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Tracking the dynamics of individual atoms in glassy and disordered solids has been considered difficult,
if not impossible. Yet, characterizing atomic motion is critical for understanding a wide range of
behavior in amorphous materials—particularly the mechanisms of plastic deformation. Here, we
demonstrate a new approach to this problem: applying low-voltage (80kV) aberration-corrected
transmission electron microscopy (TEM) as a tool to excite and image dynamics in ultra-thin glasses—
here a two-dimensional (2D) silica glass[1, 2]. This combination of carefully chosen beam voltage and
novel 2D materials makes it possible to observe and track atomic motion in an amorphous material for
the first time. The resulting data include surprisingly rich and beautiful videos of elastic and plastic
deformations in a 2D glass, providing insight to the atomic-scale mechanisms for plastic deformation in
amorphous solids, which unlike in crystals, are not well understood. Moreover, our examples—of bond
exchange, plastic shear deformation, and rearrangements at a solid-liquid interface—illustrate the wide-
ranging materials physics that can be now studied at atomic-resolution via TEM imaging of 2D glasses.

Combining 2D glasses and low-voltage TEM is a powerful tool for imaging atom motion and
quantifying strain on the atomic scale. Amorphous 2D silica is a layered polymorph of SiO,; its 2D
nature makes it the first glass that can be imaged at atomic resolution[1, 2]. Figure la-d, f show atomic-
resolution TEM images of glassy 2D silica. The darkest spots in the images represent the location of two
stacked (SiO4)* tetrahedra. The 80kV beam energy is above the thresholds for knock-on and ionization
damage in SiO,. Prolonged e-beam irradiation produces mobile vacancies, enabling plastic deformation,
flow, and even local melting well below the glass transition temperature[3, 4]. These beam-induced
transformations provide an avenue to observe and study materials phenomena that would typically occur
at high stresses and temperatures. An example is shown in Figure 1a-d: after 14 images (28 s) and a total
dose of ~50 electrons/nm’, the 5-7-5-7 cluster transforms into a 6-6-6-6 cluster through the rotation of
one bond. Importantly, because the probabilities for atom displacements are low compared to the dose
required for imaging, our ~1-2s frame rates are sufficient to capture the elastic and plastic deformation
of these atoms. We track the position of each atom over time during this rearrangement, producing the
trajectory map in Figure 1e and larger-area displacement map in Figure 1 f-g.

We observe clear correlations between the single bond rearrangement and the elastic deformations of the
surrounding sheet. We quantify this elastic deformation by plotting the 2D strain tensor € and the local
rotation matrix @ in Figure 2a-d[5]. The four-lobed, quadrupole-like signal in ® is strong and extended
when compared to the components of €. These calculations confirm that the nanometer-scale, “long-
range” elastic behavior of the material near the bond rearrangement is dominated by local rotation rather
than by strain. These results indicate a promising new avenue for studying rearrangement in glasses.
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Figure 1. Imaging bond exchange and corresponding atomic displacements in a glassy 2D sheet. a-d)
TEM image series of amorphous 2D silica. A bond rotation transforms a 5-7-5-7 cluster into a 6-6-6-6
cluster during a video spanning 14 images (28 s) and a dose of ~50 electrons/nm®. The dark spots are Si-
O-Si columns; each dark spot represents one atomic site. ) A trajectory map of atomic sites from frame
to frame. Color (red to yellow) indicates time of displacement. f) Larger-area image of 2D glassy
structure in (a) and g) corresponding first-to-last frame displacement map. Scale bars 2 nm.
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Figure 2. Strain analysis of 5-7-5-7 to 6-6-6-6 bond exchange. a-d) Experimental strain components &y,
gyy, and &y (a-c) and local rotation o (d) due to the bond exchange in Figure 1. These are calculated by
comparing the change in position of atoms between the first and last image frames, excluding the two
atoms at the center of the bond exchange to highlight only elastic behavior. The strain field is dominated
by a strong four-lobed, quadrupole-like signal in ®. Scale bar 1 nm.
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