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We present the investigation on the structural and electronic properties of an ordered grain
boundary (GB) formed by separated pentagon-heptagon pairs in single-layer graphene/SiO, using
scanning tunneling microscopy/spectroscopy (STM/STS), joint with density functional theory (DFT)
calculations. It is observed that the pentagon-heptagon pairs, i.e., (1,0) dislocations, form a periodic
quasi-one-dimensional chain. The (1,0) dislocations are separated by 8 transverse rows of carbon
rings, with period of ~2.1 nm. The protruded feature of each dislocation shown in the STM images
reflects its out-of-plane buckling structure, which is supported by the DFT simulations. The STS
spectra recorded along the small-angle GB show obvious differential-conductance peaks, the

positions of which qualitatively accord with the van Hove singularities from the DFT calculations.
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1 Introduction

A (1,0) dislocation, i.e., a pentagon-heptagon pair, an edge dislocation with Burgers vector being a
primitive vector of the cell, represents an important type of intrinsic topological defects in
graphene.'” Many other types of topological defects can be derived from the (1,0) dislocation,™°
therefore, it is of great importance to understand the (1,0) dislocation. Theoretical calculations
predict that there exists strong strain fields around single (1,0) dislocations.”” The presence of the
(1,0) dislocations with the associated strain fields may lead to out-of-plane buckling height of a few
angstroms in graphene.”® According to the Read-Shockley model'’, aligning the (1,0) dislocations
along a straight line can result in a discrete set of ordered small-angle grain boundaries (GBs) with
low formation energy in graphene.” ®'' Recent studies showed the in-plane C-C bond deformation

around the (1,0) dislocation in graphene'*

and gave hints that the dislocation has an out-of-plane
buckling structure.'* '* Lattice defects and curvature, which change the nearest-neighbor hopping
between sublattices in graphene, give rise to perturbations in the low-energy linear dispersion, and it
is thus expected to affect the electronic properties of graphene.'® !’ Many theoretical works have

been done for understanding the defect structures and their electronic properties,® '*%°

in particular,
the so-called relatively ordered line defects. Even though, there is only a few experimental works
that have provided direct evidence to connect the defect structures with their local electronic
properties.”’ Using scanning tunneling microscopy/spectroscopy (STM/STS), some ordered and
disordered GBs have been characterized.””* Yang er al. have reported a promising way to form
periodic GBs on Cu(111) surface from thermal reconstruction of the aperiodic ones.?® Very recently,

5,19

we confirmed the existence of the van Hove singularities (VHSs)™ "~ in two types of ordered GBs,
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i.e., a large-angle GB and a translational GB.?! We are only aware of structural characterization of
the (1,0) dislocations by STM,? however, their electronic properties have not been experimentally
identified.

In this paper, we investigate another type of ordered GB that consists of the (1,0) dislocations
in a single-layer graphene on a 300 nm SiO,/Si substrate, using STM/STS performed at a low
temperature of 80 K. The electronic properties of the GB as well as the atomic structure of single
(1,0) dislocations are characterized. The experimental results qualitatively accord with the DFT
calculations, which suggest that the GB consisting of quite separated (1,0) dislocations may still
exhibit VHS states in the small-angle GB. This result is an important extension of our previous
results on continuous ordered GBs,”' and can also help to experimentally understand this type of

GBs formed by (1,0) dislocations with various separations.*’

2 Experiment and calculation details

The graphene sample was prepared by the low-pressure chemical vapor deposition (CVD)
technique28 with a recipe of CH4 (50 sccm), H, (5 scem) and Ar (440 sccm) under a pressure of ~10
Torr in a quartz tube at 950 °C for 10 minutes on a 25 pm thick polycrystalline copper foil. The
as-grown graphene layer was transferred onto a 300 nm Si0O,/Si substrate by the PMMA-assisted
wet-etching of the copper support method.”” ** The details about the sample preparation were
described elsewhere.”’ The experiments were conducted using a low-temperature scanning
tunneling microscope (UNISOKU Co., Ltd.) under ultrahigh-vacuum (UHV) conditions at 80 K.

