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17Superstructures observed by scanning tunnelling microscopy on graphite have been reported several decades
18ago, but the interest in these superstructures recently intensified due to their occurrence in graphene grown
19on different substrates. Generally accepted explanation of origin of these superstructures is an overlap of
20disoriented top layer of graphite and the underlying graphite single crystal, which causes moiré pattern. Here
21we present experimental findings that the orientation of the superstructure is influenced by surface defects
22and edges of graphene. Superstructures in graphene put on graphite exist even if the graphene is not supported
23by graphite over its entire area. Themodulation of the density of states influences the strength of intra-layer car-
24bon bonds in such a way that the graphene breaks along the superstructure minima. The tunnelling conductance
25of the areas with superstructures is enhanced with regard to bulk graphite.
26© 2016 Published by Elsevier B.V.
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37 1.Q3 Introduction

38 The superstructures observed by scanning tunnelling microscopy
39 (STM) on graphite have been reported already several decades ago
40 [1]. The explanation of the origin of the superstructures has been pro-
41 posed as the overlap between a disoriented top layer of graphite and
42 the underlying graphite single crystal, which causes a moiré pattern.
43 This model is based on three-dimensional tunnelling of electrons with
44 Fermi energy of the same order as thework function of a typical layered
45 material with weak interlayer interaction [2]. Strong corrugation
46 amplitude of the tunnelling current from the superstructure in compar-
47 ison with atomic corrugation was explained by zero decay of the
48 nanoscale waves produced by scattering at the interface in the lattice-
49 mismatched systems. Due to a low attenuation of the nanoscale
50 waves, the superstructure in STM can be visible at heights around one
51 monolayer above the top surface. Several other explanations of the
52 superstructures were proposed by different authors and reviewed [3],
53 such as network of dislocations, physical surface deformation, a multi-
54 ple tip effect, adsorption of impurities, bond shortening, and nanoscale
55 defects buried a few layers below the surface.
56 Intensified interest in the scientific community for these superstruc-
57 tures stems from their occurrence in graphene grown on different
58 substrates, such as silicon carbide [4,5], rubidium [6], nickel [7], iridium
59 [8], copper [9], and hexagonal boron nitride as an isostructural crystal
60 to graphene. These Van derWaals heterostructures allow for the tuning

61of the electronic properties of two-dimensional atomic crystals, particu-
62larly of graphene, creation of unique systems for adsorption of clusters
63[10] as quantum dots arrays [11], and they represent a way of studying
64the fractal quantumHall effect [12–14]. The brightest spots of the super-
65structure in the STM imagewith themaximumdensity of states can also
66represent adsorption sites for cationic atoms or molecules [10]. Moiré
67patterns of graphene on hexagonally packed surfaces were also studied
68theoretically [15]. Besides forming moiré superstructures, orientation
69mismatch of graphene flakes on graphite strongly reduces friction on
70atomic scale. Extremely low friction was observed for incommensurate
71relationship of two graphite layers [16]. Transition back to commensu-
72rate ground state is triggered by thermal fluctuations and performed
73with superlubric gliding or rotation [17]. Understanding of interaction
74between graphene flakes and substrate is of a great importance for
75their applications in nanomechanical systems.
76Here we present experimental data obtained by STM studies of
77graphene flakes partially peeled off bulk graphite. We show that the
78superstructure lattice is influenced by surface and edge defects of
79graphene and vice versa, that the superstructure influences how
80graphene breaks. These findings represent a new insight into this old
81phenomenon with novel implications for graphene-based technology.

