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Dislocations represent one of the most fascinating and fundamental
concepts in materials science' . Most importantly, dislocations are
the main carriers of plastic deformation in crystalline materials*°.
Furthermore, they can strongly affect the local electronic and optical
properties of semiconductors and ionic crystals”®. In materials with
small dimensions, they experience extensive image forces, which attract
them to the surface to release strain energy’. 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 carbide'®
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 AB <> 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 properties'''*. Our findings will contribute to the under-
standing of dislocations and of their role in the structural, mech-
anical and electronic properties of bilayer and few-layer graphene.

In graphite, the bulk material most closely related to graphene, basal-
plane dislocations have been well known since the early 1960s'. The
dissociation of perfect basal-plane dislocations into pairs of Shockley
partial dislocations (partials) bounding a stacking-fault ribbon in the
basal plane was observed using conventional transmission electron micro-
scopy'>'® (TEM). The separation of partials (or the width of the stacking-
fault ribbon) is determined by the balance between the repulsive forces
(reduction of total strain energy) and the attractive forces (minimization
of stacking-fault energy). Similarly, the dissociation of perfect disloca-
tions into Shockley partials plays an essential role for most materials
with face-centred-cubic structure and is of particular importance for the
plasticity of face-centred-cubic metals’.

Also in few-layer graphene, changes of the stacking sequence have been
reported'”>*. For instance, dark-field TEM was used to reveal changes
in the stacking order and twisting of freestanding bi- and trilayer graphene
grown by chemical vapour deposition'® (CVD). However, the partials
necessarily connected to the stacking faults were not addressed in that
study. Moreover, scanning tunnelling microscopy was used to investigate
local changes in the stacking sequence of few-layer graphene on mica®.
The boundaries, which separate areas of different stacking order, form
a pattern that closely resembles dislocation networks in bulk graphite,

indicating that it may be possible to study basal-plane dislocations in
few-layer graphene. Two recent publications'’*° address in more detail
the local stacking transition AB <> AC in bilayer graphene grown by
CVD (subsequently stacked'” or as-grown™). In both studies, the authors
applied dark-field TEM to investigate the local bilayer graphene stacking
and to characterize the distribution of the transition regions. Moreover,
atomistic models were derived from comparison with high-resolution
scanning TEM (STEM) images. The transition regions were described
either in terms of strain solitons using a Frenkel-Kontorova model'” or
with complicated atomistic models, including the delamination of the
two graphene layers, which were proposed, on the basis of molecular
dynamics simulation, to explain the experimental data®®. However, none
of this work describes the transition regions in terms of classical dis-
location theory.

Important modifications of dislocations are expected when going
from graphite to freestanding few-layer graphene membranes. First, pro-
nounced buckling of the membrane is expected as a result of strain
accommodation. Moreover, in bilayer graphene the unique situation
occurs that both stacking variants, ABand AC (or BA, which means the
same), are equivalent. This means that no stacking-fault energy exists
and, therefore, that no attractive forces act between partials to reduce
the stacking-fault area.

In the following, we present the detailed microscopic study of basal-
plane dislocations in bilayer graphene membranes prepared from high-
quality epitaxial graphene on the (0001) surface of 6H-SiC (ref. 10;
throughout the manuscript four Bravais-Miller indices are used to
account for the hexagonal symmetry). The central region of a typical
TEM sample with more than 150 membranes is shown in Fig. 1a. The
colour-coded STEM image of one membrane (Fig. 1b) indicates the
local variation in the number of graphene layers as determined by
Raman microscopy'® and TEM (see below). Apart from the bilayer
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Figure 1 | Freestanding bilayer graphene membranes in a SiC frame.

a, Dark-field STEM image (obtained in a scanning electron microscope) of a
sample with circular and rectangular membranes. The non-transparent SiC is
dark and the freestanding membranes appear bright. b, Single membrane at
higher magnification. The colour code indicates the local number of graphene
layers (compare with ref. 10).
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graphene, the membranes exhibit regions consisting of three (or even
four) graphene layers.

