
Chapter 5

Strain Fields and Electronic Structure

of Vacancy-Type Defects in Graphene

from First-Principles Simulation

A.V. Krasheninnikov

Abstract Using density-functional-theory simulations we study strain fields near

vacancy-type defects in graphene. We demonstrate that the strain fields around these

defects reach far into the unperturbed hexagonal network. As metal and other

adatoms have a high affinity to the non-perfect and strained regions of graphene,

they are therefore attracted by the reconstructed defects. This explains the intriguing

behavior of metal adatoms on graphene reported in recent experiments (Cretu et al.,

Phys Rev Lett 105:196102, 2010). Finally, we analyze the electronic band structure

of graphene with defects and show that some defects open a semiconductor gap in

graphene, which may be important for carbon-based nanoelectronics.
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5.1 Introduction

Recent reports on the electronic and mechanical properties of graphene [1], a novel

two-dimensional (2D) material made from carbon with a honeycomb-like arrange-

ment of atoms, indicate that graphene is a promising candidate for the next generation

electronics. The electronic and mechanical properties of graphene samples with

high perfection of the atomic lattice are exceptional [2]. For example, semimetallic

graphene has alinear dispersion relation and highmobility of charge carriers [3], while

its Young’s modulus is about 1 TPa [4], the highest among all known.
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One should bear inmind, however, that structural defects [5] thatmay appear during

the growth or processing, should deteriorate graphene properties and the performance

of graphene-based devices. At the same time, deviations from the perfection can also

be useful in some applications, as they make it possible to tailor the local properties of

graphene and to achieve new functionalities, for example, by opening a semiconduct-

ing gap [6, 7] required for the operation of graphene-based transistors.

Foreign atoms can also be incorporated into graphene as substitutional impurities

forming extrinsic defects. In this case, the impurity atom replaces one or two carbon

atoms. Boron or nitrogen serve as the natural dopants in carbon nanostructures

[8–13] since they have one electron less or more, respectively, but roughly the

same atomic radius. This mechanism of graphene doping has received a particular

attention, alongside with mechanisms [14, 15] based on the adsorption of organic

molecules as well as metal atoms and clusters.

Much larger atoms such as transition metal (TM) impurities [16–18] can be

incorporated into the atomic network as well, or added as adatoms. This issue has

received lots of attention in the context of the unconventional Kondo effect in

graphene and spintronics [19–22], its doping [3] and possible catalysis [23].

Furthermore, the precise knowledge of the details of TM–sp2-carbon interaction

is important for understanding the carbon nanotube growth [24], fuel cell proper-

ties [25], and the role of implanted magnetic atoms such as Fe in the development

of magnetic order in carbon materials [26].

Previous experimental [17, 27] and theoretical studies [16–18, 28, 29] have

demonstrated that the preferred way to incorporate TM impurities in graphene

is to attach them to vacancies. Substitutional dopants are expected to be very

stable due to the strong covalent bonding of TM atoms to the host carbon matrix.

The binding energies for the TM-vacancy complexes have been reported to be in

the range of 2–8 eV [16, 28, 29], indicating strong bonding, and pointing to a

possible use of such structures in catalysis. It has also been suggested [16] to use

spatially-localized electron irradiation to create defects with atomic precision and

then, by making co-deposited metal atoms, mobile them at elevated temperatures,

to pin the atoms at the defects. This idea has been experimentally implemented [30]

for Fe, Co, and Mo atoms.

However, substitutional impurities are strong scatterers of electronic states in

graphene [3], and alternative ways for implementing spatially-localized doping

has been searched for. Recent experiments [17] on W atoms on defected graphite

have indicated that the bonding may be more complicated than the simple model

of substitutional impurities predicts. The strong bonding (e.g., 8.6 or 8.9 eV for

a tungsten atom trapped in a single or double vacancy, respectively) is inconsistent

with the thermal and possibly irradiation-induced migration observed in the experi-

ments. To explain the contradiction, it has been suggested [17] that reconstructed

point defects in graphene created by electron irradiation and annealing can also pin

the adatoms. It has been shown that the strain field around a reconstructed

divacancy (the so-called 555-777 defects) reaches far into the unperturbed hexago-

nal network and that metal atoms have a high affinity to the non-perfect and strained

regions of graphene. Metal atoms are therefore attracted by reconstructed defects

and bonded with energies of the order of 2 eV.
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In the present paper, we focus on the strain fields near all reconstructed

vacancy-type defects. By employing first-principles simulation,we visualize the strain

fields near vacancy-type defects in graphene and demonstrate that such defects create

areas with the size of 2–3 nm where adatoms are attracted to the defects. We further

calculate the electronic structure of the most important vacancy-type defects.

