 Al | si | P | s |calfar
0.62 | 0.10 0.81 | 0.72 | 0.38 [-0.04 [-0.41

063|087 | 1.1 | 1.1 | 0.98 | 0.84 | 0.70 | 0.58 | 0.48 | 0.45 | 0.19 | 0.03 | 0.55 | 0.43 | 0.22 |-0.01 | -0.34

Rb | Sr Y Zr | Nb | Mo | Tc | Ru [ Rh [ Pd [ Ag| Cd | In | Sn | Sb | Te 1 Xe

0.60 | 0.82 | 1.04 [ 1.16 | 0.97 | 0.72 | 0.53 | 0.37 | 0.24 | 0.17 | 0.10 | 0.03 | 0.57 | 0.43 | 0.27 | 0.09 |-0.28

Cs | Ba | La | Hf [ Ta | W | Re | Os Ir Pt [ Au | Hg | TI | Pb | Bi

0.61 [ 0.86 | 1.23 | 0.82 | 0.83 | 0.72 | 0.48 | 0.35 | 0.22 [-0.00 [ -0.11| 0.01 | 0.48 | 0.37 | 0.24

Fig. 15. Charge density analysis of Bader. The inserted figure represents the three adsorption sites
of graphene sheet, T,B and H. The pinkness signifies electron transfer from graphene to adatom.
The green and white signifies electron transfer from adatom to graphene. As for the green, an
electron number is larger than 0.5. As for the white, an electron number is less then 0.4.

from adatom when adsorbed B. As a result, the bonding orbitals between adatom and the
graphene decrease, because valence electron is transferred from adatom to graphene.
Furthermore, we show typical example of high bond energy at nonmetallic element, in fig
16(d), adsorbed O. The value of the total density of state corresponds to the left axis. The value
of the local density of states of adatom. This result shows increase of the local density of states
of the adatom in fig. 16(d-1) and decreasing of the local density of states of the graphene, in
fig16(d-2). The electron of the graphene is transferred to adatom by adsorbing O, as a result, it
is made a very wide hybridized orbital between things of graphene and adatom. The cause of
strong bond energy when adsorbed O on graphene is a wide hybridized orbital. By the result
of the Bader analysis in figure 15, 0.84 electrons per unit cell are transferred to adatom from
graphene in the O atomic adsorption, and 0.4 electrons transferred from adatom to graphene
in the B atomic adsorption. As well as result from analysis of the density of states, tendency of
the charge transfer when we adsorbed O and B was shown from result of the charge density
analysis of Bader. We performed Bader analysis about all adatom and the density of states
analysis about some atom. The transference of the charge is important to discussion of the
bonding of adatom and the graphene. For example, the quantity of charge transfer is
important as not only the discussion of the mechanism but also an indicator when it is decided
experimentally of the adatom. The results will be very helpful to plan the construction of nano
structures on graphene.

4. Application

4.1 Electrode

The metal-graphene junction attracts much attention for designs such as nano devices and
transistors using graphene. When the metal is used as an electrode on graphene, high
understand from these results that Ti and Zr bond well with graphene and could be useful as
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Fig. 16. The density of states and local density of state which adsorbed B,C,N and O. The value
of the total density of state corresponds to the left axis. The value of the local density of states
of adatom. : As for the black line, total density of states when adatom adsorbed to graphene. A
red line shows s-orbital, a green line shows p-orbital, and blue line shows d-orbital
component. Local density of states projected to s, p, d orbitals for graphene. (a-1) - (d-1) show
local density of state of the adatom. (a-2) - (d-2) shows local density of states of the graphene
(11th-site).

adsorption energy and a high migration energy are required, because an adatom is transferred
if the migration energy is low at room temperature. Therefore, high migration energy is
necessary for the electrode material. Before discussing the electric conduction properties or the
work function for varous graphene-metal junction to design the electrode material, however,
we should discuss the possibilities of electrode materials from the point of view of the
migration and adsorption energy as a first step towards that purpose in these studies. In
previous studies (K. T. Chan et.al, P.A. Khomyakov et.al, H. Sevincli et.al, Y. Scanchez-Paisal
et.al ), the bonding of Ti and Zr on graphene has been discussed. We can see why Ti and Zr
attract attention as electrode materials from our calculation, because both the adsorption
energy and migration energy are high and they do not disturb the surface structure on
adsorption. For our calculation, we found many adatoms with high adsorption energy and
high migration energy, similar to Ti and Zr. For example, Mn and Cr atom adsorption have
very high adsorption energy and migration energy. However, with the calculation including
spin polarization, the adsorption energy decreases in these atom. In Mn adatom adsorption,
the adsorption energy is 3.3 eV for the nonmagnetic calculation, but decreases to 0.3 eV when
considering spin polarization, because the state of the isolated atom is greatly stabilized by
including spin polarization. As regards the state of an isolated atom of a 3d metal, the
approximation of an average about spin is not appropriate at low temperature. However, for
the adsorption of Ti and Zr adatoms, the adsorption energy and migration energy are almost
the same as the nonmagnetic calculation. We found that Fe, Co and Ni adatom adsorption has
high adsorption energy and migration energy without depending on the spin polarization.
Adatoms such as Fe, Co or Ni may make good electrode materials. From this study, we can
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electrode materials. As a result of a similar calculation concerning transition metal element
adsorption such as Fe, Co, Ni, the possibility to make an electrode material was suggested.
High adsorption energy, high migration energy and the graphene surface structure are
important physical quantities for electrode materials with graphene.

4.2 Epitaxy

For the epitaxial growth, the migration barrier energy for supplied atom plays an important
role. Small migration barrier energy is significant for growing large-area graphene. However, in
the case of large migration energy, the epitaxially grown layers on graphene have small grain
size. Typically, the small migration energy of 0.03 eV for Cu makes the grain of the large size.
Using pulsed laser deposition technique, the growth of GaN on graphite has been succeeded
recently. The structure of the grown GaN on graphite is calculated using the density functional
theory/(Ishii-Tatani-Asano-Nakada and Ishii-Tatani-Nakada ) and the obtained structure agrees
well with experiments. For the investigation, the adsorption site of nitrogen adatom on graphite
is very important and the adsorption is very similar to the adsorption of N on graphene. Thus,
the epitaxial growth on graphene or graphite is possible and will be interesting project in
near future.

5. Conclusion

In this research, we calculated the adsorption and migration energy systematically for each
adatom adsorbed using the band calculation with the PAW method at three adsorption sites
on 3 x 3 graphene. In the case of model metal and transition metal elements, the adatom
almost always adsorbed to the H-site and when it was a nonmetallic element we showed that
it was mainly adsorbed to the B-site. We showed a tendency to adsorb to the T-site when the
number of valence electrons of the adatom is 1, as is the case for H, F, Cl, Br, and I. The stable
site for atomic species of transition metals having a very large migration barrier energy
(Ti,V,Cr,Mn,Fe,Co,Nb,Mo,Tc,Ru,Ta,W,Re and Os) is H. In transition metal elements, we
showed the largest bond energy when the d-orbital is half occupied. The adsorption energy
showed a tendency to decrease when the d-orbital occupation exceeded a half. In addition, the
adsorption of nonmetallic elements such as C, N, O shows a very large bond energy and
adsorption at the B-site. When the d-orbital and s-orbital are occupied, as in Be, Mg, Ca, Sr, Ba,
Zn, Cd, Hg, Cu, Ag and Au, we show a very small adsorption energy. Furthermore, we
estimated the minimum limit of the migration energy of the adatom. The tendency for the
magnitude of the migration energy is similar to the tendency of the adsorption energy. In the
most stable adsorption site, the adatom does not break the structure of graphene. However, in
an adsorption site other than the most stable site, we showed that in many cases the adatom
breaks the surface structure of graphene. In the growth of a compound semiconductor on
graphene, or metal-graphene junctions, we show the importance of the adsorption energy and
migration energy. Because Ti and Zr showed good bonding on graphene, we showed that
these were useful as electrode materials. Our calculation will be very helpful for experimental
groups that are considering the use of atoms and molecules as building blocks, or graphene for
making new nano devices, such as nano wires and nano switches.
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1. Introduction