To study the microstructure and crystal defects in the graphene
membrane, we employed dark-field TEM imaging. Figure 2a shows
a {1120} dark-field image of a typical membrane area with predomi-
nantly bilayer graphene and a smaller portion of trilayer graphene. The
bilayer and trilayer nature of the corresponding areas is confirmed by
a detailed rocking-curve analysis based on a {1120} dark-field tilt series
(Fig. 2¢, Extended Data Fig. 2 and Supplementary Video 1).

In the following, we concentrate on the bilayer region. Most notably,
a dense network of dislocations, confined between the two graphene
sheets, appears as relatively sharp dark lines in Fig. 2a. As confirmed by
the detailed Burgers vector analysis (see below), all the dislocations are
partials, meaning that their Burgers vectors are of type b = (1/3)(1100)
and therefore do not correspond to lattice translations in the basal plane.
Thus, each partial is associated with a change of the local stacking between
AB and AC, or vice versa. This is shown in the corresponding (2200)
dark-field image in Fig. 2b, where the two stacking orders in the bilayer
regions appear with different intensities.

All this is congruent with dislocation theory in materials science, where
stacking faults in three-dimensional (3D) crystals are always bordered
by partials. However, the essential difference is that the stacking-fault
energy in bilayer graphene is zero because AB and AC are equivalent by
symmetry; in other words, a non-zero stacking-fault energy arises only
ifa third graphene layer is added. In line with this consideration, Fig. 2b
shows that the two stacking variants occupy about equal portions of
the bilayer area (in contrast to the trilayer region). Single partials in
trilayer graphene directly cause a change in the crystal structure, for
example from Bernal stacking to rhombohedral stacking (ABA <> ABC),
resulting in real stacking faults'’~>* (compare the respective trilayer
regions in Figs 2b and 3b). Apart from regions with an apparently
irregular distribution of dislocations, for example close to the trilayer
region in Fig. 2a, we found that a large fraction of our bilayer graphene
exhibited parallel aligned partials (see, for example, the centre of Fig. 2a).
The typical spacing between individual partials in such regions is in the
range of 20-30 nm. Concerning the origin of the dislocations, TEM

Figure 2 | Microstructure analysis by dark-field TEM imaging. a, b, Dark-
field TEM images of the same area of a membrane obtained with the (1120) and
(2200) reflections. The diffraction patterns indicate the active reflection for
dark-field imaging (SEM overview and respective bright-field images are given
in Extended Data Fig. 1). The (1120) dark-field image (a) reveals bilayer and
trilayer graphene as indicated by the numbers. The dark lines in the bilayer/
trilayer regions correspond to an extended network of partials confined
between the graphene layers (see Fig. 3 for details). The line contrast results
from the altered diffraction in the strain/displacement field of the dislocations.
Because the {1120} reflections show identical structure factors (and rocking
curves) for both stacking variants, AB and AC'®, the stacking faults bordered by
the partials are invisible irrespective of the sample tilt. The local transition of the
stacking sequence in the bilayer graphene from AB to AC, and vice versa,
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studies of membranes covering very small substrate holes (Extended
Data Fig. 3) indicate that a large portion of the dislocations must
already be present in the graphene on the SiC wafer before the substrate
is removed. We assume that the dislocations form as result of misfit
stresses either during the growth of the graphene on the SiC or while
the samples are cooled from 1,750 °C to room temperature (owing to
different thermal expansion coefficients).

The central region of Fig. 2a with the characteristic equidistant arrange-
ment of parallel dislocations was selected to analyse the Burgers vectors
and strain fields of the partials in detail. By systematic dark-field imaging
with specific {1120} and {1100} reflections, the dislocations are unam-
biguously identified as 60° partials with alternating Burgers vectors of
type b = (1/3)(1100) (Fig. 3). This result matches the alteration of the
stacking sequence (AB <> AC <> AB) as observed in Fig. 2b. As a con-
sequence, each pair of partials (in the homogeneous bilayer regions)
results in a perfect lattice translation along (1120 corresponding to an
effective perfect edge dislocation.

