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a b s t r a c t

We investigated the atomic structure of different kinds of grain boundaries on highly oriented pyrolytic
graphite (HOPG) by scanning tunneling microscopy. We categorized several grain boundary configura-
tions as a function of the misorientation angle between the adjacent grains, highlighting the occurrence
of double grain boundaries (i.e., systems of two grain boundaries separated by a nanometric-scale inner
region with specific atomic arrangement) for misorientation angles in the range 22�e32�. By using
Molecular Dynamics simulations, we analyzed the structure and energy stability of single and double
grain boundaries according to the misorientation angle. The experimental evidence is corroborated by
Molecular Dynamics results and total energy calculations, which found a comparable stability between
single and double grain boundaries for the same misorientation angle range. Our combination of
experimental measurements and theoretical calculation extends the understanding of the structural
configuration of large angle grain boundaries beyond the range of misorientation angles reported to date.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Grain boundaries (GB) are interfaces between domains of a
material with different crystallographic orientations. They usually
form during the growth of a material with polycrystalline structure.
In highly oriented pyrolytic graphite (HOPG) and graphene, its
monolayer counterpart, GBs consists of structural defects in the
atomic lattice and, as such, they can affect the electron properties in
their vicinity, for instance by decreasing the charge mobility via
electron scattering [1,2] DFT calculations showed that, when
crossing a GB, the charge carriers can undergo high transparency or
perfect reflection over a large energy range in accordance to the GB
structure [3]. Scanning tunneling microscopy and spectroscopy
(STM/STS) helped identifying and detailing the atomic structure [4]
and electronic properties of GBs in HOPG [5,6]. By correlating
scanning probe and transport measurements with transmission
electron microscopy, it was shown that in certain conditions GBs
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can weaken the mechanical strength of graphene while leaving
unaltered the electrical properties [7]. Combined STM/STS and
theoretical studies unveiled the correlation between the atomic
configuration of different GBs and the localized electronic states in
their vicinity [8]. Such a correlation is highly dependent on the
misorientation angle between adjacent grains, defined as q ¼ jqR þ
qLj, where qR and qL are the angles referred to the GB axis [3]. For
small q, the spectra exhibit a pair of electron-hole symmetric Van
Hove singularities peaks close to the charge neutrality point, while
at larger q the electron-hole symmetry is broken [8]. Diery et al. [9]
were able to provide a consistent picture of the experimentally
observed trends in Ref. [10,11]. They concluded that tilted GBs
introduce non-dispersive high frequency phonon modes in poly-
crystalline graphene, strongly localized in the core of the GBs, while
no such localized modes are found in the case of the translational
boundary models [9]. In principle, these transport properties might
be artificially tuned via “GB engineering” to develop nanoscale
electronic devices in graphene and HOPG [12]. In fact, a precise
engineering of periodic GBs with tunable transport gaps would
allow the control of charge carriers without introducing bulk
bandgaps in otherwise semi-metallic graphene. More in general,
GB engineering in two-dimensional materials might introduce
properties such as magnetism [13], one-dimensional conduction
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[14], suppression of charge carrier scattering [15] or changes in
fracture mechanic [16]. For these reasons, widening the knowledge
about the types of GBs that can be found in graphene/graphite
surfaces, while understanding their likelihood (from an energetic
standpoint) and structural properties, can be of fundamental
importance, also in view of future technological possibilities.

In graphene’s hexagonal lattice, the two simplest and more
stable GB configurations, typically found for low q, are made of
regular arrays of (1,0) and (1,1) basic dislocations [3]. The former
configuration is made of adjacent heptagon and pentagon, and the
latter by heptagon and pentagon separated by two hexagons. In
HOPG and polycrystalline graphene, GBs are found throughout the
surface, appearing as periodic structures with identifiable patterns
of pentagonal or heptagonal rings of bright spots, when observed
by scanning probe microscopy [10,12,17,18]. The GBs observed by
STM can be rather complex, including single and double grain
boundaries (SGB and DGB) [1,5,10,12,17,18]. The presence of DGB
have also been found to strengthen graphene [19,20]. From a
geometrical and energetic standpoint, the simplest configuration
for a SGB is based on regular arrays of (1,0) dislocations, but a SGB
with this configuration cannot form for q>21:8� [3].Therefore, the
complexity of the SGB structure is expected to increase at higher q
[3,13]. For 21:8� < q<32:2�, no simple structures can be used to
build a SGB, and thus the formation of a DGB can occur within this
range.

