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Carbon fiber (CF) is a promising lightweight alternative to steel of significant interest for energy
applications. As CF continues to find new uses and is exposed to new external conditions, a
noninvasive method of monitoring its structural integrity is critical. Raman spectroscopy is a com-
monly used method for this monitoring; however, it is highly inferential and interpretation of the
data is not always straightforward. In this work, we perform density functional theory (DFT) calcu-
lations to investigate changes in the vibrational properties of CF structural units (i.e., graphene and
graphite) caused by monovacancy and Dienes defects as a foundation for modeling more complex
defects that move our model toward that of realistic CF. Using large computational supercells, we
are able to understand how these defects change the electronic structure and vibrational proper-
ties of graphene and graphite for interdefect distances near that of the lower experimental limit.
The monovacancy opens an electronic bandgap at the K point. Although no such electronic gap
is opened by the Dienes defect, both defects introduce flat defect bands near the Fermi energy.
The Dienes defect creates long-range deviations to the phonons, leading to substantial broaden-
ing of the highest frequency optical modes in the band structure compared to that of the pristine
material. In contrast, the phonon changes caused by the monovacancy are short range, and only
minor changes to the band structure or phonon density of states were observed. These findings
can assist in the interpretation of experimental results by providing atomic-scale insight into key
electronic and vibrational features.

1 Introduction
Carbon fiber (CF) has gained much attention over the last sev-
eral decades due to its high strength-to-weight ratio, which has
made it a promising alternative to traditional materials in sev-
eral energy-related industries. For example, CF used in place of
steel in the automotive and aeronautical industries can reduce the
overall vehicle weight, thereby increasing fuel efficiency.1–3 CF
can also be used to make longer wind turbine blades at the same
weight, allowing increased wind-energy capture. Owing to their
use in consumer products, understanding the complex relation-
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ship between the CF microstructure and overall material strength,
which varies widely based on processing conditions, is impor-
tant.4,5 Although defects are generally believed to reduce the
strength of CF by disrupting the graphitic network, some studies
report increased strength and modulus of graphitic materials.6,7

Raman spectroscopy noninvasively probes the long-range vibra-
tional interactions (phonons) and can provide inferential infor-
mation about the graphitic microstructure by monitoring changes
to the peak shapes and locations, and it has been used extensively
to investigate the relationship between spectral observables and
thermomechanical properties.8–13

Despite the extensive efforts and progress made in interpreting
the Raman spectra, a complete understanding of the experimen-
tal data is not yet available. In particular, it is known that pristine
graphitic materials have only one first-order Raman-active mode
leading to the formation of the G peak, and defects cause addi-
tional bands to be observed, called the D and D′ peaks. Exactly
how many peaks are present in these bands is unclear, as the
number of peaks reported in the literature are strongly depen-
dent on the fitting procedure used.11,12,14–16 This spectral un-
certainty leaves open interpretation for the fundamental physics
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at play, such as additional electron–phonon coupling routes and
avoided band crossings. Computational studies of CF lattice dy-
namics where the atomic structure is precisely known can clar-
ify the number of Raman-active modes and subsequently the ex-
pected number of peaks, providing new insights into appropriate
fitting procedures and interpretation of the experimental spectra.

Owing to their structural complexity, most quantum-
mechanical atomistic models use graphene and graphite as CF
surrogates because they are present in the fiber microstructre.
This is a reasonable initial approximation because the extent of
graphitization has been shown to correlate with fiber strength.17

A vast amount of literature exists that computationally inves-
tigates defects in graphitic materials,18–21 and many of these
studies focus on the Dienes (pentagon-heptagon pairs formed
via a 90◦ bond rotation) and vacancy defects (Fig. 1).19,22–27

However, these studies are often restricted to electronic proper-
ties, such as formation energies,19,22,24,25,28,29 activation barri-
ers,19,23,26,30–35 and electronic band structures.22,24,25,27,31,36–42

Far fewer studies systematically investigate changes to the lattice
dynamics of graphene and graphite induced by defects, which can
directly aid in the interpretation of Raman spectral studies of car-
bonaceous systems, and in the case of CF, potentially highlight
manufacturing or operations issues. Although phonon frequen-
cies have been reported for Dienes defects and vacancies, these
results are restricted to the Γ point and are highly dependent on
system size.22,25,27,43–46 To our knowledge, only a few studies
report the defect-induced changes to the phonon band structure
and density of states (DOS).25,27,47–49 These quantities are es-
sential for comparison to experimental observables from inelastic
neutron scattering and other vibrational spectroscopies and inter-
preting thermomechanical behaviors.

monovacancy Dienes

Fig. 1 Structures of monovacancy (left) and Dienes (right) defects in
7 × 7 hexagonal graphite cell. Atoms of defect are shown in green.

