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Dynamics and stability of divacancy defects in graphene
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A divacancy (DV) is one of the most abundant and most important defects in irradiated graphene, which
modifies electronic and chemical properties of graphene. In this paper, we present ab initio calculations to study the
dynamics and stability of DVs in graphene. Divacancies in graphene have various reconstructed structures, such as
triple pentagon-triple heptagon (555-777) and pentagon-octagon-pentagon (5-8-5) patterns. A direct observation
of the structural transformations between these reconstructions was recorded in transmission electron microscope
images reported by Girit et al. in Science 323, 1705 (2009). We clarify the atomic structures of DVs observed
in the experiment and investigate the atomic processes and energetics for the observed dynamical motions in
great detail. It is found that a series of Stone—Wales-type transformations are responsible for the migration and
structural transformations of DVs and that a pentagon-heptagon-heptagon-pentagon (5-7-7-5) defect appearing
as an intermediate structure during the dynamical process plays an important role in the transformations of DVs.
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I. INTRODUCTION

Since the first realization of graphene,'~* tremendous efforts
have been made to explore its physical properties as well as
the potential applications in industries. Unique properties of
graphene, such as ultrahigh electron mobility,>*> high thermal
conductivity,® and extreme mechanical properties,” have been
examined, and it is now widely accepted that graphene is one
of the most promising materials for future electronic devices.
Another exciting aspect of graphene-based materials is that
their exotic properties can be enriched by atomic-scale defects
engineering.>"'? Defects engineering of graphene can enor-
mously extend the scope of applications, making graphene-
based industry more plausible and promising. Indeed, chem-
ical modifications, for example, by molecular doping'*~'> or
functionalization,'®!” are popularly suggested, and producing
atomic vacancies by ionic irradiations'®! is also a promising
way to modify properties of graphene. In particular, recently
developed high-resolution transmission electron microscopy
(TEM) is very useful to prove carbon-based materials. Since
electron irradiation is a highly effective method to introduce
various types of structural defects in graphene, many TEM
studies are reported on defective graphene systems.?*?! For
example, a recent TEM study by Cretu et al.?> has shown that
the graphene properties can be tailored by reconstructed point
defects. They have pointed out the importance of divacancies
(DVs) due to their abundance at room temperature. The
existence of DVs has also been predicted by other theoretical
calculations showing the formation energy is lower than that
of two isolated monovacancies (MVs),?2* and the MVs have
a tendency to coalesce to a DV.>+?

Recently, Girit et al. has reported the real-time dynamics
of carbon atoms in defected graphene using the aberration-
corrected TEM technique.?® The subatomic resolution of the
TEM images allows the direct observation of carbon atoms
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in graphene and provides clear images depicting the edge
structure of graphene. Furthermore, the TEM images from the
supplementary movie S1 (“the TEM images” from now on) in
the report happen to show various structural forms of DVs and
their dynamics. These contain crucial clues to understanding
the structural change of DVs. Since the dynamics of DVs
and their possible control are critical issues for graphene
applications, we perform first-principles calculations in this
paper to provide plausible explanations for the stability and
dynamics of the DV.

We first inspect the movie S1 and choose eight consecutive
frames in which we presume that important information for
the dynamics of DVs is recorded. Then we analyze those
frames manifesting their atomic structures. Using ab initio
computational methods, we investigate energetically favorable
diffusion pathways corresponding to the dynamics observed
in the frames and provide associated energy barriers. The
microscopic mechanism is also provided for various types
of migrations of triple pentagon-triple heptagon (555-777)
and pentagon-octagon-pentagon (5-8-5) defects. Our results
show 555-777 and 5-8-5 defects can migrate and rotate
in the graphene plane through a sequence of Stone—Wales
(SW)-type transformations. Since a specific motion of DVs has
its own mechanism with distinct energy barriers, there exists
a possibility to control the types of DVs produced depending
on the energy of incident electrons in a TEM experiment.?’

II. COMPUTATIONAL METHOD

The ab initio total energy calculations are performed with
the plane-wave-basis-set VASP code?® using a rectangular
periodic supercell containing 126 carbon atoms with a single
DV. The plane-wave basis is used with a kinetic energy
cutoff of 400 eV. We use projector augmented wave (PAW)
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potentials®® for describing the core electrons and generalized
gradient approximation (GGA) Perdew—Burke—Erenzerhof
(PBE)* functional for the exchange correlation. In order to
search the energy barrier for the SW-type transformation,
which is essentially the 90° rotation of a single dimer, the
orientation of the dimer is divided into small angles and fixed
for one total energy calculation, while the rest atoms are fully
relaxed until the force on each atom is less than 0.02 eV /A.