In the present work, we analyze several GBs measured by STM
on HOPG with unprecedented clarity. By using a theoretical simu-
lation we model the structure of several kinds of complex GBs. We
have been able to obtain a snapshot of both stable and non-stable
configurations in graphite, showing the occurrence of both or-
dered and non-ordered DGBs. In view of prospective applications,
DGB could be particularly relevant for the formation of nanoscale
waveguides for charge carriers, which have been theoretically
posited [21,22]. Our results can thus aid the identification of DGBs
in certain grain-orientation conditions and thus set the basis for an
investigation into the electronic transport properties of these
structures.

2. Experimental and computational methods

Samples of HOPG (NT-MDT, ZYH grade) were mechanically
cleaved with scotch tape in air until the surface appeared flat and
even. ZYH grade HOPG was selected to have a higher density of GBs
in the samples. In synthetic crystals such HOPG, the GBs are ex-
pected to be confined to the basal plane, since non-basal disloca-
tions (i.e., crossing many layers, like screw dislocations) can only
occur in natural graphite crystals as an effect of the extreme me-
chanical strains occurring during rock formation [23]. The samples
were loaded in a ultrahigh-vacuum (UHV) chamber (Omicron
GmBHMultiprobe systemVT-STMXA, base vacuum 5 ∙ 10�11mbar)
for STM measurements at room temperature. STM images were
acquired using mechanically-created Pt/Ir (20% Ir) tips and
electromechanically-etchedW tips. The tips were conditioned until
reaching atomic resolution both by electron bombardment, by fast-
scanning on flat terraces or by applying quick voltage pulses. A large
number of images were acquired in various areas of the sample
around GBs. All the STM images presented were acquired in con-
stant current mode, using bias voltages in the range 1.2e1.5V and
current range 0.1e0.5 nA.

Molecular dynamics (MD) simulations were made with
LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simu-
lator) [24]. Periodic boundary conditions were applied along the
grain boundary direction. The unit cell was separated from its
perpendicular images with a vacuum distance of 100 nm in the z-
direction. For each case, the cell length was ~200 nm, and the
widths ranged from 10 nm up to 620 nm. Adaptive Intermolecular
Reactive Empirical Bond Order (AIREBO) potential from Stuart was
used to simulate interaction among carbon atoms [25]. Structural
energy minimum was achieved with the Polak-Ribi�ere version of
conjugate gradient algorithm [26], while simultaneously the lattice
parameters were allowed to relax to obtain a net zero pressure on
each face of the unit cell [27]. After this, a relaxation in a NVT
ensemblewas done for at least 1 ns with a time step of 10�3 ps at 1K
of temperature. Finally, another structural energy minimum was
found for the final relaxation.

For the simulation of different GB configurations, a graphene
layer (with either a SGB or a DGB) on top of another rigid layer of
graphene was modeled. Such graphene bilayer was made of two
identical layers (the layers had AB stacking on one side only of the
GB). The lower rigid layer was located 3.35 Å away from the top one
and its atomswere free tomove only along the xy-plane, and not on
the z-axis. This was meant to simulate the stiffness of a HOPG
substrate underneath the top layer. The top layer atoms were
completely free tomove, with the exception of the atomswithin 5 Å
from the edges, which were fixed in their position to avoid the
influence of any other periodic image into the main unit cell. In the
case of the DGB, two GBs running parallel were separated by a
buffer region made of a (crystalline) graphene lattice, with a zigzag
orientation parallel to the GBs.

To calculate the grain boundary energy per unit length as a
function of the tilt angle, Etotal was obtained from our MD calcu-
lations and Ebulk was the reference energy per atom calculated by
MD for a pristine graphene with the same AIREBO potential.
Although the exact positions of the carbon atoms at the buffer zone
were unknown, we considered ordered graphene. This model
represented a first approach where only the influence of the
mismatch of the graphene sheets at the double grain boundary was
considered. It was important to take into account the presence of
the substrate, because it alters the height of the grain boundary
with respect to suspended graphene. AB stacking was chosen
because it is a more stable and probable configuration than AA
stacking.