Since its discovery in 2004 (Nobel prize in 2010), graphene -a single sheet of carbon atoms
forming the thinnest free standing material to date- has attracted enormous interest due to
its potentially tunable and exotic structural and electronic properties (Castro Neto et al.,
2009; Geim & Novolselov, 2007; Katsnelson et al., 2006, 2007; Novoselov et al., 2004, 2007;
Ohta et al., 2006; Y. Zhang et al., 2005). The pristine graphene is characterized as a zero-
gap semiconductor with bonding n and antibonding n* bands touch in a single point at the
Fermi level (Eg) at the corner of the Brillouin zone, and close to this so-called Dirac point
the bands display a linear dispersion, leading to extremely high charge carriers mobility
at room temperature of approximately 15,000 cm2/V.s (Geim & Novolselov, 2007) which
is significantly higher than that of the widely-used semiconductor, namely silicon (Si), of
approximately 1400 cm2/V.s. Like carbon nanotubes, measurements (Lee et al., 2008) have
shown that graphene is extremely strong and rigid compared to Si-based materials. These
incredibly fascinating properties alongside the high thermal conductivity suggest that
graphene is an excellent candidate for the applications in the circuits beyond the
conventional complementary metal-oxide semiconductor technology and many other
potential applications. Moreover and recently, the possibility of using graphene as a
highly-sensitive gas sensor has been reported as the good sensor properties of carbon
nanotubes are already known. It was shown that the increase of the concentration of
graphene charge carrier induced by adsorbed gas molecules can be used to make highly
sensitive sensors. These highly-sensitive properties of graphene can be attributed to the
fact that graphene is a low-dimensional structure with only a surface but no volume
which increase the chemical reaction of adsorbates and the surface atoms. Additionally,
the high conductivity of graphene even in low charge density is another reason for being a
highly-sensitive sensor.

Having established the importance of pristine graphene in many potential applications, the
adsorption of single atoms (Chan et al., 2008; Farjam & Rafii-Tabar, 2009; Han et al., 2007;
Hao et al., 2006; Li et al., 2008; Mao et al., 2008; Medeiros, 2010; Yang, 2009) and molecules
(Duplock et al., 2004; Elias et al., 2009; Giannozzi et al., 2003; Ito et al., 2008; Leenaerts et al.,
2008, 2009; Nakamura et al., 2008; Novoselov et al., 2004; Pinto et al., 2009; Sanyal et al.,
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2009; Schedin et al., 2007, Wehling et al., 2008; Y.-H. Zhang, 2010) on the bare graphene
surface has been the subject for different theoretical and experimental investigations due to
their promising applications in nanoscale electronics, bioelectronics, gas sensors, and
hydrogen storage devices. Among these adsorbates, hydrogen has been considered as one of
the most interesting and fantastic candidates. Recently, it has been experimentally reported,
using the transmission electron microscopy, that a graphene sheet can be chemically
converted into graphane through a hydrogenation process by reacting with atomic
hydrogen (Elias et al., 2009). This process, however, transforms the zero-gap semiconductor
graphene into a wide-gap semiconductor (insulator) graphane. Theoretically reported
studies (Boukhvalov et al., 2008; Sofo et al., 2007) using the density functional scheme, have
revealed that the chairlike configuration, with hydrogen atoms attached to the carbon atoms
in alternative manner, is the energetically most preferable structure for graphane. Sofo et al.
(Sofo et al., 2007) have found that the chairlike and boatlike conformers are semiconducting
with 3.5 eV and 3.7 eV, respectively. As has been claimed in many literatures (H. Ohno,
1998; Y. Ohno et al., 1999; Savchenko, 2009), future hydrogen-fuel technologies should make
use of graphane as hydrogen storage due to its very high hydrogen density. Moreover, this
extremely thin material with a finite band gap is also likely to find its use in many
technological and industrial applications. Overall, graphene surface could be successfully
used as a base for creating new promising and useful materials, and it would be of quite
interest to theoretically investigate the effects of incorporating various molecules into its
structure for different technological and industrial applications.

The adsorption of various molecules onto graphene has also been investigated. The
structural and electronic properties of oxygen-adsorbed graphene have been theoretically
studied by Nakamura et al. (Nakamura et al., 2008) and Ito ef al (Ito et al., 2008). Their
results have indicated that the adsorption of oxygen molecules onto graphene produces
epoxy and ether group phases which are almost bistable. Moreover, they have concluded
that the ether structure is the most energetically preferable for adsorption involving both
sides of the sheet, while the one-side adsorption structure appears only as a meta-stable
phase, with a finite energy gap at the K point emerges and its value increases as the number
of oxygen increases with respect to the number of carbon atoms. The key charge transfer
mechanisms upon adsorption of NH;, NO, and NO; onto graphene have been reported by
Leenaerts et al. (Leenaerts et al., 2008, 2009). Their theoretical results indicate that the NO,
adsorbates induce a relatively strong doping comparing to the NO molecule. Within the
framework of the local density approximation of the density functional theory, Pinto et al.
(Pinto et al, 2009) have investigated the chemisorption of tetrafluoro-
tetracyanoquinodimethane (F4-TCNQ) molecule on pristine graphene by means of the
electronic properties. It was reported that the F4-TCNQ molecule acts like a p-type dopant
for graphene with an approximately charge of 0.3 e/molecule being transferred from the
highest occupied molecular orbital (HOMO) of graphene to the lowest unoccupied
molecular orbital (LUMO) of the molecule. Zhang et al. (Y.-H. Zhang et al., 2010) have
recently investigated the binding of organic electron donor and acceptor molecules on
graphene sheets within the framework of the density functional theory. They found that the
adsorption of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and tetrathiafulvalene
(TTF) cause hybridizations between the molecular levels and the graphene valence bands.
These hybridizations transform the zero-gap semiconductor graphene into a metallic
graphene. Despite the available studies, there are no enough theoretical comparative study



Structural and Electronic Properties of
Graphen upon Molecular Adsorption: DFT Comparative Analysis 23

on the physics and chemistry of the adsorption of small molecules onto the surface of
pristine graphene.

In the present chapter, we aim to theoretically investigate the fundamental changes of the
structural and electronic properties of graphene upon the incorporation of hydrogen,
benzene, and naphthalene molecules. The first-principles calculations will be performed
using the density functional theory in its local density approximation scheme and the
pseudopotential method.