III. RESULTS AND DISCUSSIONS

The TEM images in the early part of the movie®® show the
time evolution of a single DV within a suspended graphene
sheet. Each frame of the TEM images is taken for 1 s of
exposure with 4 s of a break. Through close inspection,
we find that, starting from the fifth frame, eight sequential
image frames [Figs. 1(b)-1(i)] contain meaningful evidence
for the structural change of DVs, and therefore, we focus
on these frames in this study. In the literature,?® it has been
reported that DVs can be reconstructed and move around in the
graphene plane, owing to the kinetic energy transfer from the
incident elections of 80 keV to carbon atoms.?® The maximum
energy transfer to a carbon atom has been reported to be
15.8 eV,?! which is large enough for a DV to diffuse and
change its structure in graphene, as we examine in this paper.

Figure 1 shows structural changes of DVs in a single-layer
graphene from aberration-corrected TEM images. A DV is
found in the region enclosed by the small (red) rectangle in
Fig. 1(a). The Figs. 1(b)-1(i) show the magnified images of
the region in the 5th—12th frames, respectively. Each of the
fifth, seventh, and ninth frames [Figs. 1(b), 1(d), and 1(f),
respectively] contains a 555-777 defect, and the 10th and 12th
frames [Figs. 1(g) and 1(i)] contain a single 5-8-5 defect. The
5-8-5 defect observed in the 10th frame is different from that
of the 12th frame in that the former has dangling bonds, while
the latter does not. The reason that the dangling bonds remain
in the former case is considered to be due to the strain by
the large vacancy hole at the center or by bonds between the
bottom layer and the edge of top layer, which are observed
on the left-hand side of the DV structures in Fig. 1. It has
been also reported that the surface of defective graphene is
wrinkled, and strain is increased.>> The two adjacent carbon
atoms of each vacancy in the latter 5-8-5 defect make bonding
and leave no dangling bonds. Since the structures depicted in
Figs. 1(c), 1(e), and 1(h) do not correspond to any known form
of metastable DV atomic structures, they can be considered to
be either transient unstable structures or superposed records of
metastable ones.

Atomic assignments and corresponding total charge den-
sities obtained by ab initio calculations are presented in
Fig. 2. The fully relaxed atomic structures are assigned in
Figs. 2(a) and 2(b) with the corresponding TEM frames and
the simulated total charge densities. For unstable structures in
Figs. 2(c) and 2(d), we choose the atomic positions from the
TEM images by assigning carbon atoms to the bright points
of the image. The simulated total charge density plots show
that the atomic assignments can reproduce the TEM images
very well. Figure 2(h) shows the total charge density plot
for the atomic structure presented in Fig. 2(d). The atomic
structure is constructed from the TEM image [Fig. 1(c)] with
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FIG. 1. (Color online) Aberration-corrected TEM images of DVs
in a single-layer graphene reported in supplementary movie S1 of
Ref. 26. (a) The fifth frame of the movie S1. The rectangular (red)
region contains a single DV and shows various DV reconstructions.
The magnified images in this region for eight consecutive frames are
drawn in (b)—(i). (b) The rectangular region in the fifth frame. This
frame contains a triple pentagon and triple heptagon (555-777) defect.
(c) The same rectangular region of the sixth frame. (d) The seventh
frame in which the 555-777 defect structure is restored. (¢) The eighth
frame, which captures an intermediate stage between two 555-777
defects in (d) and (f). (f) A 555-777 defect rotated by 60° with respect
to the 555-777 defect in (d). (g)—(i) The 10th—12th frames. Theses
frames contain a record of a single pentagon-octagon-pentagon defect
(5-8-5) migration. Dashed circles in (g)—(i) are shifted one hexagon
unit to the left compared to solid circles in (b)—(f) to highlight the
migration of the 5-8-5 defect. Printed with the kind permission of the
authors of Ref. 26.
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FIG. 2. (Color online) Atomic structures of DV reconstructions
(a)—(d), printed with the kind permission of the authors of Ref. 26
(bars and dots are added by us for visual help), and the corresponding
simulated total charge density plots (e)—(h). (a) 555-777 defect
corresponding to Fig. 1(b). (b) 5-8-5 defect corresponding to Fig. 1(i).
(c) 5-8-5 defect with dangling bonds corresponding to Fig. 1(g).
(d) 555-777 defect with the tilted carbon dimer [corresponding to
Fig. 1(c)] indicated by the two (red) arrows compared to (a). Solid
(blue) bars and dots indicate their structural models. (¢)—(h) Simulated
total charge density plots from ab initio calculations for structural
models of (a)—(d), respectively.

