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With the ability to form sub-Angstrom sized beams and the electron beam’s sensitivity to very small
amounts of material, the electron microscope is a powerful tool for materials scientists and biologists.
With recent developments in detectors, direct and efficient visualization of specimen features such as
long range electric and magnetic fields and light atomic columns are now routine in STEM using
differential phase contrast (DPC) and ptychographic reconstruction.

To achieve this, most reconstruction methods such as DPC and ptychography simplify the complex and
subtle physics of electron scattering, which generally requires a (scattering) matrix solution, Fig. 1(a), by
assuming a specimen much thinner than the electron probe depth of field, this is known as the
“projection approximation”, Fig. 1(b). With an appropriate choice of probe forming aperture such an
approximation is typically valid for low resolution work, such as imaging nanometer scale electric and
magnetic fields, even for samples 100s of nanometers thick [1]. For atomic resolution analysis, where a
finely converged (thus small depth of field) probe is required, the projection approximation has a limited
range of validity, restricting quantitative reconstruction to samples thinner than about 30 A [2,3].

We demonstrate how to overcome this limitation by reconstructing the scattering matrix from
experimental data. We first record a focal series in STEM, Fig. 2(a), using an FEI CETA fast-readout
electron camera to capture the full diffraction pattern for each probe position (ie. a focal series of 4D
STEM scans). We use a 230 A silicon sample oriented down the [110] axis for this proof of principle
experiment. Using small virtual diffraction plane detectors, Fig. 2(b), we synthesize a focal series of
bright field STEM images, Fig. 2(c), and perform iterative focal series wave function reconstruction on
each of these series. The resulting set of complex wave functions, shown in Fig. 2(d), is a representation
of the scattering matrix. Using some known, general symmetries of this matrix we can solve for the
Fourier coefficients of the specimen electrostatic potential [4]. The resulting reconstruction is improved
relative to that achieved in DPC, as shown in Fig. 2(e), however experimental artifacts, including spatial
incoherence of our STEM instrument and residual aberrations of our probe forming lens limit the quality
of our reconstructions [5]. With the next generation of microscopes coming online these limitations can
be more easily overcome and lead to routine reconstruction of thick and strongly scattering samples [6].
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Figure 1. (a) In general the scattering of a fast electron (incident wave o) must be modeled using a
scattering matrix (S). (b) The projection approximation assumes a very thin specimen, resulting in a

m E
|
|
Scattering matrix
reconstruction

(c)

Defocus (A)

(e)
DPC reconstruction

0o Qo
51" l 38A

Qo 1

. 54A

simpler model where the illumination is multiplied by a specimen transmission function T in real space .
Figure 2. A scattering matrix reconstruction from a focal series of STEM data show in (a). Images are
synthesized from the diffraction patterns in (b) and a montage of these images is shown in (c). Iterative
wave function reconstruction is performed on each image set — results are shown in (d) — and the
crystalline structure, shown in (e), is solved using the method in ref. [4] with a DPC reconstruction
shown for comparison.
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