To investigate the alteration on the phonon band structures in-
duced by experimentally relevant defect densities, supercells are
needed that can support interdefect distances approaching 20 Å.9

For graphene, this is a 120-atom hexagonal graphene layer. To
understand how the spectral indicators may change as a result
of the neighboring atomic layers, graphite cells are needed that
further increase the number of atoms. Thus, these calculations
can quickly become intractable without highly parallel comput-
ing architectures and software that can maximize computational
efficiency. Real-Space Multigrid (RMG) DFT50,51 is an electronic
structure theory package that represents wave functions, electron
charge density, potentials, and the Kohn–Sham Hamiltonian on a
real—rather than reciprocal—space grid of points. This reduces

the number of fast Fourier transforms needed during the calcu-
lation and allows electron charge density, potential, and wave
function be distributed by region over the processors, which im-
proves efficiency on highly parallel computer architectures. RMG
has been used to calculate the vibrational properties of several
materials in excellent agreement with other DFT software and
experiments.52

This work investigates the changes induced in a variety of elec-
tronic and vibrational properties with the inclusion of a Dienes de-
fect and a monovacancy in graphene and graphite using DFT. Af-
ter a review of the computational methods (Section 2), the defect-
induced changes to several electronic and vibrational properties
are discussed (Section 3).

2 Computational Methods
Using DFT as implemented in RMG, we calculated the non–spin
polarized minimum-energy structure and formation energy of
monovacancy and Dienes defects in graphene and graphite. We
investigated changes in formation energy for hexagonal super-
cells composed of 7× 7, 8× 8, and 10× 10 unit cells in the a and
b directions, with cell dimensions of 17.3× 17.3 Å, 19.7× 19.7 Å,
and 24.7 × 24.7 Å, respectively. The supercell dimension in the
c direction was 13.9 Å in all graphite cells, corresponding to four
planar carbon layers in the AB-stacked graphite structure. A sin-
gle carbon layer with 13.9 Å of vacuum was used to model mono-
layer graphene. The van der Waals Density Functional (vdW–DF)
exchange-correlation functional was used within the generalized
gradient approximation to ensure correct description of the van
der Waals interactions.53 Owing to the supercell size, Brillouin
zone (BZ) integration was restricted to the Γ-point for structural
relaxation and phonon calculations, and a 3 × 3 × 3 mesh with
a Gaussian smearing width of 0.1 eV was used to calculate more
accurate occupations for the electronic band structure and elec-
tronic DOS. In the case of the 8 × 8 pristine graphene cell, sym-
metry was neglected in the electronic band structure calculations
to obtain auto-generated k-points consistent with the other calcu-
lations which was necessary to obtain the correct electronic DOS.
Core electrons were described using an ultrasoft pseudopoten-
tial.54 Methfessel and Paxton’s method, with a smearing width
of 0.1 eV, was used to describe the orbital occupation.55 Struc-
tures were optimized until all forces were less than 0.03 eV/Å.
DFT parameters for the phonon calculations were the same as
those used for the optimizations. Additional parameters, includ-
ing those specific to RMG, can be found in Table 1 in the Elec-
tronic Supplemental Information (ESI†).

The smallest supercell with convergence of both formation en-
ergy and key bond lengths around the defect was used to cal-
culate phonons via the finite displacement method56 as imple-
mented in Phonopy57 using RMG as the DFT engine.52 Displace-
ments for graphene and graphite were automatically generated
in Phonopy, with an adjusted symmetry tolerance of 1 × 10−5 Å
and 1 × 10−2 Å, respectively, which were needed to accurately
describe the highest-energy optical modes in graphene and inter-
layer shearing in graphite (ESI†, Figs. 1 and 2). These symmetry
tolerances were prohibitively expensive for the low-symmetry de-
fect systems; however, the number of displacements required to
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calculate the force constants with a symmetry tolerance of 0.1 Å
was sufficient to describe the high-energy optical modes and in-
terlayer shearing in the defective modes and has been used for
the defect systems in this work. A symmetry tolerance of 0.1 Å
was also used for the sumo seeK-path module58–60 to determine
the k-path and location of high-symmetry point in the BZ for the
same reason (ESI†, Fig. 3). Although supercells were needed to
achieve the desired defect density and are also required to achieve
accurate phonons using the finite displacement method, their use
leads to artificial folding of phonon band structures due to the re-
duced size of the supercell BZ compared to that of a unit cell.61,62

To account for this, the phonon band structure was unfolded ac-
cording to the method of Ikeda et al. as implemented in the UPHO
package.62 Phonon DOS calculations were performed in Phonopy
using a mesh of 24 × 24 × 20 with a Gaussian smearing of 4 meV
(33 cm−1) for all cases unless otherwise stated.

