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We study the interaction between boron nitride nanotubes (BNNTs) and a variety of biological molecules
using density functional theory. Some amino acids and nitrogenous bases that are parts of nucleotides
are inserted inside the cavity of the BNNT and the overall electronic structure calculated. We conclude
that there is no bonding or chemical adsorption between the wide band-gap BNNT and the biological
molecules considered. This suggests that BNNTs can be used as a smooth nanoscale channel for
transporting biological molecules.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Because of their small sizes and unique physical properties
nanotubes have been used extensively in many novel physical and
chemical applications. There is also great expectation of their making an impact on biomedical sciences. A properly handled nanotube, for example, is ideally suited to target a cell at pinpoint
accuracy. Recently, a functionalized multi-walled carbon nanotube
(CNT) attached to an atomic force microscope was used as a tip
to penetrate cell membranes and deliver “cargo” to the interior
of the cell [1]. The successful operation raises hope of using the
“nanoneedle” or “nanoinjector” as a high-precession delivering vehicle for transporting biological molecules to a variety of cells and
may eventually contribute to the treatment of diseases.
Compared with CNTs, boron nitride nanotubes (BNNTs) [2] have
similar tubular structure and mechanical properties and are thus
an equally capable alternative for the precision transport of biological molecules through cell membranes. In electric property,
however, BNNTs have a large band gap around 5.5 eV, slightly depending on the diameter and helicity [3], which is quite different
from the case of CNTs. BNNTs are also chemically inert and resistant to oxidation and corrosion [4]. Such qualities suggest that the
biological “cargo” can pass safely through the cavity under the protection of the BNNT coating. Furthermore, it has been conﬁrmed
experimentally that CNTs are pernicious to the survival of cells
[5,6]. A less reactive conduit such as BNNT may be less harmful
to the biological molecules it carries and the cell at which it is
targeted.
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In this article we report the investigation of the interaction between BNNTs and some typical biological molecules. We choose
three among the 20 amino acids, glycine, serine, and cysteine, and
all members of the two families of the nitrogenous bases, pyrimidines and purines, which are vital parts of the nucleotides. Each is
placed inside a BNNT and the whole structure calculated by using
density functional theory.
2. Calculation method
The calculation employs both ultrasoft and projector augmented-wave (PAW) pseudopotentials as implemented in the VASP code
[7,8]. A cutoff energy close to 300 eV is chosen and the selfconsistent cycles are stopped when the variation of the total energy per unit cell and band structure energy are both less than
10−4 eV, which is quite stringent for a unit cell with more than
150 atoms. One-dimensional periodicity is imposed by using a
large unit cell. Take, for example, the case of a (12, 0) BNNT encapsulating a glycine molecule. The size of the unit cell is about
17 × 17 × 13 in Å, where the last number is the length of the BNNT
segment along the tube axis. Larger unit cells are used for bigger
tubes to ensure the isolation of the combined structure. Multiple k
points sampling in the ﬁrst Brillouin zone is also taken for structural relaxation and band structure calculation. In particular 31 k
points are used for all calculations involving the electronic structure. For exchange–correlation functionals, we try both general gradient approximation (GGA) and local density approximation (LDA).
GGA is known to underestimate the interaction among molecules
where long-range dispersion force such as van der Waals interaction is concerned, while LDA tends to overcompensate for the
lack of binding [9]. This description is quite consistent with our
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Fig. 1. Distribution of binding energies for the encapsulation of glycine by a series
of BNNTs ranging from (7, 0) to (14, 0). The nearest distance between glycine and
BNNT increases with the size of the tube.