2. Calculation methodology

The present ab initio calculations have been performed using the density functional theory
(DFT) (Hohenberg & Kohn, 1964) with a plane wave basis set as implemented in the
QUANTUM ESPRESSO simulation package (Giannozzi et al., 2009). The electron-electron
interactions were expressed within the local density approximation (LDA) as parameterized
by Perdew and Zunger (Perdew & Zunger, 1981). The electron-ion interaction was treated
by using the ultrasoft pseudopotential for carbon and hydrogen (Vanderbilt, 1990). We
expanded the single-particle Kohn-Sham (Kohn & Sham, 1965) wave functions using a
linear combination of plane-wave basis sets with a kinetic energy cutoff of 45 Ry. The Kohn-
Sham equations were Self consistently solved by employing a 14x14x1 k points Monkhorst-
Pack set (Monkhorst & Pack, 1976) within the hexagonal Brillouin zone. The repeated
supercell technique was used to model the studied graphene-based structures. In each
surface structure of pristine and molecule-adsorbed graphene we considered a 6x6x1 unit
cell containing 72 carbon atoms. We have used our calculated in-plane lattice parameter for
graphene of 2.45 A which is in good agreement with the previously reported theoretical (Ito
et al.,, 2008; Schabel & Martins, 1992; Yin & Cohen, 1984) and experimental values for bulk
graphite (D. Mckie & C. Mckie, 1986). To minimize the interactions between the graphene
sheet and its periodic image, we considered a vertical separation of 14.65 A (six times the
lattice parameter) along the surface normal direction. These parameters have been carefully
chosen after several calculations to obtain well-converged results. Relaxed atomic positions
for carbon and hydrogen atoms were obtained by using the total-energy and force
minimization methods following the Hellmann-Feynman approach. The equilibrium atomic
positions were determined by relaxing all atoms in the cell except the carbon atom at the
origin which was kept in its bulk position.

3. Results and discussion

In the following subsections we will present, based on ab initio calculations, a comparative
study of the structural and electronic properties of pristine graphene, hydrogen-adsorbed
graphene (graphane), benzene-adsorbed graphene, and naphthalene-adsorbed graphene.
To establish well-defined comparative study we have performed the calculations using unit
cells of similar sizes and parameters.

3.1 Pristine graphene

It is rather important for our present comparative study to start with the structural and
electronic properties of the pristine graphene. Figure 1 shows a schematic view of the
fully-relaxed structure of the pristine graphene, indicating the basic structural parameters.
It is well-known that each carbon atom has two 2s and two 2p electrons in its valence
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state. These four electrons lead to various sp-hybridized orbitals. For graphene, each
carbon atom is bonded to three other carbon atoms according to an sp? hybridization. In
the present calculations the C-C bonds are found to be 1.41 A which are smaller than the
C-C bond lengths of diamond of 1.52 A. The C-C-C angle is measured to be 120° which is
slightly larger than the prospective value of 109.5° in its diamond structure. These values
suggest that, unlike the ideal sp? diamond structural phase, graphene has a significant sp2
nature as stated above. This feature, therefore, leads to the considerable rigidity of
graphene materials comparing with the normal semiconducting materials, such as Si.

The electronic band structure of the clean graphene sheet is plotted in Fig. 2 along the
principal directions of the hexagonal Brillouin zone. It is clearly shown that the band
structure of pristine graphene has a zero-gap semiconducting nature. It is important to
note the folding of the bands due to the used supercell. In this plot, the top of the valence
state and the bottom of the conduction state degenerate at the I' point (Dirac point)
instead of the K point of the hexagonal Brillouin zone. These two bands obey a linear in-
plane dispersion relation near the Fermi energy at the I' point of the Brillouin zone
resulting in zero effective mass for electrons and holes and high mobility of charge
carriers.

Fig. 1. Schematic top view of the optimized structure of pristine graphene. The inset shows
the structural parameters of the hexagonal ring. The bond lengths are measured in angstrom
(A) and angles are measured in angles (°).

In a previous report (AlZahrani & Srivastava, 2009) we have studied the in-plane dispersion
curves, at the I' point, slightly above and slightly below the Fermi energy to extract the
velocities of electron and hole carriers. These velocities were estimated to be 1.11x106 m/s
and 1.04x106 m/s. The partial charge density plots of these two states at the K point confirm
the bonding n and antibonding n* orbital nature of the HOMO and LUMO states of pristine
graphene, as clearly shown in Fig. 3.
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Fig. 2. Electronic band structure of the pristine graphene along the principal directions of the
hexagonal Brillouin zone. The Fermi level is set at the zero.
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Fig. 3. Partial charge density plot, at the K point, of the (a) highest occupied state and (b)
lowest unoccupied state.

3.2 Hydrogen-adsorbed graphene

The chemical adsorption of hydrogen atoms on pristine graphene has gained great interest
due to the immense changes in the electronic properties of graphene. These changes lead to
a new wide-gap semiconducting material which has the name of graphane. Subsequently,
graphane has been experimentally synthesized and reported that it obeys a reversible
hydrogenation-dehydrogenation process (Elias et al., 2009). This material, therefore, could
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open the gate for enormous technological and industrial applications, such as
hydrogenstorage and two-dimensional nanoelectronics. Our purpose in this section is to
find the energetically most stable geometry of graphane and then to compare its structural
and electronic properties with those of pristine graphene. To model such a material, we have
initially considered four different preliminary configurations depending on the adsorption
sites of hydrogen atoms above and/or below the graphene sheet. These structures are
chairlike, boatlike (Sofo et al.,, 2007), tablelike, and stirrup configurations as schematically
shown in Fig. 4. The key building block of these structures is the number and orientation (up
or down) of the attached hydrogen atoms in each hexagonal cell of graphene. The chairlike
conformer consists of hydrogen atoms which are alternatively attached to the carbon atoms on
both sides of the sheet. The hydrogen atoms in the boatlike conformer are alternatively
attached in pairs to the carbon atoms on both sides. In the tablelike configuration the hydrogen
atoms are attached to every carbon atom from one side of the sheet. Finally, the stirrup
structure has three hydrogen atoms attached to the carbon atoms from the upper side of the
sheet and also three others attached to the carbon atoms from the bottom side. Our self-
consistent calculations indicate that the chairlike configuration is the energetically most stable
structure (minimum energy structure) with an energy gain of approximately 0.129 eV, 0.131
eV, and 0.655 eV comparing with the boatlike, stirrup, and tablelike configurations,

Fig. 4. Schematic view of the optimized structures of the possible structures of hydrogen-
adsorbed graphene (graphane) with (a) boatlike, (b) chairlike, (c) tablelike, and (d) stirrup.
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respectively. These findings for chair and boatlike structures are very comparable with the
previously reported results obtained by Sofo et al. (Sofo et al., 2007). We note that boatlike and
stirrup configurations are almost meta-stable structures and can be found in H-rich
environment. In the following lines, we will focus our discussion on the structural and
electronic properties of the ground state structure of graphane (chairlike conformer).

We have started our calculations for chairlike geometry of graphane with a flat sheet of
graphene and hydrogen atoms at 1.0 A above carbon species. Minimization of this structure
leads to a fully-relaxed configuration as schematically depicted in Fig. 5. From this figure we
have found that the C-C bond length is approximately 1.49 A, which is larger than the C-C
bond length in the ideal graphene (1.42 A). However, this value is almost comparable with
the C-C bond length obtained for graphite (1.47 A) and diamond (1.52 A) using similar
computational parameters. Moreover, the calculated graphane C-C bond length is in
excellent agreement with the bond length of 1.48 A obtained by Igami et al. (Igami et al.
2001). Upon the H adsorption, the basis carbon atoms in the cell are found to experience a
vertical buckling (perpendicular distance between the two carbon sublattices) of
approximately 0.46 A, which is in excellent agreement with the theoretical values obtained
by Boukhvalov et al. (Boukhvalov et al., 2008) and Sahin et al. (Sahin et al., 2010) and the
experimental value extracted by Elias et al (Elias et al., 2009). Having this amount of
buckling, the lattice constant of graphene increases from 2.45 A to 2.50 A. This amount of
buckling leads not only to a structural variation but also to a significant change in the
electronic properties of graphene.