3 Results and Discussion
3.1 Monovacancy
Monovacancy defects are formed by removing a single atom from
the lattice (Fig. 1). In the following sections we will discuss the
formation energy and structure of the relaxed monovacancy de-
fect (Section 3.1.1), electronic structure (Section 3.1.2), and vi-
brational properties (Sections 3.1.3 and 3.1.4). We also compare
each calculated property to the pristine system to understand the
changes induced by the defect.

3.1.1 Formation energies and relaxed structures

The formation energy of a monovacancy defect in graphene and
graphite was calculated as shown in Equation 1, where d and p
denote the defect and pristine systems, respectively, and n is the
number of atoms in the respective supercell. To ensure minimal
interaction between defects and their periodic images, the forma-
tion energy was calculated for a single defect in three different
sized monolayer graphene and AB-stacked four-layer graphite su-
percells: 7 × 7, 8 × 8, and 10 × 10. The absolute formation
energies are given in Fig. 2.
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Fig. 2 Formation energies and key bond lengths of the relaxed mono-
vacancy defect in graphene (closed symbols, solid lines) and graphite
(open symbols, dashed lines).

As shown in Fig. 2, the formation energy of the monovacancy

is similar across all cell sizes, with E f orm 0.05 eV greater for an
interdefect distance of 17 Å (7 × 7) compared to 24 Å (10 × 10).
E f orm is also larger by 0.02–0.03 eV for the monovacancy de-
fect in graphite than graphene. For vacancy creation in each
cell size for each system, three dangling bonds result. During
geometry optimization, the symmetry is broken as two of the
dangling bonds move closer to one another and form a bond,
leaving only one dangling bond in the structure which moves out
of plane by 0.4 Å in graphene but only 0.2 Å in graphite. This
reduced out-of-plane displacement likely results from weak van
der Waals interactions between neighboring layers in graphite,
which is absent in graphene. The relaxed bond lengths around
the vacancy are given in Fig. 2. The formation energies and
structural changes associated with the Jahn–Teller distortion cal-
culated here are in agreement with previous non–spin polarized
studies,28,63 although those that include spin polarization report
less out-of-plane displacement.37,64

Because of the computational cost associated with such large
supercell calculations, only a single system size was selected for
further analysis, chosen based on defect interactions with peri-
odic images, relaxed geometric structure, and computational ef-
ficiency. Based on these comparisons, high-level electronic band
structures and phonon calculations were performed for the mono-
vacancy in the 8 × 8 graphene cell and the four-layer 7 × 7
graphite cell, and all of the following discussion on the mono-
vacancy defect focuses on these systems.

3.1.2 Electronic band structure

The electronic band structure along the Γ–K–M–Γ path and elec-
tronic DOS for energies near the Fermi energy (EF ) of pristine
and monovacancy-defective graphene and graphite are shown in
Fig. 3. The path along the Brillouin zone and an annotated ver-
sion of the graphene panel of Fig. 3 which points out the key fea-
tures in the following discussion are provided in the ESI† (Fig. 3
and 4). Pristine graphene and graphite are semimetals, with the
valence and conduction bands meeting at the K point in the BZ,
forming a Dirac point.65,66 The origin of the D peak in the Ra-
man spectrum of defected carbon materials is hypothesized to
result from a complex electron–phonon coupling mechanism aris-
ing from this electronic anomaly.67 A single monovacancy defect
shifts EF by −0.11 and −0.05 eV in graphene and graphite, re-
spectively, and opens a bandgap of 0.32 eV in graphene, consis-
tent with similar studies in the literature.22,39 No such bandgap
is seen in graphite, most likely because of the lower defect con-
centration in this material (0.25% in graphite compared to 1.02%
in graphene) and defect shielding by the pristine layers. In both
graphene and graphite, an energy band at ≈+0.2 eV relative to
the monovacancy EF is seen which is relatively flat across the elec-
tronic band structure path investigated here. The electronic DOS
of both pristine graphene and graphite show a single, low-density
peak at EF that splits in the presence of an monovacancy defect,
creating a peak just above EF that corresponds to the flat band at
+0.2 eV and the blueshift of the electronic bands at K which form
the bandgap.
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Fig. 3 Folded electronic band structure along the Γ–K–M–Γ path in the BZ and electronic DOS around EF (dashed line) for the monovacancy defect in
graphene (left) and graphite (right).

3.1.3 Phonon DOS

The phonon DOS for the pristine and monovacancy-defective sys-
tems were calculated to provide a qualitative understanding of
how the phonons change in response to defects. The phonon
DOS of the monovacancy defect in both graphene and graphite
is shown in Fig. 4. Graphene experiences very minor changes
in density of the lower frequency modes. Specifically, the den-
sity between 50 and 400 cm−1 is slightly larger for the defec-
tive system. At the Van Hove singulartiy (point in the phonon
DOS where the derivative with respect to frequency is undefined)
around 450 cm−1, the densities of both the pristine and defective
system are nearly equal. The monovacancy has higher density
at the minimum in DOS near 530 cm−1; however, the monova-
cancy has reduced density for the region from ∼650 to 800 cm−1.
Additionally, the monovacancy system has notably larger density
from ∼1040 to 1350 cm−1, but a minor reduction in density is
seen for the Van Hove singularities at 1380 and 1500 cm−1 in the
defective system. Monovacancy-defective graphite shows very lit-
tle change compared to the phonon DOS of pristine graphite. A
slight increase in density is seen near 1350 cm−1, whereas slight
decreases are seen at 800, 1380, and 1540 cm−1.