To explore the peculiarities of basal-plane dislocations in bilayer gra-
phene, we carried out atomistic simulations of the equidistant arrange-
ment of partials. Starting with a perfect edge dislocation, splitting into
equidistant 60° partials occurs during structural optimization (Fig. 4a).
This is in agreement both with our experimental observation and with
energetic arguments based on the absence of stacking-fault energy.
Apart from the alteration of the stacking (Fig. 4a, top view), the most
notable feature is the pronounced buckling (by around 1 nm) of the
membrane (Fig. 4a, 3D visualization and side view). Unlike the well-
known intrinsic corrugations of perfect monolayer graphene®, this
buckling is directly associated with the dislocation lines because the
driving force for the buckling is release of strain energy in the disloca-
tion strain field. To understand the impact of buckling on the strain
state, we compare the buckled configuration (Fig. 4a) with a flat one,
where the movement of the atoms during the atomic relaxation was
restricted to the x—y plane. The latter configuration can be thought to
represent bilayer graphene on a flat compliant substrate, for example a
wafer with an appropriate amorphous surface layer.
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caused by partials observed in a, is clearly visible as areal intensity variation in
the (2200) dark-field image (b). Unlike the {1120} reflections in a, {1100} and
{2200} reflections show different rocking curves for AB and AC stacking'®,
meaning that small deviations from the Bragg condition lead to stacking-fault
contrast as seen in the image. ¢, Rocking curves of {1120} dark-field intensities
(in arbitrary units, a.u.) in dislocation-free areas of bi- and trilayer graphene
(black dots) confirming the local number of graphene layers (see Extended Data
Fig. 2 for details). The red lines are calculated rocking curves for bi- and trilayer
graphene (equilibrium interlayer distance of 3.370 A) taking the atomic
scattering factor of carbon (dashed line) plus thermal damping (solid line) into
account (see Extended Data Fig. 2 for details). The abscissa shows the excitation
error s, which is related to the tilt angle and thus characterizes the scattering
condition for each respective dark-field image.
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Figure 3 | Burgers vector analysis. a, b, Series of {1120} (a) and {1100}

(b) dark-field images of the same region as in Fig. 2a (the corresponding
diffraction pattern is given in Extended Data Fig. 4). The {1120} reflections
(a) have a large structure factor for both AB and AC stacking'® owing to the
constructive interference for all atoms, such that relative shifts of the two
graphene sheets in the displacement field of the dislocation lowers the local
diffracted intensity. Therefore, the dislocations appear as dark lines on a bright
background. In contrast, for {1100} dark-field images (b), they appear as bright
lines on a dark background because the structure factor for such reflections
is small owing to partial destructive interference of scattering waves from atoms
in the A and B planes, as a result of which enhanced intensity is obtained in
the displacement field of the dislocations. In contrast to {2200} dark-field
images (Fig. 2b), the {1100} dark-field images do not show pronounced
stacking-fault contrast because the deviation from the Bragg condition is too
small for normal incidence. The diagram below each image shows the Burgers
vector analysis, that is, a comparison of {1120} dark-field images of the same
parallel dislocations (green box and magnified sections below the images).

In the first two images only every second dislocation is visible (the ones that
are seen in the first image are absent from the second one, and vice versa),
whereas the third image shows both. Left of the enlarged dark-field images
are schematic diagrams of the orientation relation between the respective
diffraction vectors g (black arrow) and Burgers vectors b (red and blue arrows).
By applying the g - b = 0 invisibility criterion, the two dislocation types are
identified as 60° partials with Burgers vectors b; = (1/3)[1010] (blue) and