calculations. It is also found that different versions of GGA produce slightly different results. However, the general trend and conclusion of our results are not affected by any speciﬁc choice of
exchange–correlation functional, as is discussed in the next section.
3. Results and discussion
We ﬁrst investigate how the molecule glycine interacts with
BNNTs. The molecule is initially placed in an arbitrary position
close to the tube’s inner wall. Different initial positions can be obtained by varying the distance between one atom of the molecule
and that of the wall or by translation of the whole molecule. The
whole structure is then relaxed, using PAW pseudopotentials and
the exchange–correlation functionals of Perdew, Burke and Ernzerhof [10] under GGA, by allowing each atom to move to minimize
the total energy. By subtracting both the total energy of the isolated tube and the energy of the molecule from the total energy
of the combined structure after optimization we obtain the binding energy for the interacting system. The calculation is repeated
for different initial positions of glycine and a series of tubes of different sizes ranging from (7, 0) to (14, 0) and one typical result is
plotted in Fig. 1.
Each point on the plot indicates the binding energy and the
corresponding nearest distance between the tube and glycine. It
shows clearly that the interaction between the two gets repulsive

rapidly once the distance is shorter than 2.2 Å. Weak attractive
interaction exists for larger tubes and the minimum binding energy (−0.098 eV) occurs at the (12, 0) tube. Overall the picture
conﬁrms the inert and non-reactive quality of BNNTs in their encapsulation of glycine.
Take the most energetically favorable conﬁguration for a more
detailed discussion. The glycine molecule is at ﬁrst placed close
to the inner wall of the (12, 0) tube. Thorough relaxation process,
however, pushes the molecule away to a position with nearest
distance of 3.21 Å, as is shown in Fig. 2A. Calculated electronic
density of states (DOS) for this optimized position is presented in
the bottom panel of Fig. 3. Shown in the top and middle panel
of the same ﬁgure represent the DOS for a pristine (12, 0) BNNT
and DOS for an isolated glycine molecule respectively, aligned to
the same Fermi level as that of the bottom panel. It is obvious
that the bottom panel is almost a superposition of the top and the
middle, with some scaling in the height of DOS and slight shift of
energy levels of glycine taken into account. That means the electronic structure of each of the two components of the combined
structure is essentially intact despite the encapsulation. We also
perform calculation for local density of states and partial waves
for each atom of the encapsulated glycine. Inside each designated
atomic sphere of the molecule there is hybridization of orbitals
from other atoms of the molecule. But almost no contribution from
the BNNT can be found. Fig. 2B is the calculated charge density
on a plane penetrating the tube and the molecule. It shows that
there is no appreciable overlap of electronic charge between the
two constituents.
The same relaxation and electronic structure calculation are
also applied to the series of BNNTs encapsulating glycine using
exchange–correlation functionals under LDA, which, as has been
stated earlier, produce higher attractions for the glycine and tend
to overcompensate for the lack of the van der Waals interaction.
We nonetheless obtain similar distribution of binding energy versus distance and the same non-interacting nature from the DOS
and charge density.
We next expand our research to include two more amino acids,
serine and cysteine, and all members of pyrimidines and purines,
which are indispensable parts of genetic materials. Each of the
molecules is now placed in the (13, 0) BNNT and the encapsulation goes through relaxation and electronic structure calculation.
This time we try ultrasoft pseudopotentials and the exchange–
correlation functionals of the Perdew–Wang 1991 version [11]. In
Table 1 we list the calculated binding energy for each molecu-

Fig. 2. A) Conﬁguration of the encapsulation of glycine by BN (12, 0) nanotube. B) Charge density on a plane passing through the tube and molecule.
Table 1
Binding energies for the encapsulation of serine, cysteine, cytosine, thymine, uracil, adenine, and guanine by BN (13, 0) nanotube. Conﬁgurations are shown in Fig. 4.
BN tube + molecule

Serine

Cysteine

Cytosine

Thymine

Uracil

Adenine

Guanine

Binding energy (eV)