These results are consistent with the work of Al-Qasir et al.
who calculated the phonon DOS of graphite containing a diva-
cancy defect and found the largest changes in phonon DOS above
1000 cm−1,47 which is consistent with our findings for graphene.
This is explained by comparing the defect density modeled be-
tween our two systems and that of Al-Qasir et al. Our systems
each contain only a single monovacancy defect, but the total num-
ber of atoms is four-times larger in graphite. Thus, the density of
defects in the graphene system is 1.0%, but it is only 0.25% in
graphite. The defect density simulated by Al-Qasir et al. was
0.7%. This highlights that the onset of changes to the phonon
DOS because of vacancies lies somewhere in the density range
0.2–0.7%. Below this value, vacancies will be undetectable by an-
alyzing the phonon DOS because they will be essentially screened
by the large number of phonons arising from the atoms away from
the defect.

Though not detectable in the total phonon DOS of graphite,
changes to the phonon DOS are present, and we can begin to
understand these changes by looking at the contributions from
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Fig. 4 Phonon DOS of monovacancy in graphene (above) and graphite
(below).

atoms near the defect site by investigating the partial phonon
DOS. The contributions to the phonon DOS of individual atoms
near the monovacancy defect in graphene and graphite are shown
in Fig. 5, where nn denotes nearest neighbor, and the partial
phonon DOS plots are offset by 0.002 1/cm−1. Contributions are
shown for atoms up to 2.90 Å from the vacancy, corresponding
to the seventh nearest neighbor, excluding atoms in the neigh-
boring layers for graphite. Comparing the left and right panels,
for the monovacancy defect in graphene and graphite, respec-
tively, shows that the partial phonon DOS contributions are mini-
mally influenced by the presence of the weakly interacting layers
in graphite. The only deviation to this is seen for atoms 1 and
2 nn from the vacancy, where the atoms in graphite have larger
contributions to the phonon DOS at very low frequency (less than
100 cm−1 for 1 nn and less than 200 cm−1 for 2 nn) for the cor-
responding atoms in graphene.

From Fig. 5, we see a large increase in density below 530 cm−1
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X X

Fig. 5 Partial phonon DOS of atoms near the monovacancy defect in graphene (left) and graphite (right), where nn denotes nearest neighbor and the
distances are given relative to the vacancy, denoted by the red "X". Atoms beyond 7 nn are plotted together (all other atoms), and the partial phonon
DOS of an atom from the pristine material (pristine) is also shown. All phonon DOS plots are offset by 0.002 1/cm−1 for clarity. A 10 × 10 × 8 mesh
was used to generate the projected DOS.

for 1 and 2 nn atoms. 2 nn has particularly large density for
phonons in the region 400–600 cm−1. Figures 5 and 6 in the ESI†
reveal that the changes seen in the phonons of 1 and 2 nn atoms
arise from an increase of both in-plane and out-of-plane contri-
butions up to ∼450 cm−1. Fig. 5 also shows large changes in the
high frequency region up to 6 nn. This is not surprising since
phonons near 900 cm−1 are related to in-plane vibrations and
atoms 7 nn from the lattice vacancy are less than 3 Å away. How-
ever, the large decrease in phonon DOS for 1, 2, and 3 nn atoms,
and the large increase in density for phonons near 1150 cm−1 is
consistent with the decrease in phonon density above 1000 cm−1

seen in Fig. 4.
The shifts in density at higher frequencies are consistent with

the in-plane structural changes associated with the Jahn–Teller
distortion of the vacancy. For example, 1 nn atoms lose the
1.42 Å bond to the missing atom (1 nn–X), and a weaker 2.23 Å
bond is formed between them (1 nn–1 nn). Additionally, one of
the remaining C–C bonds contracts (1 nn–4 nn), but the other
is elongated (1 nn–3 nn). Although the changes to these bond
lengths are small (−0.022 and +0.017 Å for an overall devia-
tion of −0.005 Å), a minor redshift in frequency is expected com-
pared to the partial phonon DOS of an atom in a pristine mate-
rial. Indeed, a very minor redshift is seen in the 1300–1500 cm−1

phonon DOS features for 1 nn in Fig. 5. Similar behavior is seen
for 2, 4, and 5 nn and is consistent with both contraction and
elongation of bonds containing these atoms. Consistent with the
expansion of all three bonds containing 3 nn atoms (+0.064 Å),

3 nn shows a much more significant shift to lower frequencies.
Shifts also generally decrease with distance from the defect as
deviations away from the pristine C–C bond length are reduced.