Fig. 5. The optimized atomic structure of the chairlike configuration along with the key-
structural parameters. The bond lengths and angles are measured angstrom and degrees,
respectively.

Consistent with previously reported results (Boukhvalov et al., 2008; Sahin et al., 2010; Sofo
et al.,, 2007), the C-H bond length is measured to be 1.12 A, which is identical to the typical
bond length of the hydrocarbon compounds. While the angle between two adjacent C-C
bonds (C-C-C angle) is found to be 102°, the angle between C-H and C-C bonds (C-C-H
angle) is determined to be 108°. The average value of these angles is slightly smaller than
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the tetrahedral angle of diamond of 109.5°. These values are in mild agreement with the
previous theoretical results (Boukhvalov et al., 2008; Sahin et al., 2010). However, this
suggests that the nature of C-C and C-H bonds is not entirely sp3 but sp3-like. Overall, these
findings for calculated bond lengths and angles clearly indicate that the bonding in
graphane is sp3-like.
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Fig. 6. Surface electronic band structure of the most stable structure of graphane (chairlike)
along the principal directions of the hexagonal Brillouin zone. The Fermi level is set at the
Zero.

The electronic band structure of chairlike graphane is calculated along the principal
directions of the hexagonal Brillouin zone as shown in Fig. 6. It is clearly noted that the
bonding = and antibonding n* states of clean graphene are now removed. Since graphane is
an sp3-like saturated structure with every C atoms being bounded to three adjacent C atoms
and a single H atom, the system is found to be non-magnetic semiconducting with a direct
LDA band gap of 3.9 eV, with HOMO at Ef -3.4 eV and LUMO at Er +2.5 eV.

This value of band gap is slightly larger than the reported value of 3.5 eV (Sofo et al., 2007).
It is rather important to indicate that due to the well-known deficiency of the LDA in
dealing with semiconducting systems, the underestimated band gap of 3.9 eV is corrected
by GWj approximation to become 5.97 eV (Lebergue et al., 2009). From Fig. 6, we clearly
note that the uppermost occupied band is doubly degenerate at approximately 7 eV below
the Fermi level at the zone edge, namely K point. This degeneracy has also been observed for
pristine graphene but with energetic shift due to the charge transfer from H atoms towards
the graphene. We also find a double degeneracy of the top of valence band at about 3 eV
below the Fermi level. Such degeneracy suggests that these bands have a symmetrical
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orbital nature but with different effective masses. Above the Fermi level, we can identify
band degeneracy at the zone edges K and M with eigenvalues of 8 eV and 5 eV, respectively.
These features can be directly related to the graphene sheet as we have noted in Fig. 2 but
with significant change in their energies. Inspection of the partial charge density, at the K
point, of both HOMO and LUMO states reveals that the n bonding orbital in C-C bonds of
graphene is broken and a new sp, orbital is created between H and the upper C atom (i.e. the
carbon atom that was tilted upwards) upon hydrogenation process. Moreover, the
antibonding n* orbital in graphene is removed and replaced by the antibonding state which
is a hybridization of the H s and C p orbitals. These plots are shown in Fig. 7.

(a)

Fig. 7. Partial charge density plot, at the K point, of the (a) highest occupied state and (b)
lowest unoccupied state of chairlike graphane.

It is quite important for the device engineering and manufacturing to figure out the bonding
nature of C-C and C-H bonds. To perform such an examination, we performed total charge
density calculations in a plane and along the C-C and C-H bonds. Figure 8(a) shows a
contour map of the total charge density in [010]/[001] plane. It clearly indicates that the
charge distribution around the C-C bond is supportive of that in tetrahedrally coordinated
diamond as shown in Fig. 8(b). Our results indicate that the C-C and C-H bonds have a
noticeable degree of covalency, as shown in panels (c) and (d) of Fig. 8. A considerable
amount of charge is uniformly localized around the carbon atoms. It is interesting to note
that the double-hump feature of the charge density along the neighboring C atoms (Fig. 8(c))
is typical of the diamond structure, which is not an artifact of the pseudopotential method.
Moreover, we have clearly observed that a little amount of charge being transferred from
the hydrogen towards the carbon atoms. Quantitatively, we have used the Lowdin
population analysis scheme (Lowdin, 1950) to obtain numeral information about the atomic
charges. Employing this scheme, the wave functions are projected onto linear combinations
of atomic orbitals; we find that a charge of 0.2¢ has been transferred from the hydrogen
atoms to the carbon atoms for each unit cell. Our calculated value is in good match with the
result obtained by Sofo et al (Sofo et al., 2007).

3.3 Benzene-adsorbed graphene

Rather than hydrogen, it has been reported that the adsorption of organic molecules on
graphene leads to significant changes in the fundamental atomic and electronic properties of
the substrate. To examine the reliability of these changes we will study the mechanism of
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the chemisorption of small molecules (benzene and naphthalene) on a clean sheet of
graphene. This subsection will be designed to study the benzene-adsorbed graphene
structure whereas the next subsection will detail the naphthalene-adsorbed graphene
system. To investigate the basic properties of graphene upon the adsorption of benzene, we
firstly check different possible adsorption sites of the molecule onto the substrate.
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Fig. 8. Total charge density contour plots of (a) graphane and (b) diamond in a plane passing
though H-C-C-H and C-C-C-C lines, respectively. Total charge density plot along the (c) C-C
and (d) C-H bonds in graphane. The charge density is measured in e/a.u3.

Neglecting the unfavorable substitutional sites, we have considered two configurations for
the adsorption of benzene on pristine graphene. In these we have attempted a hollow and a
stack adsorption sites, as schematically shown in Fig. 9. Therefore, to evaluate the
energetically most preferable configuration between them, we compare their surface
formation energies according to the formula:

AE =Eu,—E.-E;. 1)

The symbols Ey; , E; and Ej indicate the total energies of the optimized structures of the
benzene-adsorbed graphene, pristine graphene, and isolated benzene molecule, respectively. It
is important to state that these total energies are calculated within similar unit cells and
computational parameters. Using the above equation we find that the adsorption energies of
hollow and stack structures are approximately -0.25 eV and -0.30 eV, respectively. These
values suggest that the stack configuration represent the ground-state structure of the
benzene-graphene system with energy gain of about 0.05 eV comparing with the hollow
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phase. Therefore we will focus our theoretical investigation on the stack configuration to
determine the structural and electronic properties of benzene/ graphene structure. The starting
point towards the structural optimization of the present system is the initial position of benzene
molecule above the graphene sheet. The molecular atoms (benzene molecule) are initially placed
at 1.5 A above the carbon atoms of the graphene. After several iterations of relaxation process, the
benzene molecule adopts a planar geometry at 3.52 A above the graphene sheet. While this value
is consistent with the experimental value of 3.6 A that is estimated from binding energy curves
performed by Chakarova-Kack et al. (Chakarova-Kack et al., 2006), it is slightly larger than the
value of 3.17 A obtained by Zhang et al (Y.-H. Zhang et al., 2010). This inconsistency is due to the
quite low energy cutoff used in their calculations. Subsequently we have found that the C-C and
C-H bond lengths of benzene on the top of graphene are measured to be 1.39 A and 1.10 A,
respectively. These values are identical to those of the hydrocarbons compounds of 140 A and
1.10 A for C-C and C-H bonds, respectively. Since the calculated C-C-C and C-C-H angles of
the molecule are identical and equal to 120°, we conclude that benzene reorients itself in a
planar manner above the graphene. This orientation has also been noted for F4-TCNQ
(Pinto et al., 2009) which indicates similar adsorption mechanism for organic molecules on
graphene. Adsorbed-graphene sheet, on the other side, has been found to have a C-C bond
length of 1.41 A and a C-C-C angle of 120°. These suggest that, even though benzene is
being adsorbed, graphene preserves its basic structural behaviour.