All the images were taken in a constant-current scanning mode. The current-voltage (I-V) and the

3
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differential conductance (dI/dV) spectra were measured by turning off the feedback loop-gain. The
dl/dV spectra were obtained using a lock-in amplifier with a sinusoidal modulation (f = 1000 Hz,
Vimod = 5—10 mV). The polarity of the applied voltage refers to the sample bias with respect to the
tip. Our calculations were carried out using density functional theory (DFT) with the
projector-augmented wave method’' as implemented in the Vienna ab initio simulation package
(vasp).” The generalized gradient approximation functional in the PBE form™ was adopted to treat
the exchange and correlation potential. In the DFT calculation, the computational models involved
two parallel equally spaced GBs within a rectangular supercell in order to satisfy periodic boundary
conditions. We used a relatively large supercell size of d, = 63.66 A and dy = 21.17 A. This
structural model is based on our experimental observations that the (1,0) dislocations are separated
by 8 transverse rows of carbon rings, and the generic bisectors of the dislocations are slanted by a
half carbon ring with each other. In this model, a unit cell includes 524 C atoms (see below in Fig.
3). The vacuum layer between the slabs was 10 A. This GB structural model gave a tilting angle of
6.6° between the grains at both sides. The cutoff energy was set to be 400 eV, all atomic positions
were fully relaxed until the residual forces decreased within 0.02 eV A™!, and the total energy was
converged to 107 eV. A 1 x 6 x 1 Monkhorst-Pack k-points mesh was used to sample the Brillouin
zone of the small-angle GB. The STM image was simulated using an isovalue image based on

Tersoff and Hamann’s formula and its extension to simulate STM images.**

3 Results and discussion

Fig. 1(a) shows an atomically resolved STM image of a GB, consisting of six defects with almost
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identical protruded features along a straight line. The profile along the arrowed line in Fig. 1(a)
shows that the protrusions of the GBs have an average height of about 3 A and are nearly
periodically separated with a distance of about 2.1 nm [Fig. 1(b)], forming a quasi-one-dimensional
(quasi-1D) periodic structure with a GB length of ~13 nm. Fig. 1(c) and 1(d) give the high
resolution empty-state and filled-state STM images, in comparison with the simulated images,
correspondingly. According to their good accordance, the observed protrusions can thus be well
assigned to the (1,0) dislocations. In the topographic images, the bright spots are mainly located
around the pentagon, while the heptagon is relatively dim. This is consistent with previous
calculations that the charge density is enhanced around the pentagon and depressed near the
heptagon in the (1,0) dislocation.* *

Fig. 1(e) shows the magnified image of the marked region by the rectangle in Fig. 1(a). A
Burgers circuit taken around the (1,0) dislocation shows one lattice distance short in the direction
perpendicular to the GB, corresponding to a Burgers vector of b = (1,0). It confirms our
assignment of the (1,0) dislocation. A tilting angle of 6.5° is obtained between the grains at both
sides of the GB, showing its small-angle GB feature. According to the atomic structure of the
observed small-angle GB, a structural model is proposed in Fig. 1(f). The (1,0) dislocations are
separated by 8 transverse rows of carbon rings, and the axes of (1,0) dislocations are slanted by a
half carbon ring (the dashed blue lines), in consistent with the Read-Shockley model.'’ Following
the notation we previously used,' *! this small-angle GB can also be denoted as (-4,10)I(-5,10) GB.
According to Frank’s equation,” the tilting angle 6= 2arcsin(lb |/2d), where 15 | = 2.46 A is the

length of the Burgers vector of the (1,0) dislocation, and d is one of the possible distance between
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the dislocations. From the STM images, we have d = 2.1 nm, then it gives a tilting angle of 6.6°, in
good agreement with the experimental observation. Fig. 1(g) shows a three-dimensional (3D) image
of the (1,0) dislocation, whose protruded feature is consistent with the calculated out-of-plane
buckling structure, as showed in Fig. 1(h). This feature is also similar to the image obtained from
the single (1,0) dislocation of graphene on Ir(111) surface,”” which has been attributed to the
buckling structure, but its electronic property was not given. Here, the GB length (~13 nm) is
relatively short, consistent with the suggestion that a longer straight GB is energetically
unfavorable.” The existence of strain in the GB may be an important factor to prevent it to be
longer.

