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By using first-principles calculation, we study adatom-vacancy pairs on graphenes. We found that the

healing barrier of the adatom-vacancy pair is very small (0.06 eV) when the adatom is bonded to a nearest

carbon atom of the mono-vacancy. Therefore, this pair is easily healed. On the contrary, when the adatom

is located 4.26-5.54 Å far from the vacant site, the healing barrier becomes high (0.24-0.32 eV), but these

barriers are lower than that of the adatom diffusion. It is therefore expected that these adatom-vacancy

pairs are healed in low temperature range where the adatom does not diffuse.
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1. Introduction

Carbon nano-materials such as graphenes and nanotubes haveattracted much attention since they

are candidates for post-silicon device materials. Compared with conventional silicon devices, the ef-

fects of defects on carbon nano-device are expected to be serious because of the low dimensional

conductivity. Therefore, the study of defects in sp2 carbon systems is undertaken. Thus far, pentagon-

hexagon pairs,1 mono- and multi-vacancies,2–8 adatoms,9, 10 adatom dimers,11 and adatom-vacancy

pairs12 have been studied.

Among various defects, adatom related defects were observed at low temperatures. Recently low-

energy electron irradiation on single-walled carbon nanotubes (SWCNTs) was performed.14 The ob-

servation ofI-V characteristic shows that some defects having some band gaps are created at low

temperature by irradiation. Scanning tunneling microscope (STM) with the bias of 4.5 V at low tem-

perature (95 K) also induces some unknown defects having band gaps.15, 16These defects are expected

to be related to adatoms which can be created by electron irradiation or STM. Meanwhile, a hydrogen

thermal desorption spectroscopy showed that some defects in SWCNTs are healed at 44-70 K.17 It

was expected that the observed defect was the adatom-vacancy pair, so understanding of the stability
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and dynamical properties of the adatom-vacancy pair is necessary.

The purpose of this paper is to study the adatom-vacancy pairon the graphene by using first-

principles calculations. We find that the healing barrier ofthe adatom-vacancy pair is very small (0.06

eV) when the adatom is bonded to a nearest carbon atom of the mono-vacancy. On the contrary, when

the adatom is located 4.26-5.54 Å far from the vacant site, the healing barrier becomes high (0.24-0.32

eV). Therefore, the healing barriers depend on the positionof the adatom.

2. Method

We use the spin-polarized generalized gradient approximation (GGA) within the density func-

tional theory (DFT). Ultrasoft pseudopotential and plane wave basis set whose maximum kinetic en-

ergy is 25 Ry are used. In the optimized geometry of the graphite, the bond length is 1.42 Å, which is

the same as the experimental value (1.42 Å). We use the 128-site supercell with the rectangle shape of

the 17.04× 19.68 Å2 size. This size corresponds to the lattice constant of the pristine graphite. The

sampling point in the two-dimensional Brillouin zone integration is 4.

We calculate the formation energy which is measured from theenergy of the pristine structure,

i.e., the formation energy is defined as the difference between the total energy of the defect system

in the supercell and the multiplication of the energy of the perfect structure sheet per atom and the

number of the atoms in the supercell.

In determining the diffusion barrier, we use the constrained optimization method.18 First, we sam-

ple hyper-planes between initial and final geometries. Thenwe calculate the atomic force component

which is parallel to each hyper-plane, and optimize the geometry on the hyper-planes. Among these

optimized geometries, the geometry having the highest energy corresponds to the transition state.

3. Results and Discussion

3.1 The adatom bonded to a nearest atom of the vacancy site

We carry out calculations on the adatom-vacancy pair in graphenes (Fig. 1). We find that in the

stable geometry, the adatom is bonded to a nearest atom of thevacancy. The calculated formation

energy is 9.83 eV. Due to the relaxation, the distance between the two nearest atoms (C1 and C2 in

Fig. 1) becomes small, and then the five member ring is formed (Fig. 1). The bond length between

the two nearest atoms (C1 and C2) is found to be 1.85 Å, which islonger than the graphene bond

length (1.42 Å). So the interaction between the two atoms is weak compared with that of the graphene

bond. We here investigate the healing barrier of the adatom-vacancy pair. The position of the adatom

in the transition state is slightly (0.05 Å) far from that in the stable structure of the adatom-vacancy

pair. Since the transition state geometry is close to that ofthe stable adatom-vacancy pair, the healing
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barrier energy is small (0.06 eV). Therefore, this defect can be healed at very low temperature. The

barrier is much lower than that of the adatom diffusion barrier: The value was estimated to be 0.49 eV

in our previous calculation.18

The recombination process of the interstitial and vacancy pair in the graphite13 is similar to the

healing one in the present system. However, the previously calculated barrier of the recombination (1.3

eV)13 is much higher than that the healing barrier (0.06 eV) of the present system. This large barrier

for the recombination is due to the fact that the interstitial atom in the stable geometry of the interstitial

and vacancy pair is bonded to a nearest carbon atom of the vacancy and two carbon atoms which are

located on the nearest graphite layer. In the recombinationprocess, large energy is necessary to break

these three bonds. On the other hand, in the present system, the adatom in the stable state is bonded

to only a nearest carbon atom of the vacancy since the system consists of a single graphene layer.