Fig. 9. Schematic view of the minimum-energy structures of the (a) hollow and (b) stack
configurations of benzene-adsorbed graphene. (c) Top view of the relaxed benzene molecule
with its structural parameters. The grey solid spheres represent C atoms from the graphene
while dashed spheres indicate C atoms from the molecule.
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Further, we have performed surface electronic band structure for the benzene-adsorbed
graphene configuration along the high-symmetry directions, K—I" and I'=M, as shown in Fig.
10. Setting the Fermi level at the zero-energetic position, we clearly note that the Dirac point of
the systems is coincided with the Fermi level, indicating a zero-gap nature. This indicates that,
for low-energy states, the adsorption of benzene leads to unchanged electronic structure
regarding to pristine graphene. Accordingly, this suggests that charge transfer is not expected
to occur between the graphene and the molecule. Such an observation can be understood if we
believe that only the states very far below/above the Dirac point of graphene are perturbed by
the molecular adsorption. However, this conclusion is supportive of the result obtained by
Zhang et al. (Y.-H. Zhang et al., 2010). In their study they found that the adsorption of benzene
on pristine graphene results in insignificant amount of electronic charge being transferred
from the molecule to the graphene sheet.
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Fig. 10. Electronic band structure of the benzene-adsorbed graphene system with the
molecule on a stack adsorption site. The zero-energy position indicates the Fermi level.

3.4 Naphthalene-adsorbed graphene

As has been performed for benzene-adsorbed graphene structure, we have tested at least
two adsorption sites for naphthalene molecule onto graphene. Between hollow and stack
configurations we have found that the latter represents the minimum-energy structure of
naphthalene-adsorbed graphene, as shown in Fig. 11. Our calculations indicates that the
adsorption energy of stack and hollow phases are approximately —0.47 eV and —0.39 eV,
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respectively. The molecule is found to be relaxed 3.15 A above the sheet suggesting no bond
formation between the molecule fragments and the carbon atoms of the graphene. Looking
at the C-H bond length of the molecule we have identified no appreciable change and its
typical value of 1.10 A. Comparing the naphthalene-adsorbed system with the benzene-
adsorbed system, we have clearly noted considerable alterations in the C-C bond lengths of
the molecule. These bond lengths are categorized into three groups: 1.37 A, 1.40 A, and 1.43
A. These values are in the acceptable range of the typical bond lengths of an isolated
naphthalene molecule (1.36-1.42 A). The C-C-C and C-C-H angles vary in the interval 121-
122° and 118-120°, respectively. These results suggest a very tiny amount of vertical tilt in
the carbon planes. However, the substrate keeps its original structure as also seen for
benzene-adsorbed structure.

Fig. 11. The minimum-energy structures of the (a) hollow and (b) stack configurations of
naphthalene-adsorbed graphene. (c) Top view of the fully relaxed molecule.

In Fig. 12, we have depicted the electronic band structure of the naphthalene/graphene
system. Despite that the band structure for the benzene/ graphene system looks very similar
to the pristine graphene in the low-energy region (+2.0 eV with respect to Fermi level Ep),
the energy bands for the naphthalene/graphene system performs little changes below the
Fermi level. From the figure we clearly identify a new flat (non-dispersive) band at energy
of Er —1.3 eV. This band is believed to be originated from the molecule states. Overall, the
system has an entire zero-gap behaviour with indication that no charge being transferred
from/to the graphene substrate.
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Fig. 12. Electronic band structure of the naphthalene/graphene system with the molecule on
a stack adsorption site. The Fermi level is located at the zero-energy position.

4. Conclusion

Within the framework of local density approximation of the density functional theory and
pseudopotential theory we have presented a comparative ab initio study for the adsorption
of molecules on a pristine graphene. The sp? structure and zero-gap behaviour are found to
the fundamental characteristics of clean graphene with degenerate bonding n and
antibonding 7" states at the K point. Upon the adsorption of hydrogen atoms on pristine
graphene, a chairlike configuration is found to be the energetically most stable structure for
the system (graphane). As the four valence electrons of carbon atoms participate in the
formation of the covalent bonzds with hydrogen atoms the n bands are removed from the
band structure of graphane. The absence of these bands leads graphane to be a
semiconducting with wide direct gap at the I' point. Moreover, the structural transformation
of carbon bonds from sp? to sp3-like hybridization results in an increase in the bond length
from 1.41 A to 1.49 A. Unlike the hydrogen-adsorbed graphene, benzene and naphthalene-
adsorbed structures are found to only stabilize the graphene sheet with no significant
change in its low-energy electronic properties.
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1. Introduction

Graphene is a single layer of carbon atoms arranged in a chicken-wire-like hexagonal lattice
and in spite of its recent availability for experimental investigations (Novoselov et al., 2004)
it is an object of great interest for many researchers (Elias et al., 2009; Sofo et al., 2007; Luo et
al., 2009; Teweldebrhan and Balandin, 2009; Ilyin et al., 2009) because of amazingly wide
field of its potential applicability: electronics, sensors, materials science, biology etc. In
particular, graphene and few layer graphene fragments as well as carbon nanotubes can be
used in production of composites, based on metal, ceramic, polymer matrices, filled with
graphene’s or few layer graphene fragments as elements of reinforcement. Obviously, the
main goal of using graphene or nanotubes in making composites is using their extremely
high mechanical characteristics in combination with low weight. It should be noticed, that
many difficulties concerning graphene’s applications originate from its surface chemical
inertness. In other words, the sp? electron structure of ideal graphene often results in very
low binding energy between graphene’s surface and atoms of many elements. It is one of the
obstacles for modifying and applications of graphene in production of electronic devices,
when controllable electronic properties are needed. Besides, it results in poor interfacial
bonding of the graphene fragments with matrices in composite materials and with sliding
between few layer graphene sheets under stressed state. The noticeable success in this
direction has been recently achieved in the work (Elias et al., 2009), in which the
hydrogenation of graphene was performed by using an ion-plasma technique. It should be
noticed, that composite of graphene and hydrogen, associated with graphene’s surface was
theoretically predicted few years ago in the paper (Sofo et al., 2007) and named as graphane.
Unfortunately, this success up to now can be surely referred only to graphene-hydrogen
composition. But today’s technologies especially in the field of materials science need much
more wide area of possible compositions and special materials. It was reasonable to
suppose, that radiation defects may essentially improve binding ability of graphene with
atoms of other elements due to production of additional chemical bonds (Ilyin, 2010; Ilyin &
Beall, 2010). It is especially important for application of graphene species in R&D of
composites. Moreover defects in such structures may improve mechanical properties by
linking reinforcing carbon nanoelements to each other and by increasing the strength and
stiffness of the composite (Ilyin et al.,2010). Unfortunately, it is not yet well understood
which kinds of stable radiation defects and their complexes can exist in graphene and its
derivatives. Obviously, it is not easy to create definite types of radiation defects and
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perform direct studies of them in nanoobjects in direct laboratory experiments. In this
situation computer simulation of radiation defects in graphene- and relative nanostructures
becomes of great importance (Ilyin et al., 2011). In this paper we have submitted some
results of computer simulation and calculations of some possible kinds of stable radiation
defects in graphene, and more complex configurations, involving atoms of light metals: Be
and Al, which are linking with radiation defects. In other words, we consider possible effect
of radiation defects on production and modification of graphene - metal composites and
calculate energetic and structural properties for some mostly possible configurations.
Computer simulation and calculations were performed by the use well known molecular
dynamics, extended Hiickel technique and density functional theory.