We further measured the electronic properties of the small-angle GB, as shown in Fig. 2. The
use of the insulating SiO, substrate can minimize the effect from the strong charge transfer between
the graphene sheet and the metal substrate,”’ and can help to show up the intrinsic electronic
properties of the (1,0) dislocations in graphene. Fig. 2(a) and 2(b) show the topographic image and
the dI/dV map (acquired at +0.6 V), respectively. The tunneling conductance along the GB is
obviously higher than graphene sheet away from the GB, with a width of ~1 nm, quite similar to our
previous observations in other types of ordered GBs.?' Fig. 2(c) and 2(d) give the I-V curves and the
corresponding dI/dV curves acquired at different sites along the GB. The dI/dV curves [Fig. 2(d)]
show quite similar features, where three peaks located at —0.4 V, +0.25 V and +0.6 V can be
obviously seen, quite different from the pristine graphene site away from the GB by 2 nm (curve
11). From the feature of curve 11, the Dirac point (Ep) locates almost at the Fermi energy (Er),

indicating a low doping level of the graphene sheet.

6
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To understand the electronic properties of the small-angle GB, we calculated the band structure
and local density of states (LDOS). Fig. 3 gives the optimized structural model that we used in the
calculations. To reduce the possibly introduced interactions between the GBs, the GBs are separated
by 13 carbon rings in the x direction, i.e., GBs separated by about ~3.1 nm. It has been shown that
the error due to elastic interactions between the neighboring GBs can be effectively reduced if the
separation between neighboring GBs is up to about 2 nm.” Therefore, the GB separation of ~3.1 nm
used in our calculations should be enough to reduce the possible GB interactions. In addition,
according to the experimental observations (Fig.1), we include the 8 transverse rows of carbon rings
and the slanted axes of (1,0) dislocations. The optimized structure gives the unit cell of 63.66 x
21.17 A%,

The calculated results are given in Fig. 4. The empty and filled GB bands near the Er are marked
by the red and orange circles, where the sizes of the circles indicate the relative contributions of the
states. There are four VHS singularities at the high symmetric points, i.e., both of the empty and
filled states at I' and X points. Fig. 4(b) shows the calculated LDOSs obtained by averaging the
DOSs over the 10 atoms of the (1,0) dislocation and the 6 atoms of the hexagon ring near the
heptagon ring [marked by a dashed blue circle in Fig. 4(c)], in comparison with the experimental
results (lower panel). In the calculation of the LDOSs, we have considered the weightings of the GB
states, for showing the VHS states more clearly. The positions of the four VHS peaks (denoted as I,
I't, Xe, and Xy) are marked in the calculated LDOSs. It turns out that the main features in the
calculated LDOS can qualitatively resemble those in the experimental dI/dV spectra of the GB [Fig.

4(b)]. Therefore, the experimentally observed peaks in the small-angle GB can be assigned to the
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VHS states. The peak from the filled-state VHS at the I point (VHS-I'y) is quite weak due to its
smaller weighting, which may explain the missing peak in the experimental spectra. However, the
peak positions of the calculated LDOSs have obvious shifts in comparison with the experimental
results. The difference in peak positions may be due to the accuracy of DFT in describing the GBs
in graphene, such difference was also observed in other type of GBs.”' Moreover, our DFT
calculations give qualitatively consistent results with the ones obtained from the calculations using
the tight-binding method,” although obvious difference in the splitting values of these states
between two calculation methods. The difference can be attributed to the different computational
methods and computational models. It demands to further theoretical investigation on the accuracy
of the different calculation methods in describing the VHS states of graphene.

As to the spatial distributions, it is experimentally observed that the VHS states overall spread
over almost all of the sites along the GB [Fig. 2(b)], although the VHS peaks show a certain degree
of site-dependent behaviors [Fig. 2(d)]. Fig. 4(c) shows a considerable delocalized feature along the
GB for the distribution of the calculated VHS states. For instance, the VHS-X. shows an
asymmetric feature in the spatial distribution along the GB. The distribution of VHS-X. at the sites
near the heptagon ring [marked by the blue circle in Fig. 4(c)] is relatively weak. This feature is also
observed in the dI/dV spectra [curves 2 and 9 in Fig. 2(d)], where the peak (at ~0.6 V) of VHS-X.
becomes less pronounced, in consistent with the calculated LDOS at the site near the heptagon ring
[blue curve in the upper panel of Fig. 4(b)]. We attribute such asymmetric distributions to the
intrinsic asymmetric structure of each (1,0) dislocation (Fig. 1). We checked several GBs with