Therefore, the very low healing barrier of the present is expected to be intrinsic for the mono-layer

graphene.

Previous first-principles studies were conducted for (9,0), (10,0), and (11,0) zigzag CNTs having

adatom-vacancy pair defects.12 It is found that the bond lengths in the five-member ring (corresponding

to C1-C2 in Fig. 1) are 1.50, 1.52, and 1.54 Å for the (9,0), (10,0), and (11,0) nanotubes, respectively.

These values are much smaller than the present value (1.85 Å)for the graphene. Since large energy is

necessary to break these somewhat strong bonds, the healingbarriers are expected to be large. Indeed,

the calculated healing barriers were much larger than the present value for the graphene (0.06 eV):

The barriers are 1.66, 1.98 and 2.14 eV for the (9,0), (10,0) and (11,0) nanotubes, respectively. The

radii of these nanotubes are∼0.8 nm. Since the graphene corresponds to the CNT having the infinite

radius, we expect that the healing barrier becomes low when the radii of the CNT become large.

3.2 The adatom bonded to an atom which is 4.26-5.54 Å far from the vacancy site

We study the case that the adatom is located a little bit far from the vacancy site. We choose several

sites which are 4.26-5.54 Å far from the vacant site as shown in Fig. 2 and investigate the energetical

stability of the geometries. The formation energies are 13.46, 13.20, 13.03, and 13.48 eV, for the B, C,

D, and E geometries, respectively. These values are larger than the value of the A geometry where the

adatom is bonded to a nearest atom of the vacancy (9.83 eV), which has been studied in the previous

subsection. We expect that when the energy injected into thepristine graphene is somewhat larger

than that induces the adatom-vacancy pair of geometry A, thedefects of B-E are created. This energy

injection is expected to be achieved by STM and electron irradiation experiments.14–16

Here, we study the healing barriers of C and D since their total energies are relatively small. First,

we calculate the healing barriers of geometry C (Fig. 3(a)) and geometry D (Fig. 3(b)). It is found that
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there are two transition states between geometry C and the perfect geometry as Fig. 3 shows. The first

transition state (Fig. 3(c)) is located between geometry C and geometry D, where the energy of D is

0.17 eV lower than that of C. The energy of this transition state is 0.24 eV higher than that of geometry

C. The second transition state (Fig. 3(d)) is located between geometry D (Fig. 3(b)) and the perfect

geometry. The energy of this transition state is 0.23 eV higher than that of geometry D. Therefore, we

conclude that the healing barrier of geometry C is 0.24 eV andthat of geometry D is 0.23 eV.

We next study the healing barrier of geometry B (Fig. 4(a)). We find that the transition state (Fig.

4(b)) is located between geometry B and geometry A (Fig. 2). The energy difference between this

transition state and geometry B is 0.32 eV. As was mentioned,the healing barrier of geometry A is

very smaller (0.06 eV). Therefore, we conclude that the healing barrier of geometry B is 0.32 eV.

As mentioned above, when the adatom is located 4.26-5.54 Å far from the vacant site, the healing

barriers are in the range of 0.24-0.32 eV. These values are much larger than that (0.06 eV) of geometry

A where the adatom is bonded to a nearest carbon atom of the vacant site. Therefore, when the adatom

is located somewhat far from the vacant site, the healing barrier becomes large. However, the healing

barriers of geometries B, C, D are lower than the diffusion barrier of the isolated adatom (0.49 eV).18

Therefore the defects having geometries B, C, and D are expected to be healed in the low temperature

range where the adatom does not diffuse.

4. Conclusions

In this study we have investigated the adatom-vacancy pair in graphenes by carrying out first-

principle calculations based on the spin-polarized GGA. Wefound that when the adatom is bonded to

the nearest adatom of vacancy (geometry A), the healing barrier is very small (0.06 eV) and therefore

this defect can be easily healed.

We have also performed calculations for the case that the adatom is located 4.26-5.54 Å far from

the vacant site. The formation energies were found to be larger than that of geometry A. Therefore, we

expect that these defects are created when the energy injected into the pristine graphene is somewhat

larger than that induces the adatom-vacancy pair of geometry A. We find that the healing barriers are

0.24-0.32 eV. These values are larger than that of the geometry A but are smaller than that of the

adatom diffusion barrier (0.49 eV).18
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Fig. 1. Adatom-vacancy pair when the adatom is bonded to a nearest site of the vacancy in the graphene.
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Fig. 2. (Color online)Formation energies of the adatom-vacancy pairs in the graphene.
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Fig. 3. (Color online)Healing path of geometry C and D. Geometry C and geometry D are shown in (a)

and (c), respectively. Two transition states are shown in (b) and (d).
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Fig. 4. (Color online)Adatom-vacancy pair when the atom little (5.54 Å) far from the vacancy in graphene

(a) and the transition geometry (b).
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