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Abstract

Ripples and impurity atoms are universally present in 2D materials, limiting carrier mobility, creating
pseudo—magnetic fields, or affecting the electronic and magnetic properties. Scanning Transmission
Electron Microscopy (STEM) generally provides picometer-level precision in thesdetermination of, the
location of atoms or atomic “columns” in the in-image plane (xy plane). However, precise atomic positions
in the z-direction as well as the presence of certain impurities are difficult to detect. Furthermore, images
containing moiré patterns such as those in angle-mismatched bilayer graphene compound the problem by
limiting the determination of atomic positions in the xy plane. Here, we introduce a reconstructive approach
for the analysis of STEM images of twisted bilayers that combines the accessiblexy coordinates of atomic
positions in a STEM image with density-functional-theory calculations. The approach allows us to
determine all three coordinates of all atomic positions in the bilayer and.establishes the presence and identity
of impurities. The deduced strain-induced rippling in a twisted bilayer graphene’sample is consistent with
the continuum model of elasticity. We also find that the moiré pattern induces undulations in the z direction
that are approximately an order of magnitude smaller than the, strain-induced rippling. A single
substitutional impurity, identified as nitrogen, is detected./The present reconstructive approach can,
therefore, distinguish between moiré and strain-induced effects and allows for the full reconstruction of 3D
positions and atomic identities.

Keywords

Scanning Transmission Electron Microscope, bilayer graphene, Density Functional Theory, rippling, strain,
graphene
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1. Introduction

Graphene has been hailed and studied for its wide range of potential electronic and mechanical applications.
Rippling has been seen at a variety of length scales in graphene systems [1-6], changesitheir electronic,
magnetic, and other properties [1] and can induce a pseudo—magnetic field [2]. Bilayer graphene has also
been extensively studied for a multitude of applications such as diodes, transistors, ‘@ptoelectronics, and
superconductivity [7-14]. For some of these applications, the tunability of its band gap'is a valuable feature.
Angle-mismatch between the layers of bilayer materials is common and leads to the formation of a moiré
pattern. Moiré patterns in two-dimensional (2D) materials often obscure vital information when imaged,
such as the underlying layer in Scanning Tunneling Microscopy (STM) and the localization of individual
atomic “columns” in Scanning Transmission Electron Microscopy (STEM). Yet, obscured information can
play a major role in determining the properties of the material, especially the presence.of defects, interstitial
dopants between the layers, and rippling, which affect both electronic and magnetic properties [1,2].

Aberration-corrected STEM is a quantitative tool that is capable of locating,atomic columns in crystals with
picometer-level precision. The ability to achieve sub-pixel precision in the lacation of the center of an atom
or atomic column in STEM images has been demonstrated through, the use of center-of-mass and 2D
function fitting, which in turn has been used to help determine‘the properties of complex structures such as
thin films, superlattices, and nanoparticles [15-19]. While STEM possesses picometer-scale resolution in
the in-image-plane (xy plane), the resolution perpendicular tothe.image-plane (z direction) is approximately
a nanometer, which limits the instrument’s ability to study rippling in 2D materials. In many important
cases, precise determination of the xy coordinates of all atoms or atomic “columns” is not possible, e.g., in
bilayers in which an angle mismatch between the layers exists and leads to moiré patterns. In such cases,
due to apparent overlaps of atoms in the projected image, it isiimpossible to determine where one atom ends
and another begins. Nevertheless, even in these materials systems, isolated areas exist that have clear and
discernible atomic columns where it is possible to locate a subset of atomic coordinates with high precision.

In this paper, we focus on nanoscale rippling in angle-mismatched bilayer graphene (the two layers are
rotated with respect to each other) and demonstrate a reconstructive approach that allows us to determine
the xyz coordinates of all atoms by‘using the xy coordinates of only the limited number of discernible atoms
in the bilayer image and performing_suitable density-functional-theory (DFT) calculations. By combining
the information obtained from the distances between moiré nodes (from here on referred to simply as nodes)
and those atomic positions that can be accurately extracted from the STEM image, a defect-free reference
patch is constructed. DFT is then used to.optimize the atomic coordinates in the reference patch under the
constraint of the known xy ‘atomic ceordinates. By simulating the STEM image using the optimized
reference patch, a local-area correlation is done with the experimental image. Areas of low correlation are
then attributed to the presence of defects. The atom(s) in areas of low correlation can then be replaced by
likely defect candidates.and the local-area correlation is repeated until the defect causing the low correlation
is identified. In the present case, only a single atomic site exhibits low correlation and we are able to identify
it as substitutional mitrogen. The z information for each layer can further be used to quantify the rippling in
the sample. In the.case:at hand, the predominant source of rippling is determined to be caused by strain in
the sample. Furthermore, the distance between the two layers can be used to determine the moiré-pattern-
induced undulations, which“are in agreement with those previously predicted by theory [20]. The
reconstructive analysis‘of bilayers, which is accomplished by combining STEM with DFT to determine
atomic coordinates,in three dimensions, while potentially computationally expensive, allows for a complete
characterization of nano-rippling in a way that is impossible from imaging alone.
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2. Methods and Materials
2.1. Sample preparation and data collection