3. Results and discussion

3.1. STM measurements

Numerous GBs are typically found on HOPG during STM mea-
surements, exhibiting a wide variety of geometrical configurations.
We have previously shown that a GB can give rise to large
compressionwaves on a graphene sheet [17]. In the vast majority of
cases, the edges between two graphene (or graphite) planes are
merged by SGB, which can have different configurations, most
often among three types: straight, sinuous or segmented. Experi-
mental and theoretical studies [3,28,29] showed that (1,0) dislo-
cations are typically the most stable defects forming GBs for
q � 21:8�. For higher angles, several complex configurations have
been modeled, mainly formed by chains of (1,0) and (0,1) disloca-
tions (i.e., the same kind of dislocations but with different orien-
tation) [3,28,29]. The energetic equivalence of these two basic
dislocations allows the two grains to merge by means of a sinuous
and asymmetrical GB: in such cases, we speak of the formation of
asymmetric bisector segments [30]. In our analysis, we found many
of these structures, where the GB does not form a symmetric
bisector between the planes. Some examples are reported in Fig. 1.
A linear shape is generally found, regardless of q, in bisector GB, due
to the classical dislocation theory in solids [8], which shows that
identical edge dislocations are energetically favored to align. On the
other hand, in a non-bisector GB a perfect alignment of all the
dislocations is not possible.



Fig. 1. STM images showing examples of sinuous GBs (Image size 5:4� 5:4nm2, scale bar of 1 nm). The GB in the left image is clearly formed by chains of (1,0)-(0,1) sinuous
dislocations, like the large-area grain boundary (LAGB II) in Ref. [3]. A single element of the LAGB II is overlapped in the first image as a guide for the eye. The center and right image
exhibit a less identifiable structure but still characterized by (1,0) and (0,1) dislocation sequences. (A colour version of this figure can be viewed online.)
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Zhang et al. have proposed a possible mechanism of GB for-
mation in these cases, where a repeated unit of a non-bisector GB is
folded into two bisector segments, reducing the stress necessary for
the formation of a straight GB [30]. Accordingly, in our experiments
we observed a higher occurrence of sinuous GBs for increasing
misorientation angles. We also observed often the occurrence of
local superlattice effects, similar to those shown in Ref. [31]. These
effects are due to line defect with charge enhancement, which is
consistent with a series of atom vacancies or a split in the top
graphene layer. They are usually visible in the immediate vicinity of
the defect or appear as a moir�e pattern in an adjacent area, as we
report in Fig. S2 (image D4). In particular, an extended moir�e
pattern occurs only if the tilted graphite domain is localized not
more than few layers below the top layer [31]. Asmentioned before,
defects with 22� < q<35� are typically modeled by complicated
configurations which are generally less stable than low angle de-
fects constituted by simple (1,0) dislocation series. DFT calculations
on graphene showed that the energy of a GB characterized by q ¼
26� can be 50% higher than that of a GB with q ¼ 13� [3,13], and
similar considerations can be envisaged for the whole range 22� <
q<35�:However, since all DFTcalculations are performed at T¼ 0K,
it cannot be excluded that, under actual growth conditions at high
temperature, DGBs can be stable in this range. We experimentally
observed several configurations of DGBs, having the inner region
between the two boundaries made of either an ordered or disor-
dered atomic structure, as shown in Fig. 2. Two examples of ordered
configurations with different shapes (straight and sinuous) are
presented in Fig. 2a and b, while two disordered configurations are
presented in Fig. 2c and d.

Our findings show that DGB can form between two graphite
planes with q>22� (as we did not observe the occurrence of DGBs
for lower q in current and previous experiments) [17]. Particularly
interesting is the occurrence, in several DGBs, of an inner region
with ordered configuration. Fig. 3 reports an example of a DGBwith
q ¼ 26:4� with such ordered inner region. The double broken line
along the two boundaries highlights the two parallel orientation q1
and q2. The angle between q1 and q2 is 120�, thus the GB edge is
aligned with the zig-zag edge of the right graphite plane. The angle
between q2 and qR is 13.2�, corresponding to an ordered array of
(1,0) dislocations [29]. The angle between q2 and qL is also exactly
13.2�, making the DGB symmetric with respect to the two planes.
Fig. 3b shows the fast Fourier transform (FFT) of the STM image in
Fig. 3a.

As expected, two sets of outer spots with hexagonal pattern
(highlighted by different colors in Fig. 3b) correspond to the atomic
arrangement of the two graphite planes. The ordered inner region
of the DGB is testified by the pattern inside the two hexagons
representing the left (yellow hexagon) and right (blue hexagon)
planes. We were able to identify a coincidence lattice, with paral-
lelogram symmetry and 4x6 periodicity (as referred to the graphite
lattice parameter), that binds the supercell to the two planes on the
left and right. The parallelogram angles are 82.2� and 97.8�.
Although the periodicity along the green lines in the FFT has not a
straightforward interpretation (due to some disorder and to the
zig-zag structure of the DGB), the vertical periodicity in the FFT is
very clear. However, a careful comparison between the direct and
reciprocal lattice allowed us to identify the supercell pointed out in
Fig. 3.