3.1.4 Phonon band structure

In addition to investigating the number of states at a given fre-
quency across the entire BZ, we can look at the phonon band
structure for information about changes to the lattice dynamics
at certain high-symmetry points and do so along the Γ–K–M–Γ

k-path. While large system sizes provide more experimentally rel-
evant interdefect distances, they also increase the complexity of
the phonon band structure. As the real-space cell size increases,
the reciprocal space cell gets smaller and the high-symmetry q
points of the unit cell BZ and supercell BZ are no longer equiva-
lent. This leads to bands that “fold” to fit into the reduced super-
cell BZ. Methods have been developed which use the translational
symmetry of the underlying crystal structure to project the super-
cell eigenvectors onto those of the primitive cell, the deviations
from which are accounted for by calculating the spectral weights.
It is worth noting that the translational symmetries of pristine
and defective cells are not completely equivalent; however, it is
reasonable to consider low defect concentrations as a perturba-
tion to the pristine system which is essentially what is done in the
following sections.

Panels A-C of Figure 6 shows the phonon DOS, folded, and
unfolded band structures for pristine (A) and monovacancy-
defective (B) graphene where the colored legend with the un-
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folded band structure denotes the spectral weighting. The un-
folded band structure for pristine graphene is in qualitative agree-
ment with the literature.48,49 Figure 6C shows the spectral weight
of modes at the Γ and K points for monovacancy-defective sys-
tems. Especially for graphene, a small amount of broadening
is seen around the transverse and longitudinal optical (TO and
LO, respectively) branches along the full path, and new spectral-
weight maxima, denoted by the points in Fig. 6C, are seen across
nearly the full frequency range at Γ and K, though the spec-
tral weight of these new modes are generally very low. Simi-
lar changes near the K point were also calculated by Bouzerar
et al. for a 5% defect concentration.49 The distinct low spectral
weight band around 0 cm−1 for the graphene monovacancy is
the same artifact of the non–spin polarized calculation discussed
previously.

The folded and unfolded band structure of pristine graphite is
given in Fig. 6D. The weak interlayer shearing modes in graphite
introduce new bands around 130 cm−1 at the Γ point which
are absent in graphene. Despite the out-of-plane displacement
of an atom through Jahn-Teller distortion of the vacancy, these
modes are not changed in the defective system (Fig. 6E). In
fact, there are only minor changes in the unfolded band struc-
ture between the pristine and monovacancy-defective graphite
systems, as intuited from the phonon DOS results in Section 3.1.3.

Looking more closely at panels C and F of Figure 6, there
are a few changes between the pristine and defective systems
worth noting. Looking first at the Γ point, there is a small reduc-
tion in spectral weight of the degenerate bands near 1560 cm−1.
Additionally, the monovacancy defect induces a small redshift
in frequency for the 1560 cm−1 mode of 11 and 5 cm−1 in
the graphene and graphite systems, respectively. The frequency
of these modes in both the pristine and defective systems is
consistent with the G peak measured with Raman spectroscopy
(∼1580 cm−1).68,69 Moving to the K point, there are notable re-
ductions in the spectral weight of the modes at 1200, 1270, and
1460 cm−1. Additionally, the mode near 1200 cm−1 shifts from
1203 to 1199 cm−1 in defective graphene. Two new modes with
small but non-negligible spectral weight near 800 and 1460 cm−1

in monovacancy-defective graphene and 800 and 1500 cm−1 in
monovacancy-defective graphite appear. Inspection of the defect
eigenvectors reveals the mode at 800 cm−1 arises from an out-of-
plane rocking mode of the C–C bonds which is damped at the de-
fect while the mode at 1460 or 1500 cm−1 is related to the disrup-
tion of in-plane C–C asymmetric stretching modes. In graphite,
the largest eigenvectors in these modes reside on atoms in the
layer which contains the defect, and are generally at least an or-
der of magnitude larger than eigenvectors on atoms in pristine
layers.

3.2 Dienes defect

Dienes defects are formed through a 90◦ bond rotation which
transforms four hexagons into a pair of heptagons and a pair of
pentagons. In the following subsections we will discuss the for-
mation energy and structure of the relaxed Dienes defect (Section

3.2.1), electronic structure (Section 3.2.2), and vibrational prop-
erties (Sections 3.2.3 and 3.2.4. We also compare each calculated
property to the pristine system to understand the changes induced
by the defect.

3.2.1 Formation energies and relaxed structures

The formation energy of Dienes defects in graphene and graphite
was calculated as shown in Equation 1 for a single defect in 7× 7,
8× 8, and 10× 10 supercells. The absolute formation energy and
length of the rotated C–C bond in the relaxed structures is shown
in Fig. 7.

