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            Abstract
Dislocations represent one of the most fascinating and fundamental concepts in materials science1,2,3. Most importantly, dislocations are the main carriers of plastic deformation in crystalline materials4,5,6. Furthermore, they can strongly affect the local electronic and optical properties of semiconductors and ionic crystals7,8. In materials with small dimensions, they experience extensive image forces, which attract them to the surface to release strain energy9. However, in layered crystals such as graphite, dislocation movement is mainly restricted to the basal plane. Thus, the dislocations cannot escape, enabling their confinement in crystals as thin as only two monolayers. To explore the nature of dislocations under such extreme boundary conditions, the material of choice is bilayer graphene, the thinnest possible quasi-two-dimensional crystal in which such linear defects can be confined. Homogeneous and robust graphene membranes derived from high-quality epitaxial graphene on silicon carbide10 provide an ideal platform for their investigation. Here we report the direct observation of basal-plane dislocations in freestanding bilayer graphene using transmission electron microscopy and their detailed investigation by diffraction contrast analysis and atomistic simulations. Our investigation reveals two striking size effects. First, the absence of stacking-fault energy, a unique property of bilayer graphene, leads to a characteristic dislocation pattern that corresponds to an alternating ABâ€‰[image: ]â€‰AC change of the stacking order. Second, our experiments in combination with atomistic simulations reveal a pronounced buckling of the bilayer graphene membrane that results directly from accommodation of strain. In fact, the buckling changes the strain state of the bilayer graphene and is of key importance for its electronic properties11,12,13,14. Our findings will contribute to the understanding of dislocations and of their role in the structural, mechanical and electronic properties of bilayer and few-layer graphene.
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                    Figure 1: Freestanding bilayer graphene membranes in a SiC frame.[image: ]


Figure 2: Microstructure analysis by dark-field TEM imaging.[image: ]


Figure 3: Burgers vector analysis.[image: ]


Figure 4: Atomistic simulation of 60Â° partial dislocations: atomic configuration, TEM simulation, strain distribution and Burgers vector distribution.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Overview of the investigated membrane.
a, Transmission SEM image of the investigated membrane, from which the TEM images in b and Figs 2 and 3 were obtained. The blue square indicates the studied region. b, Bright-field image corresponding to Figs 2 and 3. The green rectangles mark residual nanoparticles as guides to the eye. They are also visible in the dark-field images in Fig. 2.


Extended Data Figure 2 Dark-field tilt-series acquisition and determination of rocking curves.
a, Example images (tilt angles given) of the {11[image: ]0} dark-field tilt series recorded with the tilt axis (horizontally aligned) perpendicular to the {11[image: ]0} reflection. The complete series is available as Supplementary Video 1. The direct tracking of the shape amplitude of the membrane leads to drastic changes of the measured {11[image: ]0} intensities depending on the tilt angle. The scale bar corresponds to 500â€‰nm. bâ€“d, Rocking curves for 2, 3 or 4 layers of graphene derived from the regions marked by the coloured rectangles by measuring the local mean intensities in every image, that is, for every tilt angle. The given tilt angles are not corrected for any pre-tilt causing the slight shifts of the intensity distributions (see position of central maximum). e, Normalized rocking curve of 4-layer graphene in comparison to our simulation taking into account damping due to the atomic scattering factor and thermal vibrations (Debyeâ€“Waller factor) (solid line).


Extended Data Figure 3 On the origin of the dislocations.
Series of related bright-field (a) and {11[image: ]0} dark-field (b) images of small holes at early stages of etching: size of freestanding membranes increases from left to right (compare with the bright-field images in a). Blocking the intensity contributions from the SiC in {11[image: ]0} dark-field imaging by using an adequate objective aperture allows for the defect characterization of the graphene even in wide regions, where the SiC has not been removed by the wet chemical etching. The area of the freestanding graphene (derived from a), where the SiC is already gone, is marked in red in the dark-field images. All dark-field images indicate a high density of dislocations in the observable region around each hole.


Extended Data Figure 4 Experiment versus simulation.
a, b, Compilation of dark-field images (b) obtained with outer reflections (as indicated in a). Following our depiction in Fig. 3, the respective directions of the active reflection (black arrows) and the Burgers vectors (red, blue arrows and lines) are given. For comparison, the simulated dark-field intensity distributions, obtained from the buckled atomistic configuration (compare with Fig. 4), are shown as insets. These are in very good agreement with the measured data.


Extended Data Figure 5 Gamma surface.
Calculated unrelaxed gamma surface of ideal planar bilayer graphene on sliding the two planes at the equilibrium interlayer distance of 3.370â€‰Ã…. The ideal AB stacking is taken as the zero-point of energy and the energy differences, Î”E, on lateral displacement of one graphene layer are given per atom of one graphene layer. The upper inset depicts a cut through the gamma surface along the crystallographic [1[image: ]00] axis, illustrating the energy profile along a path leading from AB to AA, AC, SP and back to AB stacking. The SP and AA barrier heights are 1.4â€‰meV per atom and 13.5â€‰meV per atom, respectively. For comparison: a simple Lennardâ€“Jones van der Waals potential, which has been parameterized to give the same cohesive energy (45.0â€‰meV per atom) and equilibrium layer separation (3.370â€‰Ã…) for AB stacking, would yield SP and AA barriers of only 0.1â€‰meV per atom and 0.8â€‰meV per atom, respectively.


Extended Data Figure 6 Structural relaxation.
Changes in the local bond lengths (a) and bond angles (b) across the partials of the buckled configuration (compare with Fig. 4).





Supplementary information
Complete {11-20} DF tilt series
Complete {11-20} dark-field tilt series (respective tilt angle indicated in each individual image, tilt-angle range -25Â° â€” +29Â°, tilt-angle increment 1Â°) of membrane region comprising bilayer, trilayer and 4-layer graphene (cf. Fig. 2a). The data set was used to determine the respective rocking curves presented in Fig. 2c and Extanded Data Fig. 2. The {11-20} reflection is oriented perpendicular to the tilt axis (white line). (AVI 3468 kb)
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        Editorial Summary
Bilayer graphene buckles under strain of dislocations
Dislocations in crystalline materials â€” line defects where atoms are dislodged from their position in the crystal â€” can carry plastic deformation and also modify the material's electronic properties. Benjamin Butz et al. report the experimental and theoretical study of line defects in epitaxial bilayer graphene â€” the thinnest imaginable crystalline material that can host such dislocations â€” and describe their properties in terms of classical dislocation theory. As a consequence of the novel two-dimensional organization of this material, a characteristic equidistant pattern of dislocations develops, associated with a pronounced buckling of the bilayer graphene membrane. The buckling dramatically alters the strain state of the bilayer graphene and potentially changes its electronic structure and mechanical properties too.
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