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Stacking two-dimensional van der Waals (vdW) bilayers with an offset in lattice periodicity— due to
dissimilar lattice constants and/or rotational misalignment—produces a moiré superlattice with a
periodicity that is inversely related to the magnitude of interlayer mismatch. The moiré pattern
superimposes a nanoscale periodic potential on the vdW material and dramatically alters the electronic
band structure of the system [1]. As such, moiré materials assembled from graphene, hexagonal boron
nitride (hBN), and transition metal dichalcogenides (TMDs) have proven to be versatile platforms for
designing electronic band structures [2-7]. For example, twisted bilayer graphene (TBG) displays a host
of correlated electronic phases, including unconventional superconductivity [3] and ferromagnetism [4],
as well as enhanced electrochemical activity [7] near an interlayer “magic angle” of 1.1°, which is
associated with the formation of ultraflat electronic bands near the Fermi level.

While valued for their tunability, the unique band structures in moiré materials are fragile and can be
easily manipulated by small structural deformations [8], disorder [9], and strain [10,11]. One of the most
consequential structural modifications in moiré superlattices is an intrinsic lattice reconstruction process,
which also generates intralayer strain and can suppress flat band formation in TBG [8]. In addition,
extrinsic uniaxial heterostrain [10] and structural disorder, such as twist angle gradients [9], can both be
introduced during the sample fabrication process. Visualizing the structure and strain fields of moiré
superlattices is thus paramount to understanding and controlling their emergent electronic and chemical
behavior.

Here, we demonstrate a technique based on four-dimensional scanning transmission electron microscopy
(4D-STEM), termed Bragg interferometry (Fig. 1), that enables direct visualization of deformations
underlying reconstruction, precise measurement of strain fields, and quantitative assessment of structural
disorder in moiré superlattices (Fig. 2) [12]. TBG samples are fabricated using the ‘tear-and-stack’
method, introducing interlayer twist angles, 6, ranging from 0.1-1.6°. Four-dimensional STEM
datasets are acquired using a Gatan K3 direct detection camera on a TEAM | microscope (aberration-
corrected Thermo Fisher Scientific Titan 80—300) operated in energy-filtered STEM mode at 80 kV with
a probe convergence angle of 1.71-3 mrad. There is interference between the electrons diffracted by the
two layers of the moiré superlattice, leading to a modulation in the intensity of overlapping Bragg disks
in the acquired diffraction patterns based on the local interlayer stacking order (Fig. 1a). Thus, a unique
interlayer displacement vector can be calculated for each pixel in the 4D-STEM scans (Fig. 1b), yielding
full displacement fields (Fig. 1c—e).
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By differentiating the vector-valued displacement fields, we then probe the mechanics of lattice
reconstruction at and near the magic angle in TBG (Fig. 2¢), unveiling a previously undetected evolution
of reconstruction as a function of twist angle that explains the frustration of flat band formation at
theoretically predicted magic angles <1.1°. We also illustrate the strong interplay between
reconstruction strain fields (Fig. 2d) and uniaxial heterostrain in TBG and evaluate intrinsic short-range
disorder in the form of twist angle and heterostrain fluctuations (Fig. 2a, b). Our results provide a
framework for directly visualizing structural relaxation, disorder, and strain in a wide array of moiré
materials, including those in complex multilayer heterostructures [13].
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Figure 1. a) Schematic of 4D-STEM of an hBN/TBG heterostructure, showing Bragg disks of
azimuthally misaligned layers. b) Schematic of the routine for fitting Bragg disk intensities to local
displacement vectors u. The bottom-right image shows the 2D hue—value colorization scheme used to
produce displacement maps from the fitted displacement vectors. c—e) Displacement field maps for TBG
at with 6, = 0.16° (c), 0.63° (d), and 1.03° (e). Scale bars 20 nm.
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Figure 2. Maps showing intrinsic twist angle (a) and heterostrain (b) disorder, reconstruction rotation
(c), and maximum shear strain (d) generated from the displacement field in Fig. 1e, with an average 6,
=1.03°. Scale bars 20 nm.
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