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            Abstract
Until now it has not been possible to image at atomic resolution using classical electron tomographic methods1, except when the target is a perfectly crystalline nano-object imaged along a few zone axes2. The main reasons are that mechanical tilting in an electron microscope with sub-ångström precision over a very large angular range is difficult, that many real-life objects such as dielectric layers in microelectronic devices impose geometrical constraints and that many radiation-sensitive objects such as proteins limit the total electron dose. Hence, there is a need for a new tomographic scheme that is able to deduce three-dimensional information from only one or a few projections. Here we present an electron tomographic method that can be used to determine, from only one viewing direction and with sub-ångström precision, both the position of individual atoms in the plane of observation and their vertical position. The concept is based on the fact that an experimentally reconstructed exit wave3,4 consists of the superposition of the spherical waves that have been scattered by the individual atoms of the object. Furthermore, the phase of a Fourier component of a spherical wave increases with the distance of propagation at a known ‘phase speed’. If we assume that an atom is a point-like object, the relationship between the phase and the phase speed of each Fourier component is linear, and the distance between the atom and the plane of observation can therefore be determined by linear fitting. This picture has similarities with Big Bang cosmology, in which the Universe expands from a point-like origin such that the distance of any galaxy from the origin is linearly proportional to the speed at which it moves away from the origin (Hubble expansion). The proof of concept of the method has been demonstrated experimentally for graphene with a two-layer structure and it will work optimally for similar layered materials, such as boron nitride and molybdenum disulphide.
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                    Figure 1: 
                        Big Bang analogy.
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Figure 2: 
                        Phase of the exit wave of a two-layer graphene object.
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Figure 3: 
                        Steps in the Hubble analysis.
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Figure 4: 
                        Hubble plots and histogram of the focal distance.
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        Editorial Summary
Atomic resolution electron tomography
State-of-the-art electron microscopy can readily resolve structures with subatomic resolution, but making three-dimensional images of similar resolution is a tougher challenge. Here, Dirk Van Dyck and Fu-Rong Chen describe an original image-reconstruction method that extracts information on the whereabouts of all atoms, in the plane as well as in the vertical direction, from just one projection. The concept is based on the assumption that each atom acts as a point source, scattering spherical waves that propagate to the detector, where they interfere with spherical waves from other atoms. The observed 'exit wave' contains information on all atoms in the sample, and can be retrieved using appropriate algorithms. The approach is demonstrated experimentally for a two-layered graphene sample. The authors note that their reconstruction technique resembles that used by cosmologists to construct a Hubble plot, hence the name 'Big Bang tomography'.
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