5.2 Computational Details

The density functional theory (DFT) ab initio calculations have been carried out

with the VASP simulation package [31] using projector augmented wave (PAW)

potentials [32] to describe core electrons, and the Generalized Gradient Approxi-

mation of Perdew, Burke and Ernzernhof (PBE) [33] for exchange and correlation.

The kinetic energy cutoff for the plane waves was set to 400 eV, and all structures

were relaxed until atomic forces were below 0.01 eV/ÅA. Increasing the cutoff

energy up to 600 eV changed the bonding energies by less than 10 meV. The

sampling scheme of Monkhorts-Pack [34] with up to 9 � 9 � 1 k-points meshes

was used to integrate over the Brillouin zone.

Graphene was modeled as a supercell composed from 10 � 10 graphene unit

cells so that the initial structure, in which the defects were introduced, consisted of

200 carbon atoms. The unit cell is shown in Fig. 5.1.

Fig. 5.1 Atomic structures of a single vacancy in a graphene sheet. The bonds are colored

according to an increase (blue) or decrease (red) in the bond length (given in picometers).

The bonds close to pentagons are contracted, but most C–C bonds are stretched. The black lines
outline the simulation supercell (10 � 10) graphene units
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5.3 Results

5.3.1 Strain Fields Near Vacancy-Type Defects

The most prolific defects produced by energetic electrons in graphene are vacancies

[35]. Single vacancies (SV) in graphene [36, 37] and nanotubes [38, 39] undergo a

Jahn-Teller distortion, which leads to the saturation of two of the three dangling

bonds towards the missing atom. One dangling bond always remains due to the

geometrical reasons, Fig. 5.1. It is intuitively clear that due to the presence of

an under-coordinated carbon atom, and a lower displacement threshold for this

atom [40], SV should be quickly transformed to a di-vacancy (DV), which can also

be referred to as a 5-8-5 defect. The DV also reconstructs, so that two new weak

bonds are formed, lowering the energy of the system.

Besides, at elevated temperatures (over 200�C), SVs also transform to DVs due

to SV migration and coalescence [41]. DVs undergo further transformations to

555-777 [42] and 5555-6-7777 defects by bond rotations, as this process lowers the

total energy of the system by more than 1 eV per defect. The atomic structures of

these defects are presented in Fig. 5.2. Note that in panels (a–d) the same number

of carbon atoms (two) are missing.

Previous simulations [17] have shown that the binding (adsorption) energy

(negatively defined) near a 555-777-defect decreases and that the drop in energy

can be explained by a combination of two effects: strain fields near the defects

and the decrease in the adsorption energy of the adatom on top of strained bonds.

All these give rise to the effective attraction of the adatoms by the defects.

In order to better understand the mechanism of the attractive interaction, we

calculated strain fields near the SV, Fig. 5.1 as well as DV and related defects,

Fig. 5.2. The strain fields were visualized as the difference between the bond

lengths in the system with a defect and that in the pristine sheet. It is evident that

all vacancy-type defects give rise to strain fields in their vicinity, with the range of

at least 2–3 nm or possibly even more (larger than the supercell). Most C–C bonds

are stretched, but the bonds close to pentagons are contracted, as graphene is an

elastic material with a finite value of Poisson ratio [43].

5.3.2 Strain Fields Near Adatoms on Pristine Graphene

As W adatoms on graphene have been used in recent experiments [17], we

calculated the strain fields near W adatoms on pristine graphene. The existence of

a strain field of opposite sign (with regard to vacancy-type defect) could have

explained the attractive interaction between vacancies and adatoms. However, in

a two-dimensional system the weakly bonded W adatom does not create a long-

range strain field of the opposite sign in the carbon network, Fig. 5.3b, c, and the
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conventional mechanism of vacancy-interstitial attraction as in 3D bulk systems

it does not work.

We have not found any long-range strain fields near other adatoms, we have

studied (W, Cr, Mo). This is an expected result, as adatom binding energy to graphene

sheet is relatively small, about 0.5 eV, and the adatom is well outside the plane.

We have also calculated the strain fields near carbon adatoms. Interestingly

enough, even carbon adatoms which bind relatively strongly to graphene [44] and

nanotubes [45] with energies 1–3 eV also give rise to changes in the bond lengths

between the nearest neighbors of the adatom only, so that no long-range strain

effect is present. Thus, vacancy and interstitial-type defects (adatoms) in graphene

do not interact via strain fields of opposite sign, as in the majority of bulk materials.

Fig. 5.2 Atomic structures of a di-vacancy 5-8-5 defect (a), and the reconstructed di-vacancy

defect including the 555-777 (c) and 5555-6-7777 defect (d). The latter defects were obtained by

rotating one of the carbon bonds in the di-vacancy defect, as schematically shown in panel (b).

