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Abstract

High quality scanning transmission electron microscopy (STEM) data acquisition and analysis has become increasingly important due to the
commercial demand for investigating the properties of complex materials such as battery cathodes; however, multidimensional techniques (such as
4-D STEM) which can improve resolution and sample information are ultimately limited by the beam-damage properties of the materials or the
signal-to-noise ratio of the result. subsampling offers a solution to this problem by retaining high signal, but distributing the dose across the sample
such that the damage can be reduced. It is for these reasons that we propose a method of subsampling for 4-D STEM, which can take advantage
of the redundancy within said data to recover functionally identical results to the ground truth. We apply these ideas to a simulated 4-D STEM
data set of a LiMnO2 sample and we obtained high quality reconstruction of phase images using 12.5% subsampling.

I. INTRODUCTION

Scanning transmission electron microscopy (STEM) is a powerful tool for imaging the complex sub-nanoscale structures of various
materials, such as battery materials, or nano-electronics. In STEM, a focused beam of electrons is moved over the sample in a raster
fashion and various signals are acquired. Four-dimensional STEM (4-D STEM) is growing within the field thanks to its multi-modal imaging
methods. As shown in Fig. 1, a 2-dimensional (2-D) diffraction pattern is acquired by a pixelated detector for each probe location, hence
forming a total data set where each data-point is indexed by its reciprocal and real space locations [1]. First developed by Hoppe in 1969 [2],
one popular use case of 4-D STEM is in ptychography – the phase change induced by the sample is recovered through a phase retrieval
algorithm, meaning low atomic number elements can be resolved [3].

However, the advances made over recent years to reduce lens aberrations [4] have led to smaller, more intense electron probes [5], which
can ultimately destroy the sample prior to reliable observation. Furthermore, if the user wishes to collect 4-D STEM data as demonstrated
in Fig. 1, this can increase acquisition times and lead to further exposure of the beam to the sample. A common approach to overcoming
the limitations of STEM for beam-sensitive materials is through low-dose techniques [6–8]. However, this comes with lower signal-to-noise
ratio (SNR) [9]. An alternative method to overcome the issues of acquisition speed and beam damage is through subsampling. This has been
demonstrated as a powerful technique for this purpose in several works, including annular dark-field (ADF) STEM imaging [10], focused
ion beam (FIB) microscopy with scanning electron microscopy (SEM) [11], 4-D STEM [12], and STEM simulations [13, 14].

This work aims to show that 4-D STEM subsampling is robust to the recovery and observation of lithium in the case of ptychography, by
first subsampling and inpainting the data, followed by applying the Wigner Distribution Deconvolution (WDD) algorithm to recover phase
images.

II. METHODS

In this section we present our compressive 4-D STEM acquisition model, data recovery method, and phase retrieval solution using WDD.

Acquisition model. Let X ∈ RP1×P2×D1×D2 be the discretised 4-dimensional representation of fully sampled 4-D STEM data using an
electron probe scanning P1 ×P2 positions on the sample and using a D1 ×D2 pixelated detector. This data can be represented as a matrix
X ∈ RP×D , with P = P1P2 rows and D = D1D2 rows: each row contains a vectorised version of a diffraction pattern collected at one
probe location and each column contains a vectorised version of a probe-wise slice of the 4-D data collected at one detector pixel. We now
introduce our compressed 4-D STEM system to reduce beam damage and increase acquisition speed. We do this by subsampling M ≪ P
probe positions collected in a subsampling set Ω ⊂ {1, · · · , P} with cardinality |Ω| = M . Mathematically, for every dth column of X , i.e.,
xd ∈ RP ,

yd := PΩxd + nd ∈ RP , (1)

where PΩ ∈ {0, 1}P×P is a mask operator with (PΩx)j = xj if j ∈ Ω (and zero, otherwise), and nd is a noise.

Data recovery method. We now consider the recovery of x̂d ≈ xd from subsampled measurements yd in (1), i.e., an inpainting problem.
We assume that each slice is sparse in some unknown dictionary, which can be learnt during the recovery process. We accordingly choose
the Beta Process Factor Analysis (BPFA) method [15, 16] to recover both the dictionary and the target signal x̂d. We note that for each
slice a dictionary is learnt independently and the case of inpainting the whole 4-D data is left for a future work.

Phase retrieval. In order to recover the phase of the 4-D STEM data, we chose to use the WDD algorithm [17]. The method has been well
established as a suitable method to recover object phase at focused probe conditions [18, 19]. The goal of the algorithm is to estimate the
object function given diffraction patterns and an estimate of the initial probe. Initially, a Fourier transform of the data set with respect to the
probe locations is performed, followed by an inverse Fourier transform with respect to the reciprocal space coordinates. The result follows
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Fig. 1. Schematic of 4-D STEM acquisition. A focused electron beam is scanned over the sample in a raster fashion and a convergent beam diffraction
pattern is acquired on a pixelated detector. Fixed radial detectors can also be used simultaneously to acquire, for example, a Z-contrast image.

the mathematical definition of a Wigner distribution function, so can be deconvolved through a Wiener deconvolution. Following application
of the Wiener deconvolution, we apply a Fourier transform with respect to the reciprocal space coordinates. By doing this, small phase shifts
can be measured, and hence the phase of the object is retrieved.

III. RESULTS

Here we present the simulation set-up and results of the methods described above to a simulated 4-D STEM data set of lithium manganese
oxide sample (LiMnO2) using the abTEM software package which can be found at [20].

Simulation set-up. Through simulations, we obtained a 4-D data set of convergent beam diffraction pattern at each probe location, as well as
a high angle ADF (HAADF) image, low angle ADF (LAADF) image, and annular bright field (ABF) image (see in Fig. 2). The simulation
was performed using a 200kV electron beam and a 25mrad convergence semi-angle. The defocus value was set to 1nm, and a spherical
aberration coefficient of 1µm was used. The sample has a thickness of 4.8nm, and was oriented in the [101] plane to see the layered structure.
The inner and outer angles of the HAADF detector were 80 and 150 mrad respectively, and the total 4D-STEM data set had dimensions
(D1, D2, P1, P2) = (81, 81, 128, 128). We chose a probe subsampling ratio of 12.5% for both the HAADF and 4D-STEM data.

Results. The HAADF and phase images have been suitably recovered from a subsampled data set. The peak signal-to-noise (PSNR) and
structural similarity index measure (SSIM) values are indicative of high quality recovery in Fig. 2. The phase images were standardised to
avoid inconsistencies through linear phase shifts, and it can be seen on the image that a background exists which is not in the reference. This
could be an artefact from the inpainting method, however all necessary information is recovered regardless. This artefact could potentially
be resolved through parameter optimisation, given the entire data set was recovered with equal parameters for all slices.

When comparing the Z-contrast images and phase reconstructions, the lithium column is visible in the latter but not in the former.
Furthermore, the same observation can be seen in both the reference and reconstructed images. This shows that under ideal conditions
subsampling can be employed when attempting to acquire 4-D STEM data of lithium-ion cathode materials.

IV. CONCLUSION

We demonstrated the proof-of-concept of subsampling to the ptychographic reconstruction of battery materials. The real challenge is
to employ these methods into practice. In the presentation, realistic noise conditions, drift, and scanning limitations shall be considered
to emulate STEM conditions, as well as considering a constrained dose-budget. Furthermore, a range of probe subsampling ratios will be
demonstrated. It is also important to note that these methods could lead the way towards 4-D STEM video, which would provide an invaluable
insight into the degradation mechanisms of Li-ion batteries.
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