High-quality graphene was grown on copper foils using atmospheric-pressure chemical vapor depaosition
(CVD) [21]. The graphene was subsequently transferred to TEM grids [22] following a direct transfer
procedure [13]. A TEM grid was placed upside down directly on top of a copper foil coated with €VD
graphene forming a stack. A drop of isopropyl alcohol (IPA) was applied to the stack. Upon evaporation of
the IPA, graphene was pulled from the copper surface and adhered strongly to the TEMgrid. Excess copper
was removed with CE-100 copper etchant. The remaining TEM grid with graphene wasyrinsed in three
baths of deionized water and IPA. This procedure resulted in large coverage of residue-free monolayer
graphene and, critically, some regions of bilayer graphene originating fromimonalayer graphene that folded
during transfer. =

The bilayer graphene was experimentally analyzed using annular dark. field (ADF) imaging on a Nion
aberration-corrected UltraSTEM 100, operated at an accelerating voltage of 60 KV [23]. Figure 1(a) shows
an atomic-resolution ADF image (1024 x 1024 pixels) of angle-mismatched bilayer graphene. To reduce
noise in the image, Figure 1(a) was filtered with a Gaussian blur. [24].with a standard deviation of two
pixels, producing figure 1(b). Figure 1(b) shows both the atomic columns of individual carbon atoms and
the moiré pattern caused by the incommensurate rotation angle.

2.2. Determining the angle of relative rotation .

To determine the angle of relative rotation between the two layers of graphene (figure 1a-1b), a Gaussian
blur with a sigma of 10 pixels was applied to the original image (figure 1c-d). From this image, it is clear

Figure 1. (a) ADF STEM image of a graphene bilayer with relative rotation between the layers
(mismatched or twisted graphene bilayer), as acquired. (b) The same image with a small Gaussian
blur moreclearly shows the presence of two types of moiré nodes in the moiré pattern (primary —
higher intensity, secondary — lower intensity). (c-d) The same image with a heavy Gaussian blur
used todindicate the deviations from a perfect moiré pattern due to strain. (c) Distances between
secondary and primary nodes (in nm: black) and angle between secondary nodes around a central
primary node (in degrees: red). (d) Distances between secondary nodes (in nm: black).
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that there are two different types of moiré nodes in the moiré pattern: brighter nodes that correspond to
areas of highest lattice correlation (primary nodes, AA stacking) and dimmer nodes that correspond.to areas
of highest anti-correlation (secondary nodes, AB stacking) of the two lattices. In order to determine the
angle of relative rotation between the graphene layers, the distance between the moiré nodes must be
determined. The moiré nodes were isolated by first using an image threshold of 75% of the maximum
intensity followed by density-based clustering [25]. Once the moiré nodes where isolated, a center-of-mass
algorithm was used to find the center of each node while the average intensity of the node:was used to
determine if a node is primary or secondary. Using the center point of each moiré node, the distance between
a primary node and its surrounding secondary nodes (Figure 1c), the distance hetween the:secondary nodes
around the primary node (Figure 1d), and the angle separating the secondary nades aroufd the primary node
(Figure 1c) were calculated. These distances and angles are not uniform, implying the presence of strain in
the sample. ~

The angle 6 of relative rotation between the two layers can then be determined fromthe primary-to-primary
moiré-node distance via [26]:

L) = ab
Va2 + b? —2abcos B 1

4

where a and b represent the lattice constants of.the two layers. For bilayer graphene, both are 2.46A. By
substituting these values into Eqg. 1, we obtain:

2.46
2 sin 9/2 2

Due to the variance in the moiré node distancesy.an average node-to-node distance was used to find the
angle of relative rotation. To improve the average, not only were the primary-to-primary moiré node
distances (L) used, but secondary-to-primary moiré-node distances (L) where converted into related
primary-to-primary moiré-node distances using simple trigonometry:

N
Ly = 2c0s(30°) Lys = V3Ly. 3

L(O) =

Using the average node-to-node distance, the angle of relative rotation was found to be 4.45° in the present
case.