Such defects have lower energies as the parent structure shown in panel (a). The bonds are colored

according to an increase (blue) or decrease (red) in the bond length (given in picometers).

The bonds close to pentagons are contracted, but most C–C bonds are stretched. The red lines
outline the simulation supercell (10 � 10 graphene units). It is evident that the strain fields extend

for at least 2 nm away from the defect
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We calculated earlier [17] the adsorption energy of the W adatom on the

strained graphene sheet. The results prove that a biaxial strain of 1% (resp. 2%)

lowers the energy for the middle-of-hexagon position from initially�0.38 to�0.54

(�0.69) eV, and for the bridge position from �0.45 to �0.52 (�0.59) eV,

respectively.

The drop in energy and stronger bonding can be associated with a smaller

saturation of the C–C bonds under strain, so that more electron density is available

for making a new bond with the adatom. The observed energy gradient comes from

a combination of the strain field and electronic effects. This observation points out

towards possible applications of graphene ribbons as strain sensors, as a drop in

adsorption energy should increase the number of adsorbed species and thus affect

the current through graphene ribbon [46]. The attractive interaction between the

adatoms and defects is different from the known phenomenon of long-range

interactions of adatoms on metals [47], graphite [48], or carbon nanotubes [49],

which is mediated by purely electronic effects [50].

5.3.3 Electronic Structure of Vacancy-Type Defects

As the effects of point defects and impurities on the electronic structure of

graphene presents considerable interest in the context of defect-mediated engineer-

ing of graphene electronic properties, we have also calculated the band structure

of graphene with the most stable vacancy-type defects, 555-777 and 5555-6-7777

configurations. For the sake of comparison, we also present here the band struc-

tures of SV and DV, although these defects are less stable than the 555-777 and

5555-6-7777 defects.

The band structure of a 200 atom supercell with a 555-777-defect is shown

in Fig. 5.4a.

Fig. 5.3 Atomic structure of the graphene sheet with adatoms and strain fields near the adatom.

(a) Carbon adatom. (b) W adatom in the bridge and middle-of-hexagon (c) positions. The bonds

are colored according to the increase (blue) or decrease (red) in the bond length (given in

picometers) with regard to the pristine system. It is evident that there is no considerable long-

ranged strain field. The coloring scheme is the same as in the case of the vacancy-type defects

shown in Fig. 5.2. The balls represent the adatoms
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It is evident that, although the defect gives rise to new localized states below the

Fermi level (0.5 eV), it does not alter the electronic structure of graphene sheet

at the Fermi level. Thus, one can expect that a TM atom-555-777 complex will be a

weaker scattering center than the substitutional impurity, and thus the preferable

way to incorporate TM atoms into the system.

The situation is quite different in the case of the 5555-6-7777-defect. A gap of

more than 0.3 eV is opened at the Fermi level. The gap is much larger than that for

SV and DV, about 0.1 eV, Fig. 5.5, which agrees with the previously published

results [51].

Fig. 5.4 Band structure of graphene 200-atom supercell with a 555-777 defect (a) and 5555-

6-7777 defect (b). Note that for the 5555-6-7777 defect a gap about 0.3 is open. Zero energy

corresponds to the position of the Fermi level in pristine graphene

Fig. 5.5 Band structure of graphene 98-atom supercell with a single vacancy (a) and double

vacancy defect (b)
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Besides, as it has been mentioned above, the non-reconstructed SV and DV are

less stable than the reconstructed defects, so that their probability to exist is smaller.

Our results [7] indicate that a gap is always opened near complicated vacancy-

type defects in graphene, when rotated hexagons, Fig. 5.2d are embedded into

graphene through non-hexagonal rings (pentagons and heptagons). This result may

be important for nanoelectronics, and spatially localized electron or ion irradiation

[35, 52–56] can be used to produce such areas.

5.4 Conclusions

We have studied at length the stain filed near vacancy-type defects in graphene.

We have shown that the 555-777-type reconstructed vacancies, which are the

predominant defects in a wide temperature range, create long-ranged strain fields

in their vicinity and thus are efficient trapping centers for metal adatoms. Metal

atoms migrating on graphene are attracted by these defects at distances in the nano-

meter range. The interaction between defects in graphene and metal atoms is

different from the known mechanisms of strain fields and electronic effects in

bulk systems and on their surfaces, and originates from an interplay of local strain

in the atomic network, created by the defect, and electronic adsorption effects.

The trapping of metal atoms in strained areas and at defects in graphene may be

used for engineering the local electronic and magnetic structure of graphene and

its doping by the controlled production of defects. Finally, we have analyzed the

band structure of graphene with defects and have shown that some defects open

a semiconductor gap in graphene, which may be important for the development of

carbon-based nanoelectronics.
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