−0.21

−0.078

0.031

0.55

0.0066

0.85

0.037
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Fig. 3. DOS for a pristine (12, 0) BNNT (top panel), an isolated glycine molecule
(middle panel), and their combined structure (bottom panel) as shown in Fig. 2A,
all aligned to the same Fermi level. The unit of all three panels is 1/eV/unit cell. The
unit cell for the bottom two panels is three times as large as that of the top panel.
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lar encapsulation. Conﬁgurations are shown in Figs. 4A to 4G. We
observe that for the same tube smaller molecules such as serine and cysteine are weakly attractive to the BNNT while larger
molecules tend to push up the binding energy, indicating stronger
repulsion. The relaxation process not only forces the encapsulated molecule to reposition itself but can distort the BN tube,
in the case of a large molecule, in the process of minimizing the
strain.
Whatever the ﬁnal conﬁguration the encapsulation assumes,
there is no chemical adsorption or bonding occurring between the
molecules and the tube, under the different pseudopotentials and
exchange–correlation functionals. In Fig. 5 we illustrate the DOS
for guanine encapsulation. The top and middle panels again represent those of the isolated tube and molecule respectively. The
bottom panel, which represents the encapsulation, is basically the
superposition of the energy levels of the top two panels from energy deep below the Fermi level all the way to those over it.
There is negligible hybridization of orbitals from the molecule and
those from the tube and inertness of the BNNT is again in display.

Fig. 4. Conﬁguration of a (13, 0) BNNT encapsulating A) serine, B) cysteine, C) cytosine, D) thymine, E) uracil, F) adenine, and G) guanine. Colors for elements are grey
(carbon), white (hydrogen), blue (nitrogen), red (oxygen), and yellow (sulfur). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)

42

C.-K. Yang / Computer Physics Communications 182 (2011) 39–42

hindered in passage. There are other methods for delivering biochemical molecules, using functionalized nanoparticles or quantum
dots, for example. However, none is comparable in achieving the
pinpoint accuracy a nanotube has to offer. Experiments involving
drug dispensation in particular is a very useful application in this
direction.
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Fig. 5. DOS for a pristine (13, 0) BNNT (top panel), an isolated guanine molecule
(middle panel), and their combined structure (bottom panel) as shown in Fig. 4G.

4. Conclusion
Based on our calculations it can be reasonably inferred that the
weak binding energy between a biological molecule and a BNNT
of proper size should present only limited kinetic barrier to the
movement of the molecule under room temperature. The small
size and sturdy constitution of BNNTs are on a par with CNTs.
And the non-reacting nature not only protects the “cargo” from
outside interferences but also makes the molecular movement less
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occupied by an atom from the transition-metals, not only do impurity levels make their
presence in and out of the gap region but larger moment can also occur as a result. The calculation also shows that the doped structures are robust and the choice of dopant can
change the electrical conduction and magnetism greatly.
 2010 Elsevier Ltd. All rights reserved.

1.

Introduction

Since its successful synthesis, graphene [1–3] has been
eagerly explored for its potential as a next-generation
nanoelectronic device, which would replace current metaloxide-semiconductor field effect transistors. Graphene has
some attractive properties, such as high mobility and ballistic
transport over long distances, for making high-quality
electronic devices. However, a pristine graphene sheet is a
zero-gap semiconductor, hardly suitable for making a useful
electronic device without some sort of band gap engineering.
To introduce an energy gap, one can resort to carving a nanoribbon out of a larger graphene sheet or doping graphene with
impurities.
In the latter practice, hydrogenation of a graphene sheet
has been successfully achieved, and the hydrocarbon often
referred as ‘‘graphane’’ [4,5]. Predicted by density functional
calculation (DFT) to have a large band gap around 3.5 eV [6],
each C atom in graphane is bonded to a hydrogen atom alternately on either side of the graphene sheet. And each C in this
conformation is pulled out of the plane by the hydrogen by a
small distance, forming a crumpled two-dimensional structure. The large band gap produced by hydrogenation is quite
exceptional, considering that if H is replaced by lithium for
adsorption on the graphene the whole structure becomes a
conductor [7].

Experimentally it is likely and perhaps highly controllable
to have a few isolated H vacancies during the synthesis of graphane, which involves an exposure to hydrogen plasma. The
defect states as a result of the H vacancies would greatly affect the conduction. Since transition-metals (TM) are associated with magnetism, and there is already DFT calculation
showing that embedded TM atoms in single or double vacancies in graphene can produce quite unexpected magnetism
[8], it would be only natural and worthwhile to consider the
scenario in which the vacancies are filled with one of these
impurities. This may be achieved through, for example, a second exposure to the gas of individual TM atoms or the moving
tip of a scanning tunneling microscope guiding the adsorbed
TM atom to the right place [9]. Graphane thus doped has an
additional benefit in that the H-terminated structure is less
reactive to other atoms and molecules whether it is deposited
on a substrate or freestanding itself and thus makes a stable
structure both chemically and electronically. Its electronic
structure and magnetism, which largely determine its usefulness in electronics, are what we are going to discuss next in
the article.