To characterize the different DGB configurations, it is nowworth
to define another angle related to the orientation asymmetry of the
graphite planes with respect to the DGB axis as j ¼ jqR � qLj. In
Fig. 4, we plotted a qualitative phase diagram reporting the
different DGB configurations found in our STM analysis as a func-
tion of q and j.

Our set of measurements excludes the occurrence of DGBs with
ordered inner region configuration for q>31�. This observation
suggests an empirical limit for the formation of ordered DGB
depending on q. Finally, we remark that disordered DGBs are
generally not very sinuous. It is likely a disordered configuration is
particularly efficient in relaxing the strain in the specific conditions
of high j and/or q (i.e., low stability).
3.2. MD simulations and total energy calculations

Previous researches on MD have focused on the structural
relaxation of a suspended graphene sheet with a SGB [3,26,32e36]
and a DGB [17,20,32,37] through the dependence of the GB energy
per unit length: g¼ (Etotal� natoms ∙ Ebulk)/lGB, where Etotal is the net
potential energy of the system, and Ebulk¼�7.807 eV is the ground-
state energy per atom in graphene calculated with the AIREBO
potential. Other than being a theoretical support for our experi-
mental results, our calculations also aim at complementing and
extending the body of knowledge on the study of SGB and DGB in
non-suspended graphene sheets (i.e. the most frequent situation
for experiments and device fabrication). To achieve this, we
modeled a graphene layer (with either a SGB or a DGB) on top of
another rigid layer of graphene, in order to mimic HOPG, as shown
in Fig. 5. To compare the experimental results to the MD simula-
tions, two cases were built. The first case is a SGB between two
graphene planes with q ¼ 26� (Fig. 5a). In this instance, the relax-
ation induces a strain release that lifts the GB by 2 Å over the plane.
The strain release zone is ~4 nm wide. The second case is a DGB
with an inner zigzag nanoribbon region (Fig. 5b). The DGB here has
q ¼ 13� with respect to each graphene plane. The width of the



Fig. 2. (a) Straight DGB with ordered structures (q ¼ 26:4�). (b) Sinuous DGB with ordered inner structure (q ¼ 30:7�). (c) Sinuous DGB with disordered inner structure (q ¼ 33:7�).
(d) Straight DGB with disordered inner structure (q ¼ 33:1�). Scale bar corresponds to 2 nm in all images. The line profiles on the right-hand side show the height of the DGBs as
taken in each panel (by the white line), indicating values within 8-12 Å. (A colour version of this figure can be viewed online.)

Fig. 3. (a) Zig-zag geometry of a straight ordered DGB (image size 6:5� 6:5nm2, q ¼
26:4�) and (b) corresponding FFT, highlighting the three ordered domains, as follows.
The spots are arranged along two directions, which identify the orientation respec-
tively in the left (yellow hexagon) and right (blue hexagon) regions, the inner spots are
related to the region within the DGB and are related to the coincidence lattice with
parallelogram symmetry and 4x6 periodicity that connect each vertex of the yellow
hexagon to a corresponding vertex of the blue hexagon (as pointed out by dotted green
lines). The 4x6 supercell is pointed out both in direct and reciprocal lattice by a cyan
parallelogram. Further detail on the structure are presented in Fig. S1. (A colour version
of this figure can be viewed online.)

Fig. 4. Qualitative experimental phase diagram of the observed DGB nature as a
function of q and j. The boundaries between the different regions are qualitative. The
disordered DGBs are not discriminated between straight and sinuous (as the ordered
DGBs are) since their occurrence appeared random in our experimental observations.
Fig. S2 reports the correspondence with each image. (A colour version of this figure can
be viewed online.)
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embedded graphene ribbon is ~2 nm, which is comparable to what
experimentally found. In this second case, the strain release is
shared between the two GBs: although the maximum height
measured are almost the same for SGB and DGB, there are more
atoms raised from the graphene plane for the SGB (about 3.4% of
total atoms in a 20� 20 nm sheet) than for the DGB (2%). This result
suggests that a double interface (i.e., the formation of a DGB) is a
more efficient configuration to release the accumulated strain with
respect to a single interface.