b, = (1/3)[0110] (red). On the basis of these Burgers vectors, the contrast of the
{1100} dark-field images (b) is understood as well. Dislocations show up with
relatively strong contrast if g and b are parallel or antiparallel (|g-b| = 2/3),
whereas they almost vanish if the angle between gand b is 60° (|g*b| = 1/3).
Applying this finding to our reference region, only one variant of the partials
shows up in the top two {1100} dark-field images, whereas only faint or residual
contrast is seen in the third dark-field image. In b, the areal contrast variations
in the trilayer region, marked by dashed lines, are due to changes of the
stacking sequence from ABA (bright) to ABC (dark).
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Before discussing the phenomenon of strain accommodation in detail,
we make comparison with the TEM experiments to validate the model
and to confirm the Burgers vector analysis. In this relation, dark-field
images were calculated using both atomistic configurations (buckled
and flat). Figure 4b compares the experimental and simulated disloca-
tion contrast in {1120} dark-field images (other reflections are shown
in Extended Data Fig. 4). Within the accuracy of the experiment (owing
to residuals on the membrane, the contrast varies slightly between the
dislocations), there is very good agreement between experiment and
simulation (especially using the buckled atomic configuration; see Fig. 4b).
In particular, the applicability of the g * b = 0 invisibility criterion for
determination of the Burgers vector is confirmed.

Most remarkably, the dislocation-induced buckling of the bilayer
graphene could be validated by comparing the second-order derivative
calculated from experimental images (Fig. 4c, lower part) with the respect-
ive distributions obtained from both simulations (Fig. 4c, upper part).
The same curvature (given by the second derivative) at the intensity max-
ima and minima of the original (1120) dark-field image, reflected in bright
lines with similar intensities in the modulus of the second derivative, is
an excellent fit to the prediction of our simulation with the buckled atomic
configuration. Prospectively, membranes with improved quality will
allow for a more precise evaluation of the intensity distribution across
single dislocations, enabling both the optimization of the theoretical
interaction potential between graphene layers and the determination
of the Peierls potential of the dislocations. These results will help to
explain the mechanical properties of bilayer and few-layer graphene.

Figure 4d and Fig. 4e compare the respective profiles of the in-plane
strain components, &y, &, and &,,, for the two layers in both configur-
ations. It can be seen that the buckling completely alters the strain state
of the two graphene layers. In the flat configuration, the normal strain
component, &, shows pronounced maxima and minima at the dis-
locations cores (localized tension and compression of the graphene
layers), whereas the same strain component almost completely levels
out on buckling, resulting in a small and uniform strain (tensile in the
lower layer but compressive in the upper layer) across the whole bilayer
graphene ribbon. For symmetry reasons, ¢,, is almost zero for the two
layers (in both configurations). Unexpectedly, the shear component,
&4y is much more localized in the buckled configuration. As a result,
both the local disregistry, that is, the relative shift of the two layers, and
the Burgers vector distributions are completely different for the buckled
and the flat configurations (compare the respective distributions in the
bottom parts of Fig. 4d and Fig. 4e).

Our simulations demonstrate how sensitively the strain state and
the local stacking of the two graphene layers depend on the topography
of the bilayer graphene. This is of great interest because one key aim of
the field is to engineer a suitable bandgap for applications using strained
bilayer or few-layer graphene. However, the dislocation-induced local
buckling and, in particular, the resulting strain redistribution have been
neglected in the literature so far'*'”*°.