2.3. Filtering image and identification of individual atomic columns

In order to identify individual atomic positions, the original image was filtered to remove unwanted image
collection phenomena such-as.noise and surface contamination. Due to the nature of the moiré interference,
atomic columns.ean only be distinguished around the center of a moiré node, whereby it is only necessary
to filter these areas."Using the center of each moiré node, a box 201x201 pixels was removed from the
image for filtering., A similar box area extraction (Figure 2) was used throughout this paper and is referred
to as_‘‘loecalarea extraction”.
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Figure 2. Example of local area extraction of a 11x11 area (red and.yellow areas) around a center pixel
(yellow area) from a 29x29 pixel image.

The extracted areas around moiré nodes were filtered using a previously reported filtering technique that
utilizes principal component analysis (PCA) to remove noise,and surface contamination from the
image[27]. This filtering technique requires slicing the image into¥smaller sub-images, each of which is
then filtered separately using statistical correlations to'remove noise and surface contamination. The full
image is then reconstructed from these filtered‘sub-images.

For the secondary moiré nodes, this level of filtering isadequate. However, for primary moiré nodes where
distinguishable atomic columns are closer.together, an additional filtering step was necessary. This filtering
step consists of a 2D correlation with an‘ideal atomic column (a 2D Gaussian). At each pixel, a local area
(Figure 2) of 21x21 pixels was extracted. These areas where passed through a 2D cross-correlation [28]
defined by

_ Zm Zn(Amn - /I) (an - E)
N (%Zn(‘qmn — D)) Em ZnBmn — B)?)

r(4, B)

with A being the extracted area and B a 2D Gaussian with a sigma of 13 pixels. In each node, the atomic
columns were identified,using two_common image analysis techniques, intensity thresholding followed by
density-based clustering [25].

2.4. Creating the initial unit cell and DFT calculations

DFT simulations of/the entire.image is computationally prohibitive due to the number of atoms required to
make a periodic,image with a'small relative rotation angle. Instead, a patch was used. We considered an
area of the'image that:encompasses two primary and two secondary nodes and constructed a corresponding
idealized patch by taking two pristine graphene lattices overlaid in an AA-stacking configuration and a
separation'of 3.5 A. The top lattice was then rotated to the desired angle of relative rotation (4.45°) using
the center of a hexagon as the rotation point. The atomic coordinates in this idealized bilayer graphene patch
are then replaced by the coordinates of the atomic columns that where determined from the experimental
imagexProtruding atoms that contain only a single carbon-carbon bond were removed from the edge of the
patch. Edge atoms with fewer than three neighbors were passivated with hydrogen atoms.
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The constructed bilayer patch consists of 899 carbon atoms and 111 hydrogen atoms, with the, patch
spanning 45.64 x 39.31x 3.5 A. The patch was placed into a unit cell spanning 55x55x25,A. DFT
calculations were performed using the Vienna ab initio Simulation Package (VASP) [29] with the Brillouin
zone sampled at the I' point only. The exchange-correlation functional was described via the Perdew-Burke-
Ernzerhof parametrization [30] of the generalized gradient approximation. A van der Waals dispersion
correction was included via Grimme’s DFT-D3 method [31] and the DFT-D3 plus Becke=Jonson damping
method [32]. The DFT-D3(BJ) correction produced results in better agreement with the experimental data
as in a previous study of bilayer graphene by Lebedeva et al. [33]. The projector-augmented wave (PAW)
method [34,35] was used to describe the interaction between core and valence electrons and.the plane-wave
basis-set cutoff energy was set as 400 eV. During structural optimization, the x- and y-coordinates of atoms
that could be determined from the experimental data were held fixed whilesthe x- and y-coordinates of the
rest of the atoms and the z-coordinates of all atoms were allowed to move until allresidual forces were less
than 0.01 eV/A.