the assumption that it has a 555-777 defect with a carbon
dimer tilted by about 17° [indicated by two (red) arrows
in Fig. 2(d)] with respect to that of the pristine 555-777
defect [Fig. 1(b)]. The resemblance of the simulated charge
density [Fig. 2(h)] to the corresponding TEM image [Fig. 1(c)]
provides strong evidence for our assumption on the TEM
image [Fig. 1(c)]. Therefore, the TEM image in Fig. 1(c)
is analyzed to show that a carbon dimer tries to rotate by
SW-type transformation but fails, and the image [Fig. 1(d)]
recovers the original one [Fig. 1(b)]. As mentioned in the
supplemental material of previous literature,>® if a SW-type
transformation were successful, the structural transformation
between a 555-777 and a 5-8-5 defect would be observed just
as shown in Figs. 1(f) and 1(g). The 555-777 defect is the most
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frequently observed DV structure in the TEM images (fifth,
seventh, and ninth frames). With the random transfer of the
kinetic energy from ejected electrons to carbon atoms during
the experiment, it is natural that the more stable the structures,
the more frequently they are found. Abundant appearance of
555-777 defects in the experiment is, therefore, consistent with
the fact that the 555-777 defects are the most stable structures
among the known DV defects.?*

Here, we clarify the structural changes during the rotation
of a 555-777 defect recorded in the 7th-9th frames of the
TEM images [Figs. 1(d)-1(f)]. The 555-777 defect presented
in the seventh frame [Fig. 1(d)] is recovered in the ninth
frame [Fig. 1(f)] with the position of pentagons switched
to that of heptagons. Therefore, it appears that the 555-777
defect experiences a rotational motion during the timespan
taking the three frames (7th—9th frames). Hence, the atomic
structure captured in the eighth frame [Fig. 1(e)] should record
the intermediate stages of the rotation. However, since the
atomic structure recorded in the frame is not matched to any
known form of DVs, it is considered to be a superposition
of several metastable intermediate structures. In analogy to
an SW-type transformation, we propose a pathway for the
rotational motion of the 555-777 defect consisting of three
intermediate metastable structures: 5-8-5, pentagon-heptagon-
heptagon-pentagon (5-7-7-5), and 5-8-5 defects [Figs. 3(b)—
3(d)]. The 555-777 defect [Fig. 3(a)] can be transformed into
a 5-8-5 defect [Fig. 3(b)] by an SW-type transformation of a
carbon dimer [indicated by a dark (red) dimer in Fig. 3(a)].>*
The energy barrier for this process is found to be 6.20 eV in
our ab initio GGA calculations, which is in good agreement
with the local density approximation result (6.10 eV).2* The
energy barrier is too high to overcome by thermal activation at
room temperature, and the activation energy for the transition
could be provided by electron beam in TEM. The structural
change of vacancy defects driven by electron beam was also
addressed in detail in a very recent paper.>* The formation
energy of the 5-8-5 defect is found to be 0.93 eV higher
than that of the 555-777 defect. The structural change of
the 5-8-5 defect to a 5-7-7-5 defect becomes possible by the
90° rotation of the dimer (SW-type transformation), as shown
in Fig. 3(b). The energy barrier for this process is 5.27 eV,
as shown in Fig. 3(g). The formation energy of the 5-7-7-5
defect in Fig. 3(c) is calculated to be 4.37 eV higher than
that of a 555-777 defect and 3.44 eV higher than that of a
5-8-5 defect. The 5-7-7-5 defect is not found in the original
TEM images due to the high formation energy relative to the
555-777 and 5-8-5 defect structures, but it has been observed
in aberration-corrected TEM images for reduced graphene
oxides.’> The 5-7-7-5 defect structure is reconstructed into
the 555-777 defect through the 5-8-5 defect by two sequential
SW-type transformations, as shown in Figs. 3(c)-3(e). In
Fig. 3(f), we plot the average charge density of the three
intermediate metastable structures (5-8-5, 5-7-7-5, and 5-8-5
defects). In the charge density plot, a white spot area appears
at the position of the center of two 555-777 defects, and it
is surrounded by six dark spots, which are located with an
angular interval of 60° each. The figure shows a quite good
agreement with the TEM image in the eighth frame [Fig. 1(e)].
Especially the position of the darker spot on the right-hand side
among those six dark spots is in excellent agreement with the
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FIG. 3. (Color online) Microscopic atomic process for the ro-
tational motion of a 555-777 defect. (a) 555-777 defect. (b) 5-8-5
defect. (¢) 5-7-7-5 defect. (d) 5-8-5 defect. (e) 555-777 defect.
(f) The charge density plot obtained by averaging the three inter-
mediate structures, (b)—(d). (g) Energy barriers for this process and
formation energies relative to the 555-777 defect. Atomic structures
shown in (b)—(e) can be obtained by a SW transformation of the dark
(red) dimer shown in (a)—(d), respectively.