2. Simulation and calculations

The first model which we consider in this chapter is a simple configuration, which consists
of a graphene sheet and a carbon atom adsorbed with it. We imply, that in this case no
chemical bond between graphene and C atom exists. This kind of interaction refers to well
known van der Waals forces. These interactions are weak and insignificant in our common
life, but their role increases dramatically among the nano-scaled objects. One of the
important features of them - the additivity i.e. every particle of the system makes its
contribution into the total interaction energy. Therefore, they can be relatively large for
nanosystems, involving 102 - 10% atoms or molecules. But van der Waals interactions are not
accounted by the use widespread computer techniques like molecular orbital linear
combination of atomic orbitals by self consistent field (MO LCAO SCF) or density functional
theory (DFT). Therefore, in this problem the method of molecular dynamics (MD), which is
recognized as the effective tool for similar systems, was chosen. A graphene sheet for MD
simulation of single- and diatomic defects on the undamaged structure was built of 78
atoms. Van der Waals interaction between adsorbed atoms and graphene was described by
well known Lennard-Johns potential in the usual form.

Fig. 1. Configuration of a single adsorbed atom on a graphene structure

Presented in Figure 1 is one of investigated defect configurations which is actually a single
carbon atom, adsorbed on the surface of the undamaged graphene sheet. The maximum
value of the binding energy for the single adsorbed atom E = - 0.18 eV at a distance Z = 0.25
nm from the graphene plane. One important characteristic is also the energy of carbon atom
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in the center point of graphene’s hexagon (Z = 0). This position was found to be very
unstable with the positive energy equals to Eqg =11.4 eV. It means also, that the graphene
sheet is impermeable for displaced carbon atoms with energies lower than Eo.

Fig. 2. Configuration of a dumbbell defect on a graphene (N=78) structure

Figure 2 presents a configuration of a more complicated, two-atom defect which is like a
dumbbell with a symmetrical configuration of the atoms d1 and d2 normal to the graphene
sheet. Calculations of this defect were performed by MD, using the L] potential.

To begin, in all cases the minimum energy lateral position of the atoms adsorbed, had been
found out at the normal axis of symmetry of hexagon (Z-axis). Further we performed
calculations with movement of atoms along the Z-axis. Results of calculations of the binding
energies for these defects as a function of a distance Z over the center of hexagon are
presented in Figure 3. It can be seen, that there is an interval between approximately 2 and 3
angstroms that exhibits a trough with a negative energies, which is evidence of the existence
of stable binding states. Low values of bonding energies testify of the vdW nature of the
interaction.
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Fig. 3. The binding energy for the single atom and the dumbbell defect as a function of a
distance Z over the center of hexagon. The black marks - the single atom configuration (see
Figure 1), the light marks - the dumbbell configuration (see Figure 2)
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a) b)

Fig. 4. The electron charge distribution for the dumbbell presented in Fig.2. Density of
electron charge equals: a) 0.02 el / As, b)0.5el / A3 .

Figure 4 illustrates the results of calculations of electron charge distribution for the
dumbbell presented in Figure 2, performed by MO LCAO method. These calculations were
performed in order to check our assumption about vdW interaction between atoms
adsorbed and graphene. One can see some overlapping of electron charge only by very low
level of electron density (Figure 4,a). And, obviously, there are no signs of overlapping of
electron charge at high level of electron density, which could be responsible for some kind
of bonding between graphene and atoms adsorbed. One can see well distinguished electron
charge clouds, obviously closed on graphene and d1 and d2 atoms with a gap between
them. At the same time graphene’s structure is linked with dense electron clouds, which
provided strong bonding. It proves that weak bonding interaction for the defects presented
above is controlled by vdW forces. It is unlikely, that such defects can be useful for essential
modifying of mechanical properties of composite materials.

2.1 Vacancies in graphene

Irradiation of graphene-based electronic devices by fast electrons or ions will be always
accompanied by creation of atom vacancies. Therefore, it is very important to know about
changes in electronic properties of graphene fragments which should be expected under
irradiation and about how they depend on defect concentration. For such estimation we
have used large enough graphene’s fragment (N=208).

oL L

Fig. 5. Graphene for calculations with edge-bonds shut by H-atoms

In order to avoid end-effects by calculations, free end-bonds of carbon atoms were shut
with hydrogen atoms. Afterwards, in order to take into account the possible effect of a
larger size of a real graphene sheet, which can restrict the atoms neighboring to the vacancy,
all edge atoms of graphene were fixed at their initial positions. After that we simulated and
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calculated one-, two- and three -vacancy configurations with using in all cases a procedure
of energy minimization.

It was revealed, that in all cases, after energy optimization the vacancy zone increased so
that all the three two-coordinated atoms, neighboring the vacancy, were shifted nearly
symmetrically: all three distances between surrounding atoms 1-2 , 2-3, 3-1 ( figure 6)
become as large as 2.76 A instead of 2.46 A in the initial state.

Fig. 6. Vacancy zone in graphene after the optimization procedure

Figure 7 presents a configuration of a graphene with 3 single vacancies displayed by the
electron charge distribution.
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Fig. 7. Graphene with 3 single separated vacancies in the structure

Calculations of HOMO and LUMO were also performed in all cases. Figure 8 presents
dependence of Eg = HOMO - LUMO for graphene -208 with different numbers of vacancies.
There were one-, two-, and three vacancies in aligned configuration.
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Fig. 8. The value of Eg = HOMO - LUMO as a function of concentration of vacancies in a
graphene-208 fragment.
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Obviously, data for E; presented in Figure 8 illustrate the effect of limited size of graphene
fragment (so called size-effect), because the infinite graphene (the initial state with N =0) is
intrinsically semi-metal with Eg =0. But these and similar effects should be taken into
account when physicists and technologists will design devices based on real graphene
fragments of limited sizes.

2.2 Radiation defects with strong bonding

As the next step we simulated and calculated energetic and structural characteristics of 3D
defect configuration presented in Figure 9. This type of radiation defect, which involves two
carbon atoms arranged symmetrically over a vacancy can be named “dumbbell”, like to
configuration presented in Figure 2.

Fig. 9. The complex radiation defect, involving a vacancy and a dumbbell configuration.

But in this case the two carbon atoms (d1,d2) of the dumbbell are chemically bonded with
free bonds of atoms, neighboring at the vacancy. One can see from the graph in Figure 10,
that there is a strong bonding.
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Fig. 10. The binding energy for the dumbbell placed over a vacancy as a function of the
distance Z over the graphene sheet

Obviously, the elastic properties of composite materials and their uniformity are of great
importance in using composite materials. The E, - Z curve in Figure 10 can be used for
estimation of elastic characteristics of the C-C dumbbell defect along the graphene sheet
(under shear stress). One can see, that the maximum slope of the curve is near the point Z =
1.3 A. The numerical estimation by using AE/AZ at this point with small segments gives the
value 0.5 TPa. The maximum binding energy of the dumbbell over the relaxed vacancy was
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obtained as large as -10.0 eV and the corresponding distance between the graphene’s plate
and atoms equals 0.7 A. The electron charge distribution presented in Figures 11 and 12
proves that there is fast chemical bond between dumbbell and graphene sheet.

d2

Fig. 11. The electron charge distribution for the graphene-dumbbell configuration at
density of the charge equal to 1.0 el/ As

Fig. 12. The electron distribution for a graphene with two separated dumbbells

Calculation of electronic properties of dumbbell configurations presented in Figures 11 and
12 for graphene-208 were also performed. Eg = HOMO - LUMO was as large as 0.05 eV for
a case with one- and two dumbbels. Figure 12 displayed no signs of noticed non-uniformity
between two dumbbells in the graphene structure. So that, effect of radiation defects like
dumbbells can be considered as insignificant by their concentrations about 1%. The large
value of the binding energy for the dumbbell defects and the electron charge distribution
calculated for these defect configurations obviously demonstrate, that there is significant
interaction between the dumbbell and a graphene, as well as between atoms of the dumbbell
itself.