3. Results and Discussion

To test how well theory recovered the atomic coordinates of all the atoms, the patch described above was
removed from the original image and filtered in its entirety using the PCA'filtering as in Section 2.3. The
DFT-optimized patch (Figure 3a) was used to simulate the STEM image using the QSTEM simulation
software [36] (Figure 3b). The beam parameters for the simulation were taken from those used during the
experimental image acquisition, with the focus varied until the simulation was visually similar to that in the
filtered patch (Figure 3c). To compare the simulated and experimental images, a local-area 2D cross-
correlation (Eq. 4) was employed between the filtered @and simulated STEM images. This procedure
necessitated the interpolation of the simulated image on to the:'same coordinate system as the experimental
image. Once the two images were in the same coordinate system, a local area (Figure 2) of 27x27 pixels
was extracted from both images at each pixel. The correlation between simulation and experiment is very
good, over 0.8 in most places, with 1.0 indicating.perfect correlation (Figure 3d), providing confidence that
the deduced atomic positions are correct or extremely close to the actual positions. Any defects in the
experimental lattice should appear.as areas of low:correlation.

(b) Simulated STEM (C) Filtered STEM (d) Cross-correlation map

(a) Relaxed positions

et
......

AN

@ layer 1
Llnm ©Layer 2

Figure 3. (a) Atamistic model showing the optimized positions of all carbon atoms with the two layers
in different colars,(b) PCA filtered simulated image of the post-DFT-optimized locations. (c) PCA
filtered patch from the original image. (d) Map of local 2d correlation coefficients between the filtered
simulated.image and the filtered experimental image.
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(a) Overall cross-correlation :
(b) Layer 1 cross-correlation map (c) Layer 2 cross=correlation

map map

Figure 4. (a) 2D cross-correlation map with area of interest.highlighted and separated into (b) layer 1

with atom of interest highlighted and (c) layer 2 withatom.of interest highlighted.
&
While edge effects cause areas of low correlation to oceur/near the edge of the patch, one significant area

of low correlation just above the center of the pateh stands'out (figure 4a). In order to determine if this area
of low correlation is caused by a defect or is a limitatien of the present reconstructive-analysis method, the
most probable defects can be inserted into the optimized DFT patch and the patch re-optimized. First,
however, the coordinates of the atom(s).that _cause the low correlation must be determined by separating
the 2D cross-correlation map into a cross-correlationsmap for each layer (Figure 4b-4c). This separation is
done by extracting local areas (Figure 2) fromthe 2D cross-correlation image at every atom in the lattice
using a box 21x21 pixels. Thesedocal areas are then averaged and the results are interpolated onto the
coordinate system of the 2D cross-correlation image. We find that the observed area of low correlation is
centered in each layer on a single atom. The xy coordinates of these atoms are extremely close together,
making it impossible to determine which layer contains the defect. Although it is impossible to determine
which layer the potential defectiis iny it.is possible to narrow it to a single atom in each layer (Figure 4b-
4c)

With the possible location‘of the defect causing the low correlation narrowed down to two potential atomic
sites determination of the defect type was performed. A set of the most likely defects was analyzed including
a carbon monovacancy and.substitional boron, nitrogen, and oxygen atoms. The previously optimized DFT
patch was modified and re-optimized, with each defect type tested at each of the two candidate sites. A
simulated STEM ‘image was then generated for each patch and new 2D cross-correlation maps were
calculated to determine if.any of these defects improved the overall correlation (Figure 5a). These new 2D
cross-correlation maps were compared with the original defect-free scenario visually and statistically using
the percent change in cross-correlation around the area of low correlation (Figure 5). Based on both the
visual and statistical'comparisons, the low correlation is most likely caused by a substitional nitrogen defect
in layer 2.

Thez information from the optimized DFT positions was interpolated onto a square lattice. The optimized
z displacements show two clear ripples in both layers (Figure 6) in the primary-primary node direction.
Theseripples have a height of ~0.75 A (using the distance of highest to lowest atom in each layer’s graphene
lattice) and the peak-to-peak distance of the two ripples is ~1.5 nm. When comparing the rippling predicted
by-the optimized reference patch with the experimental image, a correlation between the rippling and the
background intensity can be visually observed. To determine the exact wavelength and amplitude of the
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Figure 5. (a) Plot of the effect on the local 2D cross correlation when.atoms are substituted, (b) zoomed
in area of cross-correlation map for pristine bi layer graphene, (¢) Carbon in layer 2 is replaced by
oxygen, (d) Carbon in layer 2 is replaced by nitrogen (e) Carbon in‘layer 1 is replaced by nitrogen, (f)
Carbon in layer 2 is replace by boron, and (g) Carbon in-dayer 1.is replaced by boron.