On average, the GB height profiles in our experimental data are
higher (8-12 Å) than those computationally obtained (2-6 Å). Our



Fig. 5. Calculated top and side views of the (a) SGB and (b) DGB. Both these configurations result in an out-of-plane atomic displacement along the boundary. The maximum out-of-
plane atomic displacement (vertical height in z from the plane) in the boundary region is lower by 0.3 Å in the DGB than in the SGB. Overall, the atoms displaced from the plane are
fewer in the DGB than SGB for the same area. Scale bar is 2 nm. (A colour version of this figure can be viewed online.)
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computational approach posited a graphene zigzag border parallel
to the grain boundary, and this would serve as a very efficient strain
release configuration, which would in turn lower the height of the
atoms in the GB. Besides, the GB structures observed in our ex-
periments are different and generally more complex than those
posited in the computational models, and the same goes for the
internal structure of the buffer zones.

In Fig. 6, the energy per unit length of the grain boundary is
plotted as a function of q for SGB and DGB for the case of a
monolayer (ML) and a bilayer (BL). For 9� < q < 29�, the energy of
the SGB and DGB have similar trends in all the range. Previous work
by Carlsson et al. showed that in graphene there is an attractive
interaction among neighboring GBs that can lower their formation
energy in this range of misorientation angles [32]. As shown in
Fig. 6, DGB and SGB have a similar energy trends in the vicinity of
26�, reaching a local minimum. This is in contrast with the calcu-
lations made on suspended graphene by Shekhawat et al. [35],
which showed a local minimum at 22� and a local maximum at
around 26�. This difference between suspended (monolayer) and
supported graphene (bilayer in our case) could be explained by the
coupling between the top graphene layer and the rigid layer un-
derneath. It should be also taken into account that this energy
Fig. 6. Grain boundary energy per unit length as a function of the tilt angle for single
grain boundary bilayer (SGB-BL), double grain boundary monolayer (DGB-ML) and
bilayer (DGB-BL). (A colour version of this figure can be viewed online.)
difference could be related as well to the stacking mismatch on one
side of the boundary: If one side of the boundary is aligned with AB
stacking, the other side will have a mismatch between layers due to
the relative angle of the two grains.

Although suspended graphene with q ¼ 26� is an unstable
configuration, our results for supported graphene shows a local
minima in energy at this angle. Meanwhile, the percentage of atoms
raised above the plane for the DGB is less than for the SGB, proving
that the DGB is more efficient in releasing the strain. Overall, the
plots in Fig. 6 indicate that the relative energy differences between
SGB-BL and DGB-BL is minor. Considering that the real conditions
of the surfaces where the GBs appear are inherently different from
the ideal conditions set in the simulations, the presence of a local
minimum at qz26� seems to confirm that around this angle there
might exist the conditions for the formation of ordered DGBs, in
line with the results of our experimental observations.
4. Conclusions

In summary, we have measured and analyzed the structure of
grain boundaries on HOPG according to the misorientation angle
between adjacent grains. On the one hand, for misorientation an-
gles lower than 22� we generally found the occurrence of SGBs,
according to the literature. On the other hand, our STM observa-
tions point out that DGB structures can be stable for misorientation
angles in the range 22�e32�. In this range, the asymmetry angle
(i.e., angle related to the orientation asymmetry of the graphite
planes with respect to the DGB axis) dictates the configuration of
the inner region between the two boundaries: an asymmetry angle
higher than 10� favors the formation of internal disorder, while
lower values favor internal order (even with exact coincidence
lattice superstructures). Notably, we systematically found internal
disorder in DGBs with misorientation angles exceeding 32�.
Therefore, our measurements detail several configurations of large
angle grain boundaries, extending the experimental range of
misorientation angles reported in literature. Our MD results and
total energy calculations found a comparable stability between SGB
and ordered DGB for misorientation angles between 22� and 32�,
corroborating the experimental evidence. Although the energy
difference between the two configurations is small in this range,
the total energy trend seems to always favor the formation of DGBs.
Our experimental observations, as supported by the models, can be
key for a detailed understanding of the angular requirements for
the generation of complex grain boundaries structures, by
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providing grounds for further theoretical models and simulations.
Our results provide an accurate determination of the energy and
arrangement of these GBs, and could set the basis for a more
extensive research on the production of controlled GBs for elec-
tronic and optoelectronic applications.
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