smaller separations of (1,0) dislocations. Our DFT calculations indicate that the peak positions of
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these VHS states tend to shift to higher energies with decreasing separation of (1,0) dislocations.
Our experimental and theoretical results strongly indicate that the GB states are still delocalized,
mainly distributed along the GB, even though the GB consists of the (1,0) dislocations separated
from each other by 2.1 nm. Very recently, the calculations using the tight-binding method show that
the finite separated distance between dislocations allows for the hybridization of the localized
states.” The observed delocalized GB states can thus be attributed to the similar mechanism

because of the hybridization of the VHS states.

4 Conclusion

In summary, we present a comprehensive understanding of the intrinsic structural and electronic
properties of a small-angle GB, i.e., (-4,10)I(-5,10) GB, consisting of the (1,0) dislocations in
graphene. The atomic structure of the out-of-plane buckling in the (1,0) dislocation is characterized.
The experimentally observed peaks in dI/dV spectra can be well attributed to the VHS states of the
small-angle GB, which shows a periodic quasi-1D structure. The GB states show a quite delocalized
feature, which is attributed to the hybridization of the relatively localized VHS states at finite
separated distance of about 2.1 nm between the dislocations. Such small-angle GB represents a
typical GB consisting of the widely concerned (1,0) dislocations. We believe that the identification
of the structural and electronic properties of the small-angle GB, as well as the (1,0) dislocation, is

important for understanding the effects of other GBs consisting of (1,0) dislocations in graphene.
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Figure Captions

Fig. 1 (a) Topographic STM image (+1.0 V, 50 pA; size: 10.1 x 18.5 nm?) of a linear GB, consisting of
individual (1,0) dislocations. The image is obtained by stitching two images with different scanning areas to
show the whole length of the GB. (b) The line profile along the GB [the dashed blue line in (a)], showing a
period of about 2.1 nm. (c) and (d) High resolution empty-state and filled images of the (1,0) dislocation
from experiments (upper panel, £1.0 V and 50 pA) and from simulations (lower panel), respectively, size:
2.1 x 2.3 nm”. The structural model of the (1,0) dislocation is superposed. (¢) Magnified topographic STM
image (3.6 x 5.1 nm?®) of the area marked by the reactagle in (a). A Burgers circuit is plotted around a (1,0)
dislocation. (f) Optimized structural model of two neighbored (1,0) dislocations, where the (1,0) dislocations
are marked by symbols | . The notation of the GB is shown. (g) 3D image of the (1,0) dislocation (1.0 V,
50 pA). (h) Side view of the optimized structural model of the (1,0) dislocation, showing an out-of-plane

buckling height of 2.8 A.

Fig. 2 (a) STM topographic image (-1 V, 50 pA; size: 3.6 x 5.1 nm?), and (b), dI/dV map (+0.6 V, 50 pA),
acquired within the same area. (c) and (d) The I-V curves and the dI/dV curves (+1.0 V, 50 pA), respectively,
correspondingly acquired at the marked sites 1-11 in (a). The experimental data are shifted vertically for

clarity in (c) and (d). The dashed lines in (d) are for eyes guide only.

Fig. 3 The optimized structural model of GBs consisting of (1,0) dislocations. The simulation supercell and

its size are indicated.
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Fig. 4 (a) Calculated band structure of the small-angle GB. The x direction is defined perpendicular to the
GB, and the y direction is parallel to the GB. The open circles denote the contributions from the GB states
(red: empty states, orange: filled states). The inset shows a sketch of the corresponding "Brillouin zone". (b)
Calculated LDOSs (upper panel) of (1,0) dislocation including 10 atoms belonging to the pentagon-heptagon
pair and the hexagon ring [the marked blue circle in (c)] close to the heptagon ring, respectively, in
comparison with the experimentally obtained dI/dV curves (lower panel). The LDOSs are obtained by
summing the partial DOSs of the atoms and then averaging over the atom numbers. The experimental and
theoretical data are shifted vertically for clarity. (c¢) Spatial distribution of the four VHS states, i.e., I'e, X,

Iy, and X¢. The isosurface value is 0.003 e/A°.
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