It is worth comparing the basal-plane dislocations in bilayer graphene
with dislocations in monolayer graphene (see, for example, refs 24-26)
and putting both in the context of classical dislocation theory. At first
glance, the two types of dislocations seem fundamentally different. Whereas
the former lie in the plane of the membrane and can be as long as
several micrometres, the dislocations in monolayer graphene possess
an infinitesimally short dislocation line perpendicular to the graphene
membrane (making even the definition of a dislocation line question-
able) and thus seem more like topological defects in a two-dimensional
(2D) crystal. However, in both cases the membranes are embedded in
3D space, allowing for strain relief in the third dimension by, for example,
buckling (see, for example, refs 25,27 for monolayer graphene). In fact,
dislocations intersecting a thin plate in the normal direction were studied
in elasticity theory more than 60 years ago™. The focus was on screw
dislocations (for which there is no equivalent in monolayer graphene),
but in relation to edge dislocations it was stated that in “certain circumstances
an edge dislocation will be able to relieve most of its stress by slight
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Figure 4 | Atomistic simulation of 60° partial dislocations: atomic
configuration, TEM simulation, strain distribution and Burgers vector
distribution. a, Atomistic simulation of a pair of parallel 60° partials as
observed in our bilayer graphene (compare with Fig. 3): 3D visualization, side
view, top view. The blue and red lines mark the dislocation cores. The gradual
change of the stacking sequence, AB <> AC <> AB, across the two partials is
shown enlarged together with the corresponding Burgers vectors of type
(1/3){1100) (blue and red). The total relative shift (black vector) amounts to one
lattice translation along the x direction (total Burgers vector of type (1/3)(1120);
for example, (1/3)[1010] + (1/3)[0110] = (1/3)[1120]). The local bond lengths
and angles are depicted in Extended Data Fig. 6. b, Comparison of experimental
{1120} dark-field images (compare with Fig. 3) with simulated ones that are
based on the buckled configuration in a (blue outline) and, as reference, a flat
one (orange outline). The specific strain states of these atomic configurations
cause different intensity distributions across the dislocations in dark-field
imaging. In particular, the widths of the respective intensity minima are
remarkably different for the two configurations, most notably in the (1120)

buckling of the plate”. Along similar lines, the buckling of a thin foil
due to dislocations lying in the plane of the foil (such as our basal plane
dislocations in bilayer graphene) has also been investigated®. As in our
case, the buckling is caused by an in-plane edge component of the Burgers
vector. Thus, both the edge dislocations in monolayer graphene and
the basal-plane dislocations in bilayer graphene can be viewed as lim-
iting cases of classical dislocations in thin plates.

We have studied basal-plane dislocations in freestanding bilayer
graphene—the thinnest possible crystal that can host such dislocations—
by combining dark-field TEM and atomistic simulations. In contrast to
dislocations in monolayer graphene, the dislocations reported here are
real line defects confined between the two graphene layers. By applying
Burgers vector analysis, we unambiguously identify the dislocations as
partial dislocations with b = (1/3)(1100), causing a change of the local
stacking from AB to AC, and vice versa. The absence of stacking-fault
energy, a unique peculiarity of bilayer graphene, gives rise to a characteristic
equidistant arrangement of dislocations with alternating Burgers vectors
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dark-field images, in which the edge components of both dislocations are
directly probed (further dark-field images with other reflections are depicted in
Extended Data Fig. 4). ¢, Proof of local buckling using the second derivative
of the dark-field intensity distributions. The second-derivative profiles
(obtained from b), the absolute values of which are plotted in the upper part,
are distinctively different for the buckled and the flat configurations. Applying
the same procedure to experimental (1120) dark-field images (lower part)
validates our buckled atomistic configuration. The inset in the second
derivative of the experimental image depicts a representative intensity profile
(averaging over 3 pixels) with characteristic variations. d, e, Atomistic strain
COMPONENts, &y, £y, and ¢,,, for the two layers of the buckled configuration (d)
and for those of the flat reference configuration (e), where the movement

of the atoms during optimization was restricted to the x—y plane (fixed z
coordinate). The distributions are shown together with the disregistry, that is,
the relative shift of the two graphene layers, and the Burgers vector distributions
for the edge and screw components of the partials.

observed in large sample areas. One outcome of this study is that pro-
nounced buckling of the bilayer graphene membrane at the dislocations
enables the partial compensation of the normal strain and, surprisingly,
the complete delocalization of the respective residual compressive and
tensile strains in the two graphene layers. This makes the dislocations
in freestanding bilayer graphene distinctly different from correspond-
ing ones in graphite or other 3D crystals. In contrast to recent publications
on strain solitons'” and stacking-fault boundaries® based on observa-
tions in graphene grown by CVD, in our treatment of the investigated
one-dimensional topological defects in bilayer graphene we consis-
tently use the well-established concept of dislocations in crystalline
solids and extend it to quasi-2D crystals.

