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Metallic nanoparticles have been shown to have a wide variety of applications from catalysis to plasmonics and medicinal drug delivery
[1-3]. The onset of functional properties not seen in bulk can be attributed to and finely controlled by particle size, shape, homogeneity,
and chemistry [4-6]. Given nanoparticles’ small size — typically sub-100 nm — their properties can be strongly influenced by
crystallographic defects such as twinning, interfaces, and surfaces. As such, a fundamental study of the energetics of atomic mobility at
the surface of a nanoparticle can provide an invaluable understanding of the relationship between crystal structure and functional
properties. Moreover, surface energetics play a key role in controlling nanocrystal growth and shape. In this study, Au nanoparticles
with different organic ligands, and therefore different surface stabilities, are investigated in real space using quantitative atomic
resolution aberration corrected scanning transmission electron microscopy (STEM).

STEM imaging has become one of the leading methods of materials characterization, and aberration correction has made atomic
resolution imaging widely available. Advanced imaging and image processing techniques have been developed to quantify specimen
features including thickness projected along the path of the beam [7-12]. Such quantitative methods generally rely on high angle annular
dark field (HAADF) STEM, whereby images are formed using electrons that have been scattered to high angle with a strong atomic
number dependence (so-called Z contrast). While these techniques have been applied to great effect under specific controlled conditions,
most of the beam-specimen interaction is discarded both from lower scattering angles and via the angular and azimuthal integration of
HAADEF detectors. Such information is rich with detail about specimen morphology and can be used to improve quantitative precision
when paired with image simulation.

Recently, the development of fast, high-dynamic range, direct electron detectors has made it possible to record the scattering distribution
(kx, ky) as a function of probe position (ry, 1y), generally referred to as 4D-STEM [13-15]. Such detectors have noise levels well below
that of single-electron strikes, making them ideal for quantitative imaging. By collecting the whole scattering distribution at each probe
position rather than integrating over an annulus, images can be formed using specific regions of the diffraction pattern that are most
strongly affected by variations in thickness. Additionally, several images can be formed from the same dataset using different scattering
regimes to further constrain thickness measurements.

Here we report on advances in quantitative thickness determination using 4D-STEM paired with multislice simulations. A detailed
comparison of the advantages and challenges of using 4D-STEM opposed to conventional HAADF-STEM will be covered. Furthermore,
we apply these 4D-STEM atom counting techniques to metallic nanoparticle systems to probe the energetics of beam-induced surface
atom motion. The implications of such surface energetics on nanoparticle properties will be discussed.
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