2.

Calculation method

Our first step is to calculate the electronic structure of a pure
graphane using DFT. It employs the projector augmented

* Fax: +886 2 29387769.
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wave potentials as implemented in the VASP code [10,11]. The
exchange–correlation functional is provided by the version of
Perdew et al.[12] and energy cutoff set at 400 eV. The unit cell
consists of a total of four atoms with two from each species
(C2H2). It also has a vacuum space with the fixed length of
12 Å to accommodate displacement of atoms along the surface normal during the relaxation process. Under a 9 · 9 · 1
Monkhorst–Pack k point mesh, the system is allowed to
change not only the lattice constant of the unit cell along
the other two lateral directions but the relative positions of
the individual atoms in order to minimize the total energy. Dipole corrections [13] for potential and total energy are also
provided to address the errors caused by the repeated supercells. The result essentially reproduces what is called ‘‘chair’’
conformation in Ref.[6]. Optimal lattice constant is 2.545 Å
and the C–C and C–H bond length are 1.54 and 1.11 Å, respectively. The calculated energy gap is 3.59 eV, also quite close to
that mentioned in Reference 6.

3.

Results and discussion

Using the optimal C2H2 as a basis, we expand the lattice four
times to accommodate an isolated defect, i.e., a missing H,
and, later, a TM impurity atom taking its place. The lattice
constant is now 10.18 Å and the unit cell contains 32 C and
31 H. Relaxation of atomic positions is always included in
the calculation either for defect or doping. Band structure calculation for the optimal structure of C32H31 yields Fig. 1,
which is divided into six panels. The right three panels correspond to the majority spin and the left three to the minority
spin. All k points in the figure are sampled from the three
directions of symmetry in the irreducible Brillouin zone.
Two essentially dispersionless defect levels stand out in the
energy gap. One is 0.62 eV below the Fermi level and thus belongs to the majority spin. Another is 1.20 eV above the Fermi
level, corresponding to the minority spin. Density of states
(DOS) of C32H31, calculated from all k points, also identifies

the two defect levels with two peaks in Fig. 2a, with the other
parts of the spectrum showing no appreciable difference between the two spins.
The spin-polarized distribution of energy levels results in a
magnetic moment of 1.0 lB per unit cell. Obviously, this magnetism has its origin in the missing hydrogen. Adsorption of
hydrogen turns the sp2 hybridization of orbitals in graphene
into sp3 in graphane. A missing H therefore leaves an unpaired electron in the lone dangling bond connecting the C.
A calculation of local density of states (LDOS) of the C unconnected to H confirms that the two spin-polarized defect levels
are almost entirely pZ orbital in nature, as is shown in Fig. 2b.
LDOS for other C atoms, on the other hand, all have electronic
structures typical of a C in pure graphane, indicating that the
magnetic moment is localized. Spin polarized charge distributions are illustrated in Fig. 3a and b, where charge density for
each spin on a plane passing through the vacancy and some
of the C–H atoms is shown. Besides the easily recognizable
C-H bonds it also clearly indicates that the difference in
charge density between the majority (a) and minority spin
(b) occurs only in the vacancy.
In further testing the localized moment theory, we also
calculate the electronic structure of the same unit cell with
two hydrogen vacancies separated by 5.09 Å. The result indicates a net magnetic moment of only 0.020 lB for the unit cell.
In fact two localized anti-parallel spins pair off each other almost completely in the unit cell.
We then turn our attention to the doping of graphane by a
TM atom. Using the same unit cell consisting of 32 C and 31 H,
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Fig. 1 – Band structure of C32H31. The right three panels are
for the majority spin, the left three for the minority spin.