&

rippling, the positions of the atoms were treated as a grid-of-points with coordinates (x,y,z). The atomic
positions were then interpolated onto a square grid with.a tight spacing between points, ~0.1 A (Figure 6a-
6b). Once the two layers were interpolated onto a square grid (Figure 6a-b), line profiles were taken across
the images. The line profiles were taken leftto-right along the x axis through the center of mass of the image
in Figure 6 a and b, with 100 line profiles spread along an area between +5 A from the center of mass. The
images were then rotated by increments of 2 degrees around the center of mass of all the image was then
rotated and the line profiles again extracted until the average wavelength extracted from the top and bottom
layer matched. Using this method the wavelength and amplitude for the layers where found to be 1; =
14.64 + 0.614, A; = 0.73 + 0.08 A, and A3)= 14.64 + 0.54 A, A, = 0.77 + 0.064, giving an average
wavelength and amplitude of 2.=.14:64 + 0.57 Aand A = 0.75 + 0.07 A,

To estimate the amount of strainy/the primary-to-primary node distance and the secondary-to-secondary
node distance in the patch were compared to the ideal distance based on the average angle of relative
rotation in the whole image. The patch was chosen so that the primary-to-primary node distance and the
secondary-to-secondary-node distance are at approximately 90° to each other in the patch, allowing the
strain in each direction to be directly related to the compressive and tensile strain:

AL

£=—
I 5
£

v=|Z 6
gx
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Figure 6. Displacement of the atoms perpendicular to‘the imaging-plane from the optimized positions
produced by DFT for (a) the bottom layer, and (b) the top layer. (c) Atomistic model of the rippling
relative to the layer separation.

In Eg. 5 [37], L is the predicted node-to-node distance based on the average angle of relative rotation
(4.45°) and AL is the difference between L and the measured node-to-node distance. Using Eqg. 5, a tensile
strain of &, = 6.78% and a compressive strainyef &, =1.23% were calculated. Then, using Eg. 6, an
estimate of the in-plane Poisson’s ratio (v) canbe determined as 0.18 for the patch. Using well-converged
DFT calculations, we find that fordooth AA- and AB-stacked bilayers, as well as monolayer graphene, the
in-plane Poisson ratio (v) is 0.19, in agreement with experimental measurements on graphene and graphite
[38], indicating that there is practically no'sensitivity to the number of layers for the in-plane Poisson’s ratio
in both theory and experiment.

Given the presence of strain-induc?d rippling in our sample, the question arises whether the observed
rippling obeys continuum mechanics. For example, monolayer graphene appears to satisfy [4,5,39] or
violate continuum mechanics [40,41],/depending on the particular geometric setup conditions [42]. The
continuum mechanics model of strained elastic sheets can be written either in terms of an applied tensile
strain or in terms of a compressive strain. When uniaxial tensile strain is applied to an elastic sheet of length
L and thickness t, the wavelength (1) and amplitude (A) of rippling are given by [43]:

A= 2rLt)/2[3(1 —v2)e, ]~V 7
A= (vL)V?[16e,/(3m2 (1 — v¥))]*, 8

where v is the in-plane Poisson’s ratio and ¢ is the applied strain along the length. Likewise, for
compressivestrain of magnitude ,, the relevant equations are [39]:

A= 2rLe)Y2v1/*[3(1 - 1/2):53,]_1/4 9

A = (WLOY2[16e,/(3n2(1 — v2))] ™. 4
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Figure 7. (a) Layer-separation between the two layers from the eptimized positions. (b) Layer-
separation (black solid line) and z rippling for the top'layer (red dotted line) across the line
profile shown in (a).