The ability of graphene’s vacancy to bind atoms of other elements by the chemical way
were firstly checked by simulation and calculation of the vacancy - hydrogen complex
defect, which was performed in the hydrogenated graphene (“chair”- graphane) structure
(Figure 13). Our calculations proved that a vacancy zone can serve as a site with a high
concentration of hydrogen. In this case the vacancy zone has non- symmetrical mode of
deformation: distances between atoms: C1-C2 = C2-C3 =2.72 A, C1-C3 = 2.55 A

The results of calculations of binding energy of H atoms, bonding at the vacancy are
presented in Fig. 14. These data witness, that the value of binding energy depends on the
total number of H atoms, placed at the vacancy. One can see, that the binding energy has
well defined minimum at N = 3.



46 Graphene Simulation

Fig. 13. The atomic structure of vacancy with 6 hydrogen atoms bonding
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Fig. 14. The dependence of hydrogen - vacancy binding energy on the total number N of
hydrogen atoms linking with the vacancy

2.3 Bridge-like radiation defects in graphene

It is known very well that two layer graphene is being one of main components by
production of graphene’s materials by many technologies. Therefore, it can play a
significant role in some applications, using graphene materials. At least, it is reasonable to
study properties of two layer graphene, keeping in mind its future applications. In
particular, two layer graphene fragments can be used in production of lightweight
composite materials with high stiffness and strength. Therefore, calculations were made also
for bilayer graphene fragment. The usual AB graphite-like configuration, which is the most
common for graphite -like materials, was chosen for calculations (see Figure 15). The Figure
16 illustrates that interaction between undamaged graphene sheets has van der Waals
nature, without any signs of electron charge overlapping. The coupled atom pair which
were removed by creating the vacancy pair is marked by black. The interstitial C-atom,
knocked from the structure was placed between graphene layers. After that relaxation
procedure was used to obtain a minimum of the total energy of the defect volume. The edge
atoms of graphenes were fixed in order accounting the size effect.

In Figure 16 one can see the typical picture of the electron charge distribution for
undamaged bilayer graphene, controlled by van-der-Waals interactions. There is no electron
charge overlapping, between different graphene sheets.

In Figure 17 one can see the much more complex defect configuration with vacancies, faced
each other, which were produced in both of graphene sheets and interstitial carbon atom (i),
caught between them. This type of radiation defects can be called as a bridge-like defect. The
essential feature of the defect is that the two graphene sheets are linked with fast covalent
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bond based on the interstitial atom and as one can see, neighboring atoms 1-2 and 3-4
facilitating the rising two additional bonds, because of pulling in the gap between
graphenes. The distribution of the electron charge presented in Figure 18 proves existing of
three covalent bonds, originated between graphene layers.
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Fig. 16. The distribution of the electron charge for undamaged bilayer graphene (the
density equals 0.4 el / A3).

Fig. 17. A complex bridge-like radiation defect bonding together sheets of bilayer graphene
after relaxation

The total binding energy for this complex defect configuration was calculated as large as -
11.3 eV. We have supposed, that ends of two- or few layer graphene fragments may also
serve as sites of bridge-like defects, linking graphene’s sheets together. A typical
configuration of end-bridge-like bonding of a carbon atom is presented in Figure 19.

Fig. 18. The distribution of the electron charge (the density equals 1.4 el / A3)



48 Graphene Simulation

Fig. 19. The bridge-like defect based on an interstitial atom i at the edge of bilayer
graphene.

2.4 Graphene-metal composition induced by radiation

It is known very well, that graphene and few layer graphene fragments, like to carbon
nanotubes can be used as elements of reinforcement in production of composites, based on
various matrices. Moreover, many important physical properties of material (particularly,
electric and heat conduction, magnetic characteristics and so on) can be modified and
improved by using graphene and few layer graphene fragments as filler. As was mentioned
above, many difficulties concerning graphene’s applications originate from its sp? electron
structure. In other words, the electron structure of ideal graphene often results in very low
binding energy between graphene’s surface and atoms of many metals. It is one of the
obstacles for modifying and applications of graphene in production of composite materials.
In our recent papers we suggested using of radiation modification of composite materials
with carbon nanostructures due irradiation by fast electrons or ions. Production of special
kind of bridge-like defects may be considered as an effective technological tool of essential
modification of physical-mechanical properties of composite materials, filled with carbon
nanostructures (Ilyin & Beall, 2010).

Beryllium, aluminum and their alloys are being very important materials for designing new
composites, especially for fields where combination of light weight with high strength is
needed, for example - transportation systems and air-space technologies. Therefore, in this
paper we focused on study of possible production composite materials based on Be and Al
matrices, with using graphene fragments as reinforcement elements. We suppose, that
radiation defects may essentially improve binding ability of graphene with atoms of light
metals due to production of additional chemical bonds. Unfortunately, direct experimental
study of such nanosystems with atomic scale defects and operations with them can be
hardly performed today even in laboratories with high level equipment. Figure 20 presents
some typical possible positions of metallic atoms (Be, Al) arranged on graphene surface in
high symmetry sites. Calculations performed for all of these positions gave values of the
binding energy of metal atoms on the graphene surface nearly zero.

ﬁ ﬁ
a) b)

Fig. 20. Some of calculated symmetrical configurations of metal atoms (Be and Al) on
graphene surface with nearly zero binding energies: a) over the center of a hexagon; b) over
the center of the C-C bond; c) over a C atom.
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2.4.1 Be - graphene composition
Figure 22 presents a scheme of estimation elastic characteristics of defect involving Be
dumbbell at vacancy by techniques like above for C-C dumbbell. The value of elastic
modulus for direction “to right” in the Figure 21 was calculated as large as 0.05 TPa and 0.02
TPa in the perpendicular direction.

Fig. 21. Configurations of Be atoms bonded with a vacancy: a) a stable position of the single
Be atom in the graphene sheet. The binding energy E;, equals 2.6 eV; b) Configuration of
“Be - dumbbell” over a vacancy with binding energy 4.1 eV.

a)
Fig. 23. a) A configuration of an initially flat Be-cluster over vacancy after optimization. The
binding energy of the cluster with graphene was obtained as large as 7.2 eV; b) the electron

charge distribution in the area of the metal cluster - vacancy with a density of charge
0.2el / A3,
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2.4.2 Al - graphene composition

A stable configuration with a minimum of total energy was provided by Al atom placed in
the plate of graphene sheet within the vacancy. One can see in figure 24 that the vacancy
zone essentially and symmetrically increased with all three lengths of bonds equal 1.7 A
Figure 25 presents configuration of Al - dumbbell placed at the vacancy. The equilibrium
distance between Al atoms equals 2.5 A, the binding energy is as large as 2.9 eV.