The optimized structure of the Dienes defect was consistent
across all cell sizes for graphene and graphite; however, the for-
mation energy decreased almost linearly from 5.1 eV in the 7 × 7
cell to 4.9 eV in the 10 × 10 cell (Fig. 7), consistent with the work
of Shirodkar and Waghmare (ESI†, Fig. 7).25 When the C–C bond
was rotated in-plane to form the 5–7 ring pairs, structural relax-
ation did not yield any out-of-plane displacements. The literature
reports that the planar Dienes defect is a transition state between
two structures with out-of-plane relaxations.44,70 In one struc-
ture, the two atoms of the rotated C–C bond are displaced in the
same out-of-plane direction, but they are displaced in opposite
out-of-plane directions in the other. The planar graphene defect
does contain two sizable imaginary modes (58i and 40i cm−1)
in which the eigenvectors on the defect atoms correspond to
the two out-of-plane displacements. However, these imaginary
modes are not seen for graphite, and manually breaking the pla-
nar symmetry of graphite led to out-of-plane displacements of
only ∼0.04 Å, significantly less than the value reported by oth-
ers.44,70 This suggests that the van der Waals interaction between
layers in graphite prevents out-of-plane relaxation of the Dienes
defect. Because graphene and graphite were used as surrogates
for CF where weak interactions between layers are very likely,
phonons will be calculated for the planar defect in both graphene
and graphite in the following discussion.

Because of the structural convergence for the Dienes defect in
the 7 × 7 cell and literature reports that vibrational properties of
Dienes defects are qualitatively converged for supercells of this
size,25 the 7 × 7 planar Dienes defect for both graphene and
graphite is used for further analysis.

3.2.2 Electronic band structure

The electronic band structure and DOS for energies near EF of
pristine and Dienes-defective graphene and graphite are shown in
Fig. 8. Unlike the monovacancy, the Dienes defect does not alter
the Dirac cone at the K point in the electronic band structure, pre-
serving the semimetallic nature of Dienes-defective graphene and
graphite. Although there are no notable changes in the electronic
band structure at the K point, the Dienes defect does introduce
a relatively flat electronic band at ≈+0.5 eV above EF at the Γ

point. Additionally, EF shifts by 0.02 and 0.004 eV for graphene
and graphite, respectively. Due to the negligible change in the
Dirac point for the Dienes defect, the electronic DOS near EF is
also unchanged, resulting in a single, low density peak at EF , but
a peak at 0.5 eV in graphene arises from the flat defect band at Γ.

Several studies confirm the formation of the flat electronic band
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at 0.5 eV for Dienes-defective graphene.25,27 These studies also
report that a bandgap of nearly 0.2 eV opens in the presence of
a Dienes defect25,27; however, Shirodkar and Waghmare explain
that electronic band folding of graphene supercells can compli-
cate interpretation in certain high-symmetry supercells.25 For a
7 × 7 supercell, which was used in the present work, they do not
calculate a bandgap at K,25 consistent with our findings.

3.2.3 Phonon DOS

The phonon DOS of the Dienes defect in graphene, given in the
top panel of Fig. 9, shows significant deviations from the phonon
DOS of the pristine system, which is consistent with reports in
the literature.25 Starting from the low-frequency regime, the
first notable feature is the increased density of imaginary states,
shown as negative frequency modes in Fig. 9, compared to pris-
tine graphene. This results from the choice to use the planar
rather than buckled defect to better model a graphene-type sheet
in CF as discussed in Section 3.2.1. Minor changes also occur
in the density of the peaks around 450 and 530 cm−1. Relative
to the pristine case, for the Dienes defected case the DOS is re-
duced at 450 cm−1, but it is increased at 530 cm−1. The DOS

peaks between 1360 and 1500 cm−1 are significantly broadened,
removing the small dip between the two Van Hove singularities
around 1200 cm−1 and increasing the highest-frequency phonons
by approximately 40 cm−1. Additionally, a low DOS peak around
1850 cm−1 is seen that corresponds to the stretching mode of the
rotated C–C bond. The phonon DOS of Dienes-defective graphite
shows significantly fewer changes. The broadening around 1300
and 1600 cm−1 is almost completely removed, with only a slight
increase in density near 1200 and 1700 cm−1 and a reduction of
DOS at the Van Hove singularity around 1400 cm−1. The mode
at 1850 cm−1 is visible, but low in density.

