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A B S T R A C T

The Raman spectra of graphene with three different types of point defects, namely, a

mono-vacancy, a di-vacancy, and a Stone–Wales defect, was calculated within a non-

orthogonal tight-binding model using supercells of graphene with a single defect. The

defects were found to modify the electronic structure and the phonons of graphene giving

rise to new optical transitions and defect-related phonons. Based on the calculated Raman

spectra, we determined the Raman lines that can serve as signatures of the specific defects.

The comparison of the calculated Raman intensity of the graphitic (G-) band of perfect

graphene and graphene with defects shows that the intensity can be enhanced up to

one order of magnitude by the presence of defects.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Recent progress in production of a few-layer graphite [1] and

the prospects for future application in nanoelectronics have

put the single-layer graphite (so-called graphene) in the focus

of many theoretical and experimental studies [2]. Point de-

fects of type vacancy and topological defects can change the

electronic and the vibrational properties of graphite, and

therefore can modify its transport properties. Vacancies are

formed in low concentrations [3] in graphite during defective

growth. However, they are present in much larger quantities

in irradiated materials or chemically treated ones and are

the predominant defects in such materials [4]. Vacancies

can be observed by high-resolution transmission electron

microscopy (TEM) because they cause local deformation of

the graphite surface [5]. The possible existence of a five-to-se-

ven ring defect was suggested in 1969 [6]. A pair of adjacent

five-to-seven ring defects can form a topological defect in

graphene called the Stone–Wales (SW) defect [7]. This defect

plays an important role in growth and annealing down to a

structurally ordered state of carbon systems. Once formed,

the SW defect can move along the structure, creating disloca-

tions, and leading to large-scale structural rearrangements in

graphitic networks [8]. The direct experimental identification

of SW defects by TEM is uncertain because they are usually

present in small quantities and do not produce visible defor-

mation of the graphite surface. A more reliable method for

detection of point defects is based on the vibrational density

of states derived by inelastic electron tunneling spectroscopy

(IETS-STM) [9,10] and theoretical predictions [11].

A powerful and straightforward technique to study defects

in carbon systems is the Raman spectroscopy. The Raman

spectra of carbonaceous materials with sp2-hybridized

regions exhibit a prominent defect-induced band at �1360

cm�1, so-called D-band, with position dependent on the laser

excitation energy and intensity dependent on the relative

content of these regions [12,13]. The Raman spectra of graph-

ite with defects also show a few Raman lines, which can be

ascribed to defect-assisted light scattering, the most intense

being the D-band [14]. In a few-layer graphite, the D-band

was found to depend on the number of layers [15] and on

the doping [16]. These studies do not determine the type of

the defects and at present there are no experimental observa-

tions and assignment of Raman features to specific types of

defects. While it is difficult to study experimentally defects

in graphene, some progress has been made in the theoretical

study of the Raman signatures of defects. A bond-polarizabil-

ity model has been used to derive the Raman intensity of the
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phonons of graphene with defects [17]. Recently, the non-res-

onant Raman spectra of such structures have been calculated

within a first-principles approach using a single k-point [18].

In this case, the computational approach has not allowed to

handle large enough supercells, which could result in spuri-

ous phonons and incorrect Raman intensity.

In this paper, we use a density-functional-theory-based

non-orthogonal tight-binding model [19,20] to obtain the pho-

nons and their Raman excitation profiles for graphene with

three types of point defects. In these three cases, we simulate

the Raman spectra and discuss the Raman lines, which are

associated with the defects and can be adopted as their

signatures.

2. Theoretical background

The electronic band structure of graphene with a single point

defect was calculated within a density-functional-theory-

based non-orthogonal tight-binding (NOTB) model with four

valence electrons per carbon atom [19,20]. The defect removes

the two-dimensional periodicity of the graphene lattice and

the calculations have to be accomplished for the entire lattice.

In order to avoid this and to take advantage of the methods

for periodic lattices, one can consider again a two-dimen-

sional periodic structure but with a supercell, consisting of

N two-atom unit cells of perfect graphene and containing a

single point defect. The supercell has to be large enough to

ensure negligible interaction between the defects of different

supercells. In the NOTB model, the electronic problem is re-

duced to the following matrix eigenvalue equationX
r0
ðHkrr0 � EkSkrr0 Þckr0 ¼ 0: ð1Þ

Here k is the two-dimensional wavevector and the index r

labels the valence orbitals of the supercell, r = 1, 2, . . ., 8N.