Fig. 2 – (a) DOS of C32H31. (b) LDOS of the C atom not
connected to hydrogen. Top (bottom) panel is for the majority
(minority) spin. Inset is the conformation of C32H31.
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Fig. 3 – Charge density for (a) the majority spin and (b) the minority spin on a plane passing through the vacancy and some of
the C and H atoms of C32H31.

Table 1 – Binding energy (EB) for the adsorption of a transition-metal atom taking place of the missing hydrogen. Also listed
are the magnetic moment and bond length between the metal and C.
C32H31TM

Sc

Ti

V

Cr

Mn

Fe

Co

Ni

Cu

Zn

EB (eV)
Bond length (Å)
Moment (lB)

2.67
2.26
1.95

2.39
2.18
3.00

1.94
2.14
4.00

1.58
2.12
5.00

1.22
2.14
5.87

1.53
2.03
3.00

2.14
1.99
2.00

2.33
1.95
1.00

2.18
1.96
0.00

0.30
2.18
1.00

of –0.30 eV. This indicates that graphane doped with an isolated TM atom is a robust structure.
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Fig. 6 – Charge density for (a) the majority spin and (b) the minority spin on a plane passing through the Ti impurity in
C32H31Ti.

Also shown in Table 1 are magnetic moments for TM
atoms for the unit cell of C32H31TM, with the highest going
to C32H31Mn and none for C32H31Cu. The calculated magnetism is very consistent with the Hund’s rules. Taking, for
example, the case of C32H31Cu, the only 4s electron of Cu is
paired off with the electron in the lone dangling bond of the
C and the 3d subshells are closed with 10 electrons, making
a non-magnetic structure. While for C32H31Mn, exchange
interaction favors as many electrons having the same spin
direction as possible, resulting in a very high moment of
5.87 lB.
Rich electronic structures also arise from the doping of TM
atoms. As an example we discuss the adsorption of titanium,
which is often used to build contacts with CNTs. Band structure, as shown in Fig. 4, reveals numerous spin-polarized
impurity levels as a result of the doping. Four distinct and
well-separated impurity levels appear in the band gap for
the majority spin (the right three panels), the middle two
of them being twofold degenerate. They are located at -0.72,
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E (eV)

0

EF

-2

-4

-6

-0.37, 0.37, and 0.96 eV. Three impurity levels, corresponding
to the minority spin, are also found in the gap region. One
is 1.94 eV below the Fermi level, the other two being located
at 0.56 and 1.43 eV above the Fermi level. The middle one
shows slight dispersion due to the finite size of the unit cell
and the last one is doubly degenerate. There are other impurity levels mingled with the bulk of the hydrocarbon as are
shown in Figs. 4 and 5a .The latter not only gives positions
of the impurity levels but also indicates their degeneracy
through the height of the peaks.
LDOS offers more details of the impurity levels. Top panel
of Fig. 5b, which represents states of the majority spin, reveals
2
that the level at 0.72 is made of 3dZ and s orbitals, a sure sign
of s–d hybridization. Both degenerate levels at 0.37 and
0.37 eV are comprised of the other d orbitals. For the energy
levels of the minority spin in the bottom panel, the two at
2
1.94 and 0.56 eV come from the hybridization of s and dZ
and that at 1.43 eV from the other degenerate d orbitals.
Charge density shown in Fig. 6a and b once again confirms
the localized nature of spin polarization.
Since it is an energy level of the majority spin ( 0.37 eV)
that is closest to the Fermi level, conduction of the Ti-doped
graphane is greatly influenced by the excitation of the electron occupying that impurity level. This preference of majority spin is reversed in the iron-doped graphane. Shown in
Fig. 7 is the band structure for C32H31Fe, where a doubly
degenerate impurity level for the minority spin is just
0.092 eV below the Fermi level. Electron occupying this level
can be promoted to the impurity levels above the Fermi level
and the conduction bands most easily. Spin transport thus
depends on the choice of TM dopant. And if more vacancies
and thus more TM dopants are present in the unit cell conduction will be enhanced by more available charge carriers
and hopping.
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Fig. 7 – Band structure of C32H31Fe.
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Conclusion