822. Methods

83The STM studies have been performed at room temperature in ultra
84high vacuum (base pressure in the range of 10−10mbar) using the AFM/
85STM microscope (VT-AFM, Omicron). Mechanically cut Pt/Ir tips have
86been used. The STM tip was biased, while the sample was grounded.
87The superstructures have appeared occasionally during use of graphite
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88 as a substrate for studies of different nanomaterials, such asMoS2 based
89 nanoflakes and nanotubes, WOx nanowires and Mo6S6I2 nanocrystals.
90 The graphite single crystals were always freshly air cleaved using adhe-
91 sive tape before ethanol suspension of the nanomaterials was drop
92 casted. Then the samples were dried at 60 °C in air and inserted into
93 the UHV chamber in standard way. The graphite single crystals HOPG
94 SPI-1 Grade, 10 × 10× 1mm,Mosaic spread angle: 0.4°± 0.1°, purity=
95 99.99, dimension: 10 mm × 10 mm × 1 mm, and the absolute ethanol,
96 purity = 99.9, M = 46.07 g/mol, used in sample preparation were
97 purchased at SPI supplies, West Chester, USA, and MERCK, respectively.
98 All STM images taken in constant current mode are shown after apply-
99 ing line-by-line and planar background subtraction. No other image
100 filtration or rotation was used. Scan direction corresponded to x-axis
101 of an image.

102 3. Results and discussion

103 3.1. Graphene lying over surface imperfections

104 Fig. 1 shows a graphene flake lying over several surface ripples and a
105 hole. The surface above the diagonal dotted line in the Fig. 1a reveals a
106 trigonal superstructure with a period of 3.6 ± 0.2 nm (Fig. 1b). The
107 deepness of the hole estimated from the line profile along the ripple
108 is 0.4 ± 0.1 nm (Fig. 1c). This value approximately corresponds to
109 the monolayer thickness of graphite (0.3354 nm). Line profile along
110 the superstructure lattice (Fig. 1d) reveals a depletion of 0.35 to
111 0.4 nm at the valley of the ripple. The shape of the superstructure max-
112 ima is sinusoidal, while theminima are tip shaped. The corrugation was

113500 pm ± 100 pm over the hole, 250 pm ± 50 pm over the valleys of
114the ripples, and 230 pm ± 50 pm over the convex areas of the ripples.
115At the left side of the image (Fig. 1a) the dotted boundary is attached
116to a corner (A) where two monolayers have been removed during
117cleavage of the graphite. The dotted line is boundary of themodulation.
118Corrugation of the dots is 1 nm± 0.1 nm.
119Shape of the hole's edge is blurred by a strong contribution from
120the density of states from the superstructure. Right edge of the
121hole (marked with B) is in line with serial features forming a 3 × 1
122(or 6 × 1) giant superstructure (C) shown in the Fig. 1a. Origin of this
123giant superstructure is not known. Based on geometry, one can specu-
124late that edge states of the hole interact with tunnelling current from
125moiré interface and trigger its periodic modulation. It is not clear
126where the hole is situated, but it is either in the second layer below
127the surface (I to III) or in the top layer (IV), schematically presented in
128the Fig. 2. The first three variants are more likely and II and III are of
129equal possibility due to blurred edges of the hole. The fact that the
130edges of the hole are parallel to the moiré superstructure, suggests
131that the layer with the hole is one of the layers of the interface creating
132the moiré superstructure and the model IV is less likely.
133If the image is explained by the standard moiré model, which
134is based on mismatch and/or rotational disorder interface (moiré
135interface), then the interface would be buried three (I), two (II) or one
136(III) layers below the top surface. The defects in the topmost layer
137obviously affect the density of states at themoiré interface situated sev-
138eral monolayers below the surface. The corner (A) has an effect on the
139interface below the surface, and the edge of the hole (B) influences
140the orientation of the super structure lattice. The influence of surface

Fig. 1. a)Grapheneflake lying over several surface ripples and over a hole (UT=0.5 V, IT= 0.5 nA, Z-Range: 3.28 nm; speed: 300 nm/s); b) Trigonal distribution of superstructuremaxima,
3.6 nm in period (UT = 0.5 V, IT = 0.5 nA; Z-Range: 2.27 nm; speed: 100 nm/s); c) Line profile along the ripples crossing the hole in direction along the ripples (shown in (a)); d) Line
profile along the superstructure maxima (shown in (b)).
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