The quantities Hkrr0 and Skrr0 are given by the expressions

Hkrr0 ¼
X

l

eik�RðlÞHrr0 ðRðlÞÞ ð2Þ

and

Skrr0 ¼
X

l

eik�RðlÞSrr0 ðRðlÞÞ; ð3Þ

where Hrr0 and Srr 0 a are the matrix elements of the Hamilto-

nian and the overlap matrix elements, respectively, between

orbitals r and r 0 centered at two atoms in supercells con-

nected by a lattice vector R(l); Ek is the one-electron eigenen-

ergy and ckr are the coefficients in the expansion of the one-

electron wavefunction as a linear combination of the atomic

orbitals of the supercell. We denote the solutions to the

eigenvalue equation Eq. (1) as Ekm, m = 1, 2, . . . , 8N.

For performing structural optimization one needs the total

energy of the system and the forces acting on the atoms. In

the NOTB model, it is given by the expression

E ¼
Xocc

km

Ekm þ
1
2

X
ijði–jÞ

uðrijÞ; ð4Þ

where the first term is the band energy EBS (the summation is

over all occupied states) and the second term is the repulsive

energy Erep, expressed as the sum of repulsive pair potentials

u between pairs of neighbors. The band contribution to the

forces on the atoms is given by the Hellmann–Feynman theo-

rem. The repulsive contribution to the force is equal to the

first derivative of the total repulsive energy with respect to

the atomic position vector.

The zone-center phonons were calculated using a pertur-

bative approach within the NOTB [21]. In this approach, the

response of the electrons to the atomic displacements is de-

scribed in the linear response approximation. It has the

advantage over the frozen-phonon approach that it avoids

computationally expensive enlarging of the original supercell

in the calculation of forces on atoms and that it further allows

one to derive the dynamical matrix in a single step. The

dynamical matrix is obtained from the change of the total en-

ergy due to a static lattice deformation (a phonon) with a two-

dimensional wavevector

uðljÞ ¼ eðjqÞeiq�RðlÞ þ c:c: ð5Þ

Here the index j labels the atoms in the supercell, j = 1, 2, . . .,

2N. The band contribution to the energy change is derived in

second-order perturbation theory as a second-order polyno-

mial in u(lj). The repulsive energy is expanded in series of

u(lj) up to second order. The dynamical matrix is then

obtained from the expression

Dabðjj0qÞ ¼ 1
mC

@2ðEBS þ ErepÞ
eeðjqÞebðj0qÞ

; ð6Þ

where mC is the mass of the carbon atom. The phonon eigen-

values and eigenvectors are then found as solutions to the

phonon equations of motion.

We adopted the quantum-mechanical description of the

Raman scattering process, in which the system of the elec-

trons and the phonons of the system, and photons of the

electromagnetic radiation, and their interactions are consid-

ered [22]. Restricting ourselves to Stokes processes, we re-

tained only the terms of the Raman tensor, which give

predominant contribution to the intensity. These processes

include (a) absorption of a photon (energy EL and polariza-

tion vector eL) with excitation of the electronic subsystem

from the ground state and creation of an electron–hole pair,

(b) scattering of the electron (hole) by a phonon (frequency

x and polarization vector e), and (c) annihilation of the

electron–hole pair with emission of a photon (energy

ES = EL � �hx and polarization vector eS) and return of the

electronic subsystem to the ground state. The contribution

of these processes to the Raman intensity is given by the

expression [23]

IðEL;xÞ ¼ A
X pSDpL�

ðEL � E� iceÞðES � E� iceÞ

�����
�����
2

: ð7Þ

Here, the quantity A is slightly dependent on EL and temper-

ature. The summation is over all pairs of vertical states km

and km 0 of the valence band and the conduction band, respec-

tively. E is the separation between two such states and ce is

the excited state width. pL,S is the matrix element between

two such states of the component of the momentum in the

direction of the polarization vector eL,S and D is the elec-

tron–phonon coupling matrix element. The latter is deter-

mined by the scalar product of the derivative of E with

respect to the atomic displacement vector u(lj) and the pho-

non eigenvector
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D ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
�h

2mCx

s X
ic

eic
@E
@uic

: ð8Þ

Here, uic is the c-component of the displacement of the ith

atom of the supercell.

The electron–phonon coupling matrix element D depends

essentially on the particular Raman-active mode eigenvector

and the derivative of E with respect to the atomic displace-

ment vector [23]. Similar derivative but for the general case

of states km and k 0m 0 enters the expression of the dynamical

matrix, Eq. (6) (see [21]). Compared to the ab initio phonon

dispersion of graphene, the calculated one within our tight-

binding model predicts accurately the low-frequency phonon

branches but overestimates the high-frequency ones by up to

12.5% [21]. Because the dynamical matrix depends linearly on

the electron–phonon matrix element and yields the squared

phonon eigenfrequencies, we can conclude that for the

high-frequency branches our matrix element is larger than

the ab initio ones [24] roughly by 27%. Our model gives a fair

description of the Kohn anomaly of the phonon dispersion of

graphene in good agreement with the ab initio results [24].