Our calculations show that graphane with a missing hydrogen atom has two spin-polarized defect levels within the
band gap, producing a local magnetic moment of one Bohr
magneton. A TM atom filling the vacancy generally forms a
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robust structure and produces magnetism essentially following the Hund’s rules. Rich electronic structure also arises from
the adsorption of the impurity, providing much varied electrical conduction and potentially useful optical properties. Most
importantly, synthesis of doped graphane is an extension of
currently available technique and can be verified readily by
a variety of methods [14,15]. This should make it useful both
as a platform for scientific inquiry and a building block for
devices for nanoelectronics and spintronics.
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We investigate the electronic structure of graphane with hydrogen vacancies, which
are supposed to occur in the process of hydrogenation of graphene. A variety of
configurations is considered and defect states are derived by density functional calculation. We find that a continuous chain-like distribution of hydrogen vacancies will
result in conduction of linear dispersion, much like the transport on a superhighway cutting through the jungle of hydrogen. The same conduction also occurs for
chain-like vacancies in an otherwise fully fluorine-adsorbed graphene. These results
should be very useful in the design of graphene-based electronic circuits. Copyright
2012 Author(s). This article is distributed under a Creative Commons Attribution 3.0
Unported License. [http://dx.doi.org/10.1063/1.3696883]

Graphane1, 2 is a single sheet of graphene fully adsorbed with hydrogen atoms, with each carbon
atom bonded to an H atom alternately on either side of the layer. Graphane is known to have a
large band gap3 around 3.5 eV and is more chemically inert compared with the pristine graphene.
However, it is always possible that a small amount of H vacancies remains after a hydrogenation
process or occurs by means of physical or chemical desorption. Magnetism caused by vacancies in
graphane attracts much interest.4–7 In addition, such a distribution of vacancies has the potential to
alter the conduction property drastically and find application in the growing field of graphene-based
nanoelectronics.7–11
Fluorine atoms are also known to bond to graphene strongly. A graphene layer fully adsorbed
with F atoms12 is also a semiconductor with a large band gap, making the composite chemically
stable but difficult for application in nanoelectronic circuits. It is thus a natural extension to explore
what roles F vacancies may play in F-adsorbed graphene.13, 14 In this paper we report our systematic
investigation of various distributions of vacancies on both H and F-adsorbed graphene and how they
affect the overall physical properties.
We use density functional calculation as the main tool for the research. The calculation is based
on the projector augmented wave potentials implemented in the ab initio VASP code15–18 with
generalized gradient approximation. For exchange-correlation functional, the version of Perdew,
Burke and Ernzerhof19 is adopted. Energy cutoff is set at 500 eV. A 9× 9× 1 Monkhorst-Pack
k-point mesh is used for the sampling of k points in the Brillouin zone. By allowing relaxation of
the size of the unit cell as well as relative positions of atoms, we derive an optimal lattice constant of
2.545 Å for pure graphane and 2.578 Å for graphene fully adsorbed with F atoms. To accommodate
vacancies a unit cell consisting of 32 C atoms and 32 adsorbed impurities is adopted. For bigger
vacancy clusters, an even larger unit cell with 50 atoms for each species is used. Adjacent to the
atomic layer is added a vacuum slab with thickness of 15 Å, which, after repeated tests with much
larger lengths, proves sufficient for the relaxation of adsorbed atoms and avoids the interaction
between neighboring atomic layers. All configurations are subject to relaxation until the force acting
on each atom is less than 0.05 eV/Å.
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FIG. 1. Configurations of chains, lines, and clusters considered in the calculation. Circles represent positions of vacancies
or adsorbed F atoms. Red (dark) and green (gray) circles denote F atoms adsorbed on different sides. Single vacancy and
adsorbed F are shown in the left and right side of (a) respectively.