The partial phonon DOS for atoms near the Dienes defect in
graphene and graphite are given in Fig. 10, where the distances
are given from the center of the rotated C–C bond. Like the
monovacancy, the partial phonon DOS is relatively unchanged be-
tween graphene and graphite, and the only differences occur at
very low frequencies (less than 100 cm−1). The most significant
change to the total phonon DOS in Dienes-defective graphene is
the broadening of the high-frequency peaks and the new peak
at 1850 cm−1. The latter clearly arises from the atoms nearest
the defect (1 nn) and analysis of the phonon eigenvectors fur-
ther reveals it is the symmetric stretching mode parallel to the
rotated bond. The partial phonon DOS of the 1 nn atoms also
reveals a small peak just above 1700 cm−1. A larger peak at the
same frequency for 3 nn atoms is seen. The eigenvectors for this
mode shows the atoms of the rotated C–C bond symmetrically
move perpendicular to the rotated C–C bond, but the 3 nn atoms
move toward the defect with large displacements. This mode con-
tributes significantly to the broadening of the right-hand side of
the DOS plot. Atoms at 1, 2, 4, and 5 nn show a redshift in the
DOS near 1500 cm−1. Note, changes to the phonon DOS are seen
for atoms well beyond 5 nn, as shown by the dispersion of peaks
for “all other atoms” in Fig. 10, indicating that the influence of
the Dienes defect is fairly long range.

Again, changes in the partial phonon DOS compared to the
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Fig. 9 Phonon DOS of Dienes in graphene (above) and graphite (below).

pristine material can be reconciled by an investigation into the
structural changes associated with the defect. The 1 nn atoms
contribute density ranging from 1100 to 1350 cm−1 and around
1850 cm−1, as mentioned previously. Inspection of the bond
lengths involving 1 nn atoms show two of the three bond lengths
increase (1 nn–2 nn, +0.042 Å per bond), consistent with the
redshift toward 1000 cm−1. The third bond length, which is the
rotated bond (1 nn–1 nn), significantly contracts (−0.111 Å), re-
sulting in the high-frequency peak near 1850 cm−1. A similar,
though less severe, shift to lower frequencies is seen for 2 nn,
where two bond lengths increased (2 nn–1 nn and 2 nn–3 nn) and
the other decreased (2 nn–4 nn) for a total change of +0.025 Å.
All three bonds containing 3 nn atoms decreased in length, lead-
ing to the notable redshifts in Fig. 10; contrariwise, all three
bonds containing 4 and 5 nn atoms increased in length, leading
to the blueshift in the partial phonon DOS in the higher frequency
regime.

3.2.4 Phonon band structure

Figure 11 shows the phonon DOS, folded, and unfolded band
structures for Dienes-defective graphene (A) and graphite (B).
It is clear that the Dienes defect most significantly changes the
high-frequency bands along the chosen path. In particular, the
two highest frequency optical modes show significant broadening
toward higher frequencies at both Γ and K in graphene (C) and
graphite (D), consistent with the changes seen between 1300 and
1500 cm−1 in the partial phonon DOS (Fig. 10, left panel). Two
low spectral weight bands around 1700 and 1850 cm−1 can be
seen, which arise from the defect.

In Fig. 11D, the only notable change in frequency seen for
graphite is a slight redshift and broadening of the mode around
1550 cm−1 at the Γ point, which is also seen in graphene. How-
ever, several additional differences are obvious between the pris-
tine and Dienes-defective graphene band structures, particularly
at K. There is a minor redshift of the mode near 1200 cm−1 that
we also observed with the monovacancy defect. For the Dienes
defect, the shift is 4 cm−1 in graphene and the peak location in
graphite is unchanged. The pristine graphene mode at 1274 cm−1

is blueshifted by 8 cm−1 to 1282 cm−1, broadening this peak to-
ward higher energies. The same behavior is seen at the band
near 1550 cm−1. In pristine graphene, only one maxima in spec-
tral weight is seen at this frequency because there are two de-
generate bands. However, the spectral weight of this mode is
significantly decreased in the Dienes-defective system and a new
spectral-weight maxima is calculated at 1644 cm−1.

3.3 Comparison of defects

Monovacancy and Dienes defects are some of the most studied
defects in graphitic systems because of their reasonable formation
energies and supposed prevalence. By calculating the electronic
and vibrational properties of both defects using a consistent com-
putational method and cell sizes, we can directly compare our
results for both defect types.

The electronic structure changes are rather different between
the two classes of defects investigated here. Although the mono-
vacancy defect opened a sizable bandgap at K (0.32 eV), the Dirac
cone for the Dienes defect was unchanged, even in graphene,
which models a higher defect density. The shift in Fermi ener-
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gies for the two types of defects in graphene were on the same
order ∼0.1 eV, but the shifts in graphite differed by an order of
magnitude (0.05 eV for the monovacancy and 0.004 eV for the
Dienes defect). Additionally, the direction of change was differ-
ent. The monovacancy defect lowered EF , and the Dienes defect
increased it. Both defects introduced flat bands at the Γ point,
near +0.2 and +0.5 eV for the monovacancy and Dienes defects,
respectively. This phenomena has been reported by others and is
not unique to monovacancy and Dienes defects.71,72 In fact, Feng
et al. measured flat bands near EF for graphene grain boundaries
using scanning tunneling spectroscopy.73