Very interesting and important result for technological applications by production of
composite materials based on Al or Al -alloys matrix with graphene filler shows
computational model in Figure 27. One can see, that Al atoms can be chemically attached to
a bridge-like defect in vacancy’s zones. One also can see a significant deformation of
graphene sheets around the defect zone. The binding energy of the interstitial carbon atom
i at this configuration was equal to -9.3 eV.

Fig. 24. Configuration of a single Al-atom bonded with a vacancy.

Af

Af

Fig. 25. Configuration of Al - dumbbell bonded with a vacancy.

Al

Al

Fig. 26. The distribution of the electron charge (the density equals 1.4 el / A3) for the Al-
dumbbell bonded with a vacancy in graphene
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Fig. 27. Complex defect: a bridge-like defect in two- layer graphene with Al atoms attached
on both graphene sheets.

Af Al
b)

Fig. 28. Edge bonds of graphene fragments with Al atoms caught with binding energy Ey, as
large as 4.2 eV (a) and 3.5 eV (b).

Figure 28 illustrates one more possible way of creation additional chemical bonds between
Al atoms and graphene fragments. Free end bonds can serve as additional sites of linking Al
atoms providing better adhesion between metal matrix and graphene filler with binding
energy as large as 4.2 eV in the case of “arm-chair” edge and 3.5 eV for “zig-zag” edge.

3.Conclusion

Some stable radiation defect configurations, involving single adsorbed carbon atom, 3D C-
dumbbell defect and a vacancy-like defect in graphene sheet, associated with a dumbbell of
adsorbed atoms as well as complex interior defects : bridge-like radiation defects, which
can originate under fast electron or ions irradiation and attach metal atoms, were simulated.
The binding energy, structure characteristics and some electron characteristics of defects
have been determined by using molecular dynamics, MO LCAO and DFT. Our calculations
show, that electronic properties of graphene fragments are rather stable to radiation damage
in the form of vacancies and dumbbells. Results of simulations and calculations also show,
that special kind of radiation defects, namely bridge-like radiation defects produced by
irradiation with fast electrons or ions can become an effective technological tool by
production of composite materials, based on light metal matrices with carbon
nanostructures, in particular, graphene’s fragments, as reinforcement elements.
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1. Introduction

Hydrogenation of carbon materials has been attracting a wide range of interests as an
application of hydrogen storage materials in hydrogen-powered automobile as well as a
methodology to manipulate the electric properties of carbon materials. Graphene with
unique electronic, thermal and mechanical properties has been investigated as one of the
most promising candidates for the next generation of electronic materials (Geim, 2009).
However, several major challenges have to be tackled before the widespread application of
graphene. For example, the absence of a band gap in the electronic spectrum of intrinsic
graphene and the Klein paradox as a consequence of the Dirac-type nature of the charge
carriers (Novoselov et al., 2004; Rao et al., 2009). The most efficient way to overcome these
problems is hydrogenation of graphene (Luo et al., 2009). The graphane (Sofo et al., 2007), a
fully hydrogenated single layer of graphene, was suggested to possess the promising
semiconductor properties with a band gap of around 3.5 eV theoretically. Very recently,
Elias et al. (Elias et al, 2009) experimentally demonstrated the formation of graphane
through the exposure of a graphene membrane to hydrogen plasma. Subsequently, the rate
of hydrogenation process of multilayer graphene was found to strongly depend on the
number of layers (Luo et al., 2009; Ryu et al., 2008). These discoveries open important
perspectives for the application of graphene-based devices because the electronic gap in
those graphanes could be controlled by the degree of hydrogenation (Elias et al., 2009; Zhou
et al., 2009).

The hydrogenation process of graphene in above experiments occurs through the exposure
of graphene to the hydrogen plasma, which contains H*, Hs*, H atoms and H, molecules
(Elias et al., 2009; Luo et al., 2009). One generally assumes that H atoms form covalent bonds
with the carbon atoms in the graphene (Luo et al., 2009). In this chapter, alternative
approaches to hydrogenate graphene will be proposed theoretically based on density
functional theory (DFT) calculations. It suggests that the hydrogenation process can be
realized through the exposure of graphene to molecular hydrogen gas in the presence of a
strong perpendicular electric field. It has been demonstrated that an electric field can modify
the chemical activity of materials (Liu et al., 2009). For example, the dissociation activation
energy of molecular oxygen on Pt (111) is tunable by an applied electric field (Hyman et al.,
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2005). To understand the mechanism of graphene hydrogenation with molecular hydrogen,
the pathway of the dissociation of a H> molecule and the subsequent atomic adsorption on
graphene in the presence of an electric field will be investigated.

On the other hand, it is believed that graphene nanoribbons (GNRs) offer the possibility to
achieve tunable electronic properties. This is because their properties are highly dependent
on their width and also the orientation of edges, for example, the GNRs can be turned from
semiconducting to metallic by manipulating the structural parameters (Han et al., 2010; Jiao
et al., 2010). Unfortunately, to manipulate the edge structure and width of freestanding
GNRs is a very challenging experimental task (Han et al., 2010; Jiao et al., 2010). Both
experimental data and the corresponding ab initio calculations demonstrated that the zigzag
edge is metastable in vacuum due to a planar reconstruction to lower the energy of the
system (Koskinen et al.,, 2009). Alternatively the high quality GNRs can be fabricated by
selectively hydrogenating the graphene or by carving GNRs on a graphane sheet (Balog et
al., 2010; Sessi et al., 2009; Singh et al., 2009). A bandgap opening in graphene, induced by
the patterned absorption of atomic hydrogen, was recently found experimentally (Koskinen
et al.,, 2009). Meanwhile, the hybrid graphene/graphane nanoribbons (GGNRs) were also
studied by ab initio calculations (Herndndez-Nieves et al., 2010; Lu et al., 2009; Singh et al.,
2010). It was shown that the bandgap of GGNRs is dominated by the graphene rather than
the graphane (Herndndez-Nieves et al., 2010; Lu et al., 2009; Singh et al., 2009). Its electronic
and magnetic properties strongly depend on the degree of hydrogenation of the interface
(Hernandez-Nieves et al., 2010). However, the hydrogen diffusion associated with high
mobility of the isolated H atoms on graphene has a strong influence on the stability of the
graphene/graphane interface.

In this chapter, in order to enhance the hydrogen storage capacity in graphene and also to
manipulate the electronic properties of graphene, the hydrogenation of graphene with and
without an applied electric field, as well as the stability of the graphene/graphane interface
in the hybrid nanoribbons are studied through DFT calculations. The energy barriers for the
hydrogenation reaction and the diffusion of H atoms located at the graphene/graphane
interface are simulated using DFT. All the possible reaction and diffusion pathways are
analyzed to find the minimum reaction and diffusion barriers.

2. Hydrogenation of graphene

2.1 Hydrogenation of pristine graphene

In the simulation, all DFT calculations are implemented in the DMOL3 code (Delley, 2000).
The local density approximation (LDA) with the PWC functional is employed as the
exchange-correlation functional (Perdew & Wang, 1992). A double numerical plus
polarization (DNP) is employed as the basis set. The convergence tolerance of energy is
taken 10-5 Ha (1 Ha = 27.21 eV), and the maximum allowed force and displacement are 0.002
Ha and 0.005 A, respectively. To investigate the minimum energy pathway for the hydrogen
dissociative adsorption on graphene, linear synchronous transition/quadratic synchronous
transit (LST/QST) (Halgren & Lipscomb, 1977) and nudged elastic band (NBE) (Henkelman
& Jonsson, 2000) tools in DMOL3 code are used, which have been well validated to find the
structure of the transition state (TS) and the minimum energy pathway. In the simulation,
three-dimensional periodic bounda