Fig. 1 gives a depiction of many of the configurations included in our calculation. A single H
vacancy and an adsorbed F atom filling the place are considered (Fig. 1(a)). For vacancy numbers
larger than two we use chains, lines and clusters to describe the configurations. A zigzag distribution
of H vacancies is called a vacancy chain and their filling by F atoms called F chain (Fig. 1(b)). The
latter has F atoms connected to C atoms alternately on either side of graphene. Linear distribution of
H vacancies or adsorbed F atoms filling the same H vacancies is called a line (Fig. 1(c)). An F line
has all its F atoms present on one side of the graphene. Finally, clusters are all compact aggregations
of H vacancies or adsorbed F except in the case of three vacancies (F atoms) (Fig. 1(d)). Neighboring
F atoms in a cluster appear alternately on either side of the carbon layer. There are two cluster types
in the case of four vacancies or adsorbed F, a ring and a triangle.
Formation energies for lines, chains, and clusters of H vacancies are plotted in Fig. 2(a).
Formation energy of an H vacancy is calculated by Ef = [Etot (graphane with Nvac H vacancies)Etot (pure graphane)+Nvac ×Etot (one free H atom)]/Nvac , where Nvac is the number of H vacancies
and Etot is the total energy of the configuration enclosed in the parenthesis. As is clearly shown in
the figure, it is much easier to form H vacancies in clusters or chains than in lines. The difference is
usually more than 1 eV per vacancy. There is also a slight advantage for forming a cluster in closed
ring (such as N = 6) than a chain. We expand the unit cell to accommodate a larger cluster or chain
in some cases and the trend remains. Since the distance between two nearest vacancies in a line is
much larger than that between two nearest vacancies in a chain or cluster, it clearly indicates that
a patch of neighboring vacancies is favored over disconnected ones. Formation energy for the ring
type of N = 4 is lower than the triangle type by 0.35 eV/vacancy.
For F atoms taking H vacancies the trend is completely reversed. Shown in Fig. 2(b) is a plot of
adsorption energy per F atom against the number of adsorbed F atoms. Adsorption energy of an F
atom taking place of an H vacancy is Ead = [Etot (graphane adsorbed with NF F atoms)-Etot (graphane
with Nvac H vacancies)-NF ×Etot (one free F atom)]/NF , where NF is the number of adsorbed F atoms.
F atoms in clusters and chains, which are crammed into tighter space and hence more repulsive to
each other, tend to be more difficult to be adsorbed than those in a line. For example, adsorption
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FIG. 2. (a) Formation energies for chains, lines, and clusters of H vacancies in graphane. (b) Adsoption energy per F atom
taking the same H vacancies.

energy for the ring type of N=4 is higher than that of the triangle type. The more so the more
adsorbed F atoms. But the relatively large absolute values of adsorption energies in all cases confirm
strong bonding between C and F atoms.
Next we turn to the electronic structure of the calculation. An isolated H vacancy represents an
unpaired electron in the dangling bond extending from the C, thus producing a magnetic moment of
1 μB .20 This is the common starting point of all subsequent calculations on configurations related to
H vacancies. For odd numbers of nearest-neighbor vacancies, such as those in chains and clusters,
there is always one unpaired electron and a total magnetic moment of 1 μB per unit cell. For unit cells
containing even number of nearest-neighbor vacancies, complete pairing of electrons produces no
net moment except in lines of vacancies. However, the triangle type consisting of four H vacancies
shows different behavior. Because three of the H vacancies are not adjacent to one another, only one
pairing of electrons is possible and a total magnetic moment of 2 μB is produced in the unit cell.
As to the line configuration shown in Fig. 1, H vacancies in lines are not adjacent to each other and
therefore contribute parallel magnetic moments proportional to the number of vacancies in the unit
cell. For the same reason, the unit cell containing 3 triangular vacancies also possesses a moment
of 3 μB .
As typical examples we illustrate in Fig. 3 and 4 band structure, density of states (DOS) and
local density of states (LDOS) of vacancies for an odd (N = 3) and even number (N = 4) of vacancies
respectively. Spin polarized impurity states can be identified in all three configurations in Fig. 3(a).
For the chain configuration two almost dispersionless defect states are found within 1 eV below and
above the Fermi level, corresponding to the majority and minority spin respectively. For the other
two configurations, spin-polarized defect states are also found on either side of the Fermi level. But
only in the three vacancies in line can one find slight dispersion in the defect states. Although there
is a distinct possibility of optical transition between defect states on either side of the Fermi level,
there is virtually no electric transport possible for graphane with isolated H vacancies. Fig. 3(b)
provides spin-polarized DOS and LDOS for defects of the three configurations. In Fig. 4(a) defect
states are spin-polarized for the triangle and line configurations. The chain and cluster display no
magnetism and produce more separated defect states. DOS and LDOS of the four configurations are
depicted in Fig. 4(b).
When H vacancies are occupied by fluorine atoms, as are shown in the configurations related
to F in Fig. 1, impurity states caused by F atoms are generally deep below or well above the Fermi
level and thus play no part in the transport property. A typical example of F adsorption is provided
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FIG. 3. (a) Band structure for configurations with a chain, line, and triangle of three H vacancies. (b) DOS and LDOS for
the same H vacancies.