position of the larger dark spot in Fig. 3(f). The resemblance
of the charge density to the TEM image in the eighth frame
provides reasonable evidence for our interpretation. Although
we consider another pathway of direct transformation from
Fig. 3(a) to Fig. 3(e) by the simultaneous 60° rotation of three
carbon atoms around the center atom of the 555-777 defect
structure, the energy barrier is found to be higher than that of
our favorable pathway by 1.7 eV.

We also investigate the migration of a 5-8-5 defect
recorded in 10th—12th frames of the original TEM images
[Figs. 1(g)-1(i)]. As previously mentioned, the DV defects ap-
pearing in the 10th and 12th frames are different kinds of 5-8-5
defects; the 5-8-5 defect in the 10th frame [Fig. 1(g)] has dan-
gling bonds, while the other does not [Fig. 1(i)]. For the present
discussion on the migration of a 5-8-5 defect, however, we
only consider 5-8-5 defects without dangling bonds because
the dangling bonds disappear easily in the structural relaxation
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FIG. 4. (Color online) Microscopic atomic process for the mi-
gration of a 5-8-5 defect. (a) 5-8-5 defect corresponding to the
TEM image in Fig. 1(g). (b) 5-7-7-5 defect. (c) 5-7-7-5 defect.
(d) 5-8-5 defect. The atomic structure in (d) corresponds to the atomic
assignment of Fig 1(i). Dark (red) dimer in each figure is the part
which undergoes an SW-type transformation. (e) Superposition of
the atomic structures, (a)—(d). (f) The simulated total charge density
plot obtained by averaging the four structures, (a)—(d). (g) Schematic
diagram representing energy barriers for the 5-8-5 migration from (a)
to (d) and formation energies relative to the 555-777 defect.

of 5-8-5 defects according to our ab initio calculations. The in-
termediate 11th frame shows an unclear atomic configuration,
and it is also conjectured to be a superposition of intermediate
metastable structures. As shown in Figs. 4(a)—4(d), the 5-8-5
defect structure undergoes the migration and the 60co rotation
via 5-7-7-5 defects twice by three sequential SW-type transfor-
mations. The corresponding energy barriers for the pathway
are shown in Fig. 4(f). The structural transition is also consid-
ered to be due to the electron irradiation from TEM because
the energy barrier is too high to overcome just by thermal acti-
vation at room temperature. The superposition of the two 5-8-5
defects [Figs. 4(a) and 4(d)] and two 5-7-7-5 defects [Figs. 4(b)
and 4(c)] structures and the average of their simulated total
charge densities are shown in Figs. 4(e) and 4(f), respectively.
The average charge density plot shows charge deficiency
between two black spots in the upper right-hand direction
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from the center of the defects. This is in quite good agreement
with the TEM image in the 11th frame [Fig. 1(h)]. Therefore,
the 11th frame is considered to be a superposition of those
metastable structures. Our analysis again indicates that the
rotation of the 5-8-5 defect found in the TEM images may be
achieved by a series of SW-type transformations.

IV. SUMMARY

We have investigated the dynamics and stabilities of DVs
in graphene observed in the TEM experiment by ab initio
total energy calculations. The TEM images reported in the
literature®® contain various DV reconstruction structures, such
as 555-777 and 5-8-5 defects, providing evidence for the struc-
tural transformations among those DVs. We have calculated
detailed microscopic process of the 555-777 rotation as well
as the 5-8-5 migration and corresponding energy landscapes.
In the structural transformation of DVs, the 5-7-7-5 defect is
found to play an important role as a metastable structure. Our
simulated images are in good agreement with the observed
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TEM pictures, and these results provide a deep insight into the
dynamics of DVs in graphene.
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