3. Results and discussion

We considered three types of point defects: a Stone–Wales de-

fect (SW), a mono-vacancy defect (MV), and a di-vacancy de-

fect (DV), shown in Fig. 1a–c. We chose a supercell of size 5 · 5

primitive cells of perfect graphene and containing a single de-

fect. The large size of the supercell ensures negligible interac-

tion between the defects of different supercells. The atomic

structure optimization was performed with a 5 · 5 Monk-

horst–Pack mesh of k-points. It was carried out until the

residual forces on all atoms decreased below 0.01 eV/Å. The

angle between the primitive translation vectors of the super-

structure remained close to 60� and therefore the deforma-

tions of the supercell due to the defect do not extend

beyond its boundaries. The primitive translations were re-

laxed from 12.30 Å for perfect graphene to 12.24 Å (MV),

12.17 Å (DV), and 12.34 Å (SW). Largest changes of the atomic

positions with respect to perfect graphene are present for

atoms close to the defects (see Fig. 1a–c). The three atoms,

closest to the vacancy in the MV structure, changed their rel-

ative separations to (1) 2.354 Å and (2) twice 2.729 Å, suggest-

ing the formation of a weak covalent bond between two of

them and leaving the third one unpaired. These values are

larger than the ab initio one of (1) 2.02 Å (Ref. [11]), 2.10 Å

(Ref. [25]), and (2) 2.505 Å (Ref. [11]). As a whole, the supercell

remained almost flat after optimization (see also Ref. [18]), the

only exclusion being the unpaired atom of the MV structure,

which was displaced out of the graphene plane by 0.49 Å. This

displacement is close to the ab initio ones of 0.47 Å (Ref. [25])

and 0.43 Å (Ref. [11]) but is larger than the value of 0.18 Å of

spin-polarized calculations [26]. The separation of the two

neighboring atoms of each of the two vacancies in the DV

supercell reduces to 1.945 Å, which is larger than the ab initio

result of 1.71 Å (Ref. [11]). The decrease of the separation be-

tween pairs of atoms in the DV structure suggests reaching

stability through formation of weak covalent bonding be-

tween these atoms accompanied by disappearance of the

dangling bonds.

Perfect graphene is a zero-gap semiconductor. Its band

structure (not shown) has two linear bands crossing at the

Fermi energy at the K-point of the Brillouin zone. The pres-

ence of a defect removes the degeneracy of the bands at the

Fermi energy and opens a non-zero band gap. The computed

electronic band structure of the three superstructures (see

Fig. 2a–c) shows that they are semiconductors with gaps of

�0.49 eV (MV), �0.75 eV (DV), and �0.21 eV (SW). In the case

of the MV defect, there are two localized bands close to the

Fermi energy, due to the defect. The obtained band structures

are in fair agreement with available ab initio ones [11].

The Raman spectrum of graphite is dominated by a strong

line (so-called G-line) at �1582 cm�1. It is due to the in-plane

bond-stretching phonon called the G-mode. In perfect graph-

ene this phonon is also Raman-active and is predicted at

�1585 cm�1. The results of the phonon calculations for per-

fect graphene within the present tight-binding model were re-

ported elsewhere [21]. We note that this model yields the

frequency of the G-mode at 1780 cm�1, which is overestimat-

ing the experimental value by �12.5%. This is generally the

case for phonons with predominantly bond-stretching char-

acter obtained within tight-binding models [17]. The calcula-

tions of the phonons of graphene with defects exhibit a

large number of Raman-active phonons. They will be dis-

cussed further on in connection with their Raman intensity

and their importance as spectroscopic signatures of the spe-

cific type of defect.

The Raman intensity of the G-mode of perfect graphene

was calculated with a dense 50 · 50 Monkhorst–Pack mesh

of k-points necessary for achieving convergence of the sum

(a) (c)(b)

Fig. 1 – The optimized atomic structure of graphene with three different point defects: (a) a mono-vacancy (MV) defect, (b) a di-

vacancy (DV) defect, and (c) a Stone–Wales (SW) defect. All three structures are almost flat except for the MV one, where the

unpaired atom has a large out-of-plane displacement of 0.49 Å.
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Eq. (7). The Raman experiments are normally performed on

polycrystalline graphite samples with more or less random

orientation of the micro-crystallites. Therefore, for compari-

son with future experimental data, we averaged the intensity

over all spatial orientations of the light polarization, restrict-

ing ourselves to parallel scattering geometry. The obtained

resonance excitation profile of the G-mode of perfect graph-

ene, shown in Fig. 3a–c, increases monotonically with the in-

crease of the photon energy in the visible range, in accord

with experimental measurements on highly-oriented pyro-

lytic graphite (HOPG) [27].