We expect our findings to contribute to our understanding of basal-
plane dislocations and their role in tailoring the mechanical and elec-
tronic properties of bilayer and few-layer graphene. Our observation
that such dislocations are already present in the initial epitaxial graphene
on SiC will help explicate the restrictions on the transport properties of
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this high-quality graphene material and should stimulate further stud-
ies on the local defect structure and related changes in the electronic
properties. Furthermore, we anticipate that our freestanding bilayer gra-
phene membranes with a well-defined distribution of parallel partial
dislocations are good candidates for fundamental studies on (anisotropic)
electronic transport in bilayer graphene and its potential use in future
applications.

METHODS SUMMARY

The investigated graphene membranes were prepared from high-quality epitaxial
graphene on 6H-SiC according to a procedure recently described'. State-of-the-
art scanning electron microscopy (SEM) and aberration-corrected TEM including
electron diffraction were used to investigate the local microstructure of the mem-
branes, for example the distribution of graphene layers and their local stacking, as
well as the extended network of basal-plane dislocations in the bilayer graphene.
To confirm the local number of graphene layers, rocking curves of respective mem-
brane regions (bi-, tri- and four-layer graphene) were determined from {1120}
dark-field tilt series. In particular, the specific properties of the observed partial
dislocations, such as Burgers vector, dislocation type and strain-field distribution,
were examined in detail by a systematic dark-field analysis. To prove the local
buckling (expected from our simulations) as well as the associated strain redis-
tribution at the dislocation cores, the experimental data were quantitatively com-
pared to simulated dark-field TEM images. Those TEM image simulations were
based on atomic configurations of the partials, which we derived from calculations
using atomistic interatomic potentials. To reproduce the periodic arrangement of
alternating partials as observed in our bilayer graphene in the calculations, we used
arectangular periodic (185 X v/3) supercell that finally comprises two partials with
alternating Burgers vectors (same edge components, opposite screw components).
Furthermore, in the geometry optimization the atoms were either allowed to relax
freely in all directions or were restricted to the x—y plane to reveal the pronounced
effect of dislocation-induced buckling on the strain state of the membrane. From
those configurations, the local atomistic strain, the disregistry between the two
graphene layers, and the Burgers vector distributions for the edge and screw com-
ponents of the partials were derived by evaluating the displacements of the carbon
atoms.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS

Sample preparation. The graphene membranes have been prepared from high-
quality quasi-freestanding graphene on 6H-SiC according to the elaborated pro-
cedure recently described by the authors'’.

Electron microscopy. Scanning electron microscopy (SEM) in transmission is
conducted using a Zeiss Supra microscope (high tension 10 kV). Aberration-corrected
HRTEM, BF/DF TEM and electron diffraction are performed using a FEI Titan’
80-300 microscope. It was operated at 80kV to prevent electron-beam-induced
damaging of the graphene membranes®. For centred dark-field imaging (exposure
time, 60 s) an aperture with a radius corresponding to 0.065 mrad was used. It has
to be mentioned here that all dark-field images are unprocessed except for his-
togram stretching (constant black level). The rocking curves were derived by
evaluating the dependencies of the local {1120} dark-field image mean intensity
on tilt angle. Therefore, suitable areas in bi-, tri- and 4-layer graphene were selected
(Extended Data Fig. 2, Supplementary Video 1). The TEM sample was azimuthally
aligned within the TEM sample holder with {1120} lattice planes parallel to the tilt
axis of the goniometer, that is, a {1120} reflection perpendicular to the tilt axis.
Theoretical rocking curves for an equilibrium interlayer distance of 3.370 A were
calculated according to kinematic diffraction theory. Damping due to the atomic
scattering factor of carbon®' and the Debye-Waller factor* (mean square displace-
ment of 40 pm?) were taken into account. Using the atomistic models, dark-field TEM
images were simulated by multislice calculation (TEMSIM package + application
of dark-field aperture/microscope transfer function®'). The modulus of the second-
order derivative of the experimental and the theoretical dark-field images was
calculated by applying the Hessian matrix (maximal values) subsequently to
Gaussian smoothing (width of 1.5 pixels in the experimental images, correspond-
ing to 1.7 nm) using FEATURE] (Image]J plugin by E. Meijering).