by Fig. 5, where impurity states of the three F atoms in a chain, line, and triangle are shown. Most
are well below -2 eV and graphene valence bands or close to 4 eV above the Fermi level. There is
even an increase of band gap as a result of the adsorption of F atoms. This is in agreement with the
large adsorption energy and chemical inertness associated with F.
One surprise comes from the configuration of a continuous chain of H vacancies. For the
continuous chain we also try a rectangular supercell and allow it to relax in size in the lateral
direction. The results are similar to the unrelaxed supercell, including the electronic structure in the
low energy region and magnetic property. Found in the band structure (Fig. 6(a)) are crossing bands
centered on  point, with linear valence and conduction bands converged at the Fermi level. The
crossing bands are mainly populated by the p orbitals (88 % at  point) of the continuous carbon
chain not bonded to H. This is in sharp contrast to pure graphene, whose Dirac points are at K and
K . Thus graphane with a continuous chain of H vacancies is a conductor providing linear transport
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FIG. 4. (a) Band structure for configurations with four H vacancies. (b) DOS and LDOS for the same H vacancies.

through the jungle of H atoms. However, if the vacancies are filled with F atoms, the whole structure
relapses into a high band-gap (4.230 eV) semiconductor.
Similar linear dispersion also occurs for a chain of vacancies in a graphene layer that is otherwise
adsorbed with F atoms, as is shown in Fig. 6(b). Interestingly, if the chain of vacancies is in graphene
adsorbed with H on one side and F on the other, a small energy gap of 0.106 eV is generated,
separating the valence bands from the conduction bands (Fig. 6(c)). Apparently the gap is caused
by symmetry breaking as a result of the heterogeneous adsorption.
Finally we consider configurations in which two continuous chains of vacancies come across
each other, as is shown in Fig. 7. Calculation shows that a gap developed as a result of defect bands
repelling each other. For crossing chains in graphane the gap (0.231 eV) is the smallest compared
with that of graphene with one side adsorbed with H and another with F (0.442 eV) or graphene
with both sides adsorbed with F (0.379 eV).
In conclusion, H vacancies in graphane produce defect states that appear in the graphane band
gap. Magnetic moments can also be generated depending on whether there are unpaired electrons
in the configuration. H vacancies filled with F atoms, however, generate deep impurity states. A
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FIG. 5. Impurity states for three F atoms filling the H vacancies.

FIG. 6. Linear crossing bands are formed at  point for a continuous chain of H vacancies in a graphene layer otherwise
adsorbed with H (a) or F (b) atoms. If the layer is adsorbed with H on one side and F on the other, the chain of vacancy will
result in a small gap (c).
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FIG. 7. Band structure for two continuous chains of vacancies crossing each other in a layer adsorbed with H (a), F
(b) atoms, and (c) H on one side and F on the other.

continuous chain of vacancies in H or F adsorbed graphene turns the structure into a conductor
of linear dispersion. These results should be useful in designing nanoelectronic circuits based on
graphene.
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