The Raman intensity of graphene with defects was calcu-

lated for all Raman-active phonons and for all scattering

geometries using a 30 · 30 Monkhorst–Pack mesh. The ob-

tained resonance excitation profiles for the MV, DV, and SW

cases (see Fig. 3a–c) exhibit resonant enhancement of the

intensity close to optical transitions of graphene with defects.

It is clear that this happens at laser photon energies, which

are different for the three cases because of their different

electronic structures. It is seen in the MV case that resonant

enhancement is present for all energies, in the DV case reso-

nant scattering is possible for energies larger than about

2.2 eV, while for the SW case this is only possible for energies

smaller than 2.5 eV. This observation can help in the assign-

ment of the lines in the spectra of graphene with defects.

The obtained phonons and resonant excitation profiles

were used to simulate the Raman spectra of graphene with

the three types of defects for five commonly used laser pho-

ton energies: 1.96, 2.28, 2.41, 2.54, and 2.71 eV. It is clearly seen

in Fig. 4a–c that Raman lines are present mainly up to

�1000 cm�1 (MV) and above �1000 cm�1 (DV and SW). In these

frequency ranges, the spectra are dominated by several Ra-

man lines, denoted by asterisks. The atomic displacements

of the phonons giving rise to these lines, are shown in Figs.

5–7 for the MV, DV, and SW cases, respectively.

For the MV structure, the phonons, giving rise to high

intensity lines, are with predominant out-of-plane dispace-

ment (282, 305, and 489 cm�1; see Fig. 5, the out-of-plane dis-

placements are not shown) but there is also an intense

phonon with predominant in-plane displacements at

-3

-2

-1

0

1

2

3

MK

En
er

gy
(e

V)

ΓΓ ΓΓ
-3

-2

-1

0

1

2

3

MK ΓΓ MK

En
er

gy
(e

V)

-3

-2

-1

0

1

2

3

En
er

gy
(e

V)

(a) (b) (c)

Fig. 2 – The electronic band structure of graphene with different point defects: (a) MV, (b) DV, and (c) SW. All three structures

are semiconducting with gaps below 0.75 eV.
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Fig. 3 – The resonance excitation profiles of phonons of graphene with three different point defects: (a) MV, (b) DV, and (c) SW.

Only the profiles with most intense peaks are presented. These profiles give rise to intense lines, denoted by asterisks in the

Raman spectra in Fig. 4, and belong to phonons, shown in Figs. 5–7. The profile of the G-mode in perfect graphene is also

provided for comparison (dashed line, scaled x50).
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861 cm�1. In the latter, the three atoms, as well as two hexa-

gons adjacent to the vacancy, have a breathing-like motion.

There is also a G-mode-like phonon giving rise to a low-inten-

sity line at 1787 cm�1.

The situation with the DV and SW structures is quite dif-

ferent. These structures are almost flat and the out-of-plane

phonons have negligible intensity. In the DV case, there are

four phonons with intense lines (1336, 1492, 1542, and

1786 cm�1; see Fig. 6). For all of them, the displacement of

the atoms close to the two vacancies are small compared to

that of other atoms with the exception of the phonon at

1542 cm�1. Nevertheless, all these phonons can be called ’’de-
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Fig. 4 – The Raman spectra of graphene with different point defects for five laser photon energies EL: (a) MV, (b) DV, and (c) SW.

Only the frequency region with more prominent Raman features is shown. Some of the spectra are scaled for better

presentation. The most intense Raman lines are denoted by asterisks and are discussed in the text.

-1(a) 861 cm

-1(c) 305 cm
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-1(d) 282 cm

Fig. 5 – Atomic displacements for four phonons (a–d) of the MV structure with most intense Raman lines. The numbers are

the phonon frequencies.

2452 C A R B O N 4 7 ( 2 0 0 9 ) 2 4 4 8 – 2 4 5 5



Author's personal copy

-1(a) 1789 cm

-1(c) 1492 cm -1(d) 1336 cm

-1(b) 1542 cm

Fig. 6 – Atomic displacements for four phonons (a–d) of the DV structure with most intense Raman lines. The numbers are the

phonon frequencies.