4
Equations 7, 8 and 9, 10 are fundamentally related through the in-plane Poisson’s ratio for the magnitude
of tensile and compressive strains (e, = ve,). Inthe current experimental setup, it is difficult to concretely
define L. Furthermore, there is an ambiguity in how to.define the thickness of atomically thin materials.
Therefore, we can use Eqgs. 7 and 8 to derive a relationship:between A and A in terms of g,

A
A= ;(Zvex)l/z, 5

or Egs. 9 and 10 to derive such a relationship in terms of ¢,

pl 1/2
a="(28) " 6

Using the average extracted wavelength of' A = 14.64 + 0.57 A with a Poisson’s ratio of 0.19 in Eq. 12
gives an expected amplitude 0f A = 0.73 + 0.03 A. This expected amplitude and our extracted amplitude
of A = 0.75 + 0.07 A agree within uncertainty, implying that the observed rippling in bilayer graphene is
consistent with the continuum theoery of elasticity. Previous works have sparked the controversy as to
whether rippling in graphene.does, obey [44] or does not obey [40] the continuum theory model; while in
the present case for bilayer graphene, the rippling does obey the continuum theory.

Undulations in the Z direction in bilayer graphene with a low angle of relative rotation result in a change in
the separation between the-layers that coincides with the intensity change of the moiré pattern [45]. To
study the z undulations caused.by the angle of relative rotation between the two layers of bilayer graphene,
the distance _between the layers (Figure 6a-b) is used (Figure 7a). To measure these undulations in the
current data, a seriesof line profiles were taken along a path between the centers of the primary moiré nodes
in the patch. These line profiles show undulations with a wavelength that matches the primary-to-primary
node distance and an amplitude of 0.07A (figure 7b). Semiclassical theory [45] predicts these undulations
to have an amplitude of ~0.1 A, which is slightly larger than what is observed in our optimized unit
cell. An interesting note is that the strain-based rippling along the same line profiles (Figure 7b)
appears;to‘have the same wavelength and orientation as the moiré rippling; however, the strain
rippling amplitude is an order of magnitude larger. Due to the moiré undulations and the strain
rippling’being aligned, the moiré-induced undulations would be undetectable without the aid of DFT.
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This orientation match between the moiré-induced undulations and strain-based rippling.might
simply be a coincidence or an actual correlation.

4. Outlook

We have introduced a reconstructive analysis methodology to deduce the coordinates in all three spatial
dimensions of the atoms that cannot resolved from one another in an experimental, STEM image. The
approach is not only able to deduce the xy information that is lost in the STEM image, but also provides
information in the z direction for which STEM provides little information. The z information clearly shows
rippling in the direction of strain as would be expected and in line with the.eontinuum model. The method
relies on the assumption of a defect-free lattice, but, using local-area correlation; it is possible to identify
the location of potential defect areas. By inserting defects into the lattice computation and then re-
optimizing the lattice, it is possible to identify the defect by optimizing the local.correlation map in a self-
consistent manner.

While we have demonstrated success using a STEM image, the same. approach can be performed using
other atomic-resolution imaging techniques. Scanning tunneling microscopy (STM) could be an ideal
candidate. STM can resolve individual atoms, but, like STEM, has a “blind spot” preventing full three-
dimensional measurement of positions in bilayer or multi-layersystems. STM has very high resolution in
the z-direction normal to the surface and good resolution in the xy.plane of the surface, but is predominantly
sensitive only to the outermost layer of atoms. STM provides little information about the lower layer in a
bi-layer system. A number of atomically-resolved STM studies have identified rippling in both mono- and
multi-layer graphene [46—48]. The details of the subsurface structure influences the surface layer at a level
that can be observed by STM, i.e. changes in the vertical positions of atoms located above or between atoms
below. The present reconstructive-analysis.approach, combining data analysis of measured atomic positions
with DFT modeling should identify the missing subsurface atomic structures and could resolve outstanding
questions on friction and the origins of rippling:

5. Conclusions

We have demonstrated an approach fer thefecovery of atomic positions in three dimensions that cannot be
determined from the raw data alone. Using a STEM image of bilayer graphene as the test case, the xy
positions of all atoms were recovered and the z positions deduced. The z positions were validated through
the 2D cross-correlation of the simulated STEM image with a filtered raw-data image. Defects in the bi-
layer graphene sample were detected by the presence of areas of low correlation in the 2D cross-correlation
map. It is then possible to use the correlation maps to identify the type of defects in a self-constant manner.
In the present casesa defect was found and identified as a substitutional nitrogen. The z positions show the
presence of nanometer-scale/rippling consistent with the continuum elastic model. Furthermore, we find
that the angle of relative rotation in the bilayer causes additional moiré-induced undulations in the atomic
positions. It should be possible to further extend this methodology to other types of atomically-resolved
microscopyysuch as STM.
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