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We present the direct determination of the heterogeneity at the nano to mesoscale structure of metallic
glasses (MGs) using 4-D nanodiffraction in STEM. Shear localization is an important characteristic of
MGs deformation that must be fully