-1(a) 2142 cm

-1(c) 1740 cm

-1(e) 1524 cm -1(f) 1346 cm

-1(d) 1595 cm

-1(b) 1927 cm

Fig. 7 – Atomic displacements for six phonons (a–f) of the SW structure with most intense Raman lines. The numbers are the

phonon frequencies.
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fect’’ ones in a sense that they appear because of defect-in-

duced deformation of perfect graphene and, therefore, may

serve as signatures of the DV structure. Among the intense

lines there is a line at 1786 cm�1, which is due to a G-mode-

like phonon. As in the MV case, this phonon is obtained with

almost the same frequency as the G-mode of perfect graph-

ene. Therefore, the defect-induced deformations of the

graphene lattice practically do no change the frequency of

this phonon.

For the SW structure, the calculations yield six intense

lines (1346, 1524, 1595, 1740, 1927, and 2142 cm�1; see

Fig. 7). As for the DV case, the SW structure is almost flat

and the phonons, giving rise to these lines, are with predom-

inant in-plane displacements. The four lowest-frequency

phonons involve motion of the atoms of the heptagons,

while the two highest-frequency ones are displacements of

the atoms of the pentagons. The phonon at 1740 cm�1 is a

red-shifted modification of the G-mode. Out of the various

defect phonons, the one at 2142 cm�1 is well-separated and

has high intensity, and can be taken as a specific spectro-

scopic signature of the SW defect. This value overestimates

the ab initio one of 1820 cm�1 (Ref. [17]) by 17.7%, which is

in accord with the overestimation of the frequency of the

bond-stretching modes within the tight-binding model. The

larger factor can be attributed to the stronger bonding of

the carbon atoms in the pentagons. It is seen from the dis-

placement pattern of the defect phonons of all three struc-

tures that only the latter phonon is strongly localized at

the point defect. More precise conclusions about the degree

of localization of phonons can be drawn from a future study

using larger supercells.

Finally, the effect of the presence of defects on the G-mode

intensity can be illustrated by comparison of the calculated

values with those for perfect graphene and available experi-

mental Raman data [27]. In Fig. 8, the intensity of the G-

mode-like phonons of the MV, DV, and SW structures relative

to that of the G-mode in perfect graphene is shown. It is seen

that, for photon energies between 1.9 and 2.7 eV, the relative

intensity varies roughly in the ranges (0.1,1.1), (4,30), and

(3,20) for the MV, DV, and SW cases, respectively. Therefore,

the DV and SW defects modify the electronic structure lead-

ing to generally higher Raman intensity of the G-mode. In

the considered case of large defect density (one defect per

25 unit cells of perfect graphene), the spectra of structures

with defects can be dominated by other much more intense

Raman lines, originating from defect phonon modes. How-

ever, most of these lines lie in the frequency range of the

broad D-band, which could make their observation difficult.

In the photon energy range from 1.9 to 2.7 eV, the relative

intensity of the G-mode in perfect graphene with respect to

available Raman data on HOPG [27] decreases by an order of

magnitude. This trend is generally seen for the three defect

structures as well, the decrease being smallest for the DV

case. Thus, the experimental excitation profile exhibits faster

increase with the increase of the photon energy than pre-

dicted for any of the four cases considered here. It is possible

that this behaviour of the experimental profile could be ex-

plained by a combination of different defects or other pro-

cesses beyond the simple one-phonon scattering.

4. Conclusions

We calculated within a tight-binding model the optimized

structure, phonons, and Raman intensity of graphene with

three different types of point defects: a mono-vacancy, a di-

vacancy, and a Stone–Wales defect. The results for the pho-

nons and the intensity allow us to determine spectroscopic

signatures of these defects. In particular, an isolated Stone–

Wales defect has a well-separated defect-induced phonon

with frequency of 2142 cm�1. This frequency, when reduced

by �18%, agrees with other estimations and can be used for

identification of this defect. In addition to other similar theo-

retical studies of graphene with defects, we show that the

presence of defects leads to modifications of the electronic

structure and the optical transitions. For all the three defect

structures, optical transitions appear in the visible range,

when 5 · 5 supercells are used. This results in a resonant

enhancement of the Raman scattering from defect-induced

phonons and G-mode-like phonons for certain photon ener-

gies in this range.

The obtained predictions for the Raman spectra of graph-

ene with defects can be used in the analysis of experimental

Raman data. They can be applied for estimation of the density

of the three types of defects in the samples, assuming linear

increase of the intensity with the increase of the defect den-

sity. At present, there are no reports of Raman observation of

defect phonons, possibly, because of the masking of their

lines by the D-band and the lack of predicted signatures.
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