Modelling. The atomistic simulations were performed with the LAMMPS molecu-
lar dynamics simulator software package®. AIREBO™ and a registry-dependent
interlayer potential®® were used to model the in-plane covalent carbon bonds and
interlayer interactions in bilayer graphene, respectively. With this set-up, we obtain
an in-plane carbon—carbon distance of 1.399 A. The equilibrium separation for
two planar graphene layers in AB stacking (not allowing a buckling of the layers) is

3.370 A, and the cohesion energy amounts to 45.0 meV per atom with respect to
one graphene layer (cleavage energy per atom). Details of the resulting gamma
surface are presented in Extended Data Fig. 5. For the simulations of the dislocation
structures, periodic boundary conditions were applied in the plane of the bilayer by
using a rectangular supercell with dimensions of 185 and /3 times the graphene
lattice constant (2.423 A) in the x and y directions, respectively. One perfect dis-
location with its Burgers vector b = (1/3)[1120] parallel to the x axis was introduced
by adding four more atoms in the top layer. To accommodate the additional atoms,
either one or two sinusoidal height modulations were imprinted into the bilayer.
Structural relaxation of both initial configurations, which included optimization of
the unit-cell dimensions, gave the same result of an equidistant pair of partials.

The analysis of the strain distribution was done separately for the two graphene
layers. The atomic displacements were converted into local strains by using the
concept of local atomistic strain®. At each atom, a local 2D coordinate system,
tangential to the buckled graphene layers, is introduced. The local strain is deter-
mined with respect to the reference configuration of an undistorted graphene
monolayer from the changes of the vectors connecting nearest-neighbour atoms.
The disregistry function and its derivative, the Burgers vector distribution, of the
screw and edge dislocation components were calculated from the normal vectors
to the same local coordinate system used for the strain analysis.
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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.
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Extended Data Figure 2 | Dark-field tilt-series acquisition and
determination of rocking curves. a, Example images (tilt angles given)
of the {1120} dark-field tilt series recorded with the tilt axis (horizontally
aligned) perpendicular to the {1120} 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 {1120} intensities
depending on the tilt angle. The scale bar corresponds to 500 nm. b-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 (Debye-Waller factor) (solid line).
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Extended Data Figure 3 | On the origin of the dislocations. Series of graphene even in wide regions, where the SiC has not been removed by the
related bright-field (a) and {1120} dark-field (b) images of small holes at early ~ wet chemical etching. The area of the freestanding graphene (derived from a),
stages of etching: size of freestanding membranes increases from left to where the SiC is already gone, is marked in red in the dark-field images.
right (compare with the bright-field images in a). Blocking the intensity All dark-field images indicate a high density of dislocations in the observable
contributions from the SiC in {1120} dark-field imaging by using an region around each hole.

adequate objective aperture allows for the defect characterization of the
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Extended Data Figure 4 | Experiment versus simulation. a, b, Compilation

{1120}
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ANEa

are given. For comparison, the simulated dark-field intensity distributions,

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)

obtained from the buckled atomistic configuration (compare with Fig. 4), are
shown as insets. These are in very good agreement with the measured data.
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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 3.370 A. The ideal AB stacking is taken as
the zero-point of energy and the energy differences, AE, 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 [1100]
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 1.4 meV per
atom and 13.5 meV per atom, respectively. For comparison: a simple Lennard-
Jones van der Waals potential, which has been parameterized to give the
same cohesive energy (45.0 meV per atom) and equilibrium layer separation
(3370 A) for AB stacking, would yield SP and AA barriers of only 0.1 meV
per atom and 0.8 meV per atom, respectively.
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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).
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