Structural relaxations in response to the Dienes defect are more
long range than the monovacancy, which partially occurs because

of the size and shape of the defects. The monovacancy defect
forms a pentagon and distorted nonagon, but neither the length
nor width of the defect exceeds 5 Å. The Dienes defect forms a
pair of pentagons and a pair of heptagons 5.4 and 6.8 Å, respec-
tively, at the widest points. Thus, the Dienes defect has larger
spatial extent in the system than the monovacancy. The differ-
ence in size leads to more atoms that are nearest neighbors to the
defect. This is evidenced by more closely comparing the distance
of nearest neighbors from the defect (missing atom in the mono-
vacancy and center of the rotated C–C bond in the Dienes defect)
reported in Figures 5 and 10. For the Dienes defect, a third near-
est neighbor is found 2.81 Å away from the defect, and the sixth
nearest neighbor in the monovacancy is found at nearly the same
distance (2.82 Å). The symmetry of the defects is also quite dif-
ferent. Although the monovacancy defect has two-fold in-plane
symmetry with a mirror plane bisecting the structure through the
atom that displaces out-of-plane, the Dienes defect has four-fold
in-plane symmetry with mirror planes that run through the ro-
tated C–C bond at 0◦ and 90◦.

The Dienes defect causes a larger change in the phonons
of graphitic materials than the monovacancy defect. Although
the high-frequency phonons of monovacancy-defective graphene
showed slight changes in the density and frequency of peaks
above 1000 cm−1, these changes were small compared to the sig-
nificant broadening seen for the Dienes defect, which removes
the resolution of the three highest-frequency Van Hove singulari-
ties. Additionally, the Dienes defect leads to new phonons above
1700 cm−1, well above the highest frequency modes in the pris-
tine or monovacancy-defective systems, which can serve as an
indicator of the Dienes defect.

One of the workhorse methods for experimentally investigating
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the phonons of CF materials is Raman spectroscopy. The Raman
spectra of all graphitic materials contains a peak near 1580 cm−1,
which arises from the in-plane bond-stretching of sp2 carbons
causing a subtle shearing of the graphitic layers with E2g symme-
try at the Γ point.68,69,74 We find a band near this frequency in
all systems and confirm the eigenvectors are consistent with the
E2g mode. Thus, we can conclude our modes at 1558 in pristine
graphene and graphite are the G peak from Raman spectroscopy.
We see minor shifts in frequency of the G band in the presence
of defects. In graphene, the monovacancy redshifts this mode by
11 cm−1, and the Dienes defect redshifts it by 4 cm−1. Addition-
ally, the mode is broadened by the Dienes defect, and we would
expect the Raman-measured peak to widen when this defect is
present.

Raman spectra of defective graphitic materials also contain a
peak near 1350 cm−1 for laser excitation of 514 nm, which is
highly dispersive with excitation energy. This peak is believed to
arise from an intervalley double resonance process of A1g sym-
metry at the K point and is called the D peak.75–77 In our cal-
culations, we find three modes in graphene and two in graphite
with eigenvectors that resemble those of the A1g breathing mode
of the D peak (ESI†, Figs. 11 and 12). The first is at 1202 and
1203 cm−1 in pristine graphene and graphite, respectively. Only
small shifts in frequency are seen for this mode in the defective
systems (less than 10 cm−1). The second mode that may con-
tribute to the experimental D peak is at 1274 and 1289 cm−1 in
pristine graphene and graphite, respectively. The Dienes defect
in graphene shifts this peak to 1282 cm−1, but the monovacancy
defect and Dienes defect in graphite show minimal changes to the
mode’s frequency (less than 3 cm−1).

4 Conclusions

In conclusion, we have calculated the electronic structure and
phonons of monovacancy- and Dienes-defective graphene and
graphite systems using DFT. From this, we calculated the forma-
tion energy, electron and phonon band structure, and electron
and phonon DOS of the pristine and defective systems to deter-
mine indicators of the defects. In general, we showed that mono-
vacancy defects open an electronic bandgap at K for defect den-
sities greater than 1%, but no gap is opened at the same density
of Dienes defects. Both defects, however, created flat electronic
bands near the Fermi energy at Γ. The DOS for monovacancy
defects is slightly reduced above 1300 cm−1 while new phonons
at K in the BZ are formed. For Dienes defects, the density of
modes above 1000 cm−1 are significantly reduced. Also note the
highest frequency optical modes are significantly softened and
new modes, characteristic of the rotated C–C bond vibration, are
formed near 1850 cm−1, which may serve as a spectral indica-
tors of Dienes defects. Additionally, we identified several modes
in the region of 1200–1350 cm−1 that could contribute to the ex-
perimentally observed D peak in the Raman spectra and noted a
large redshift is peak frequency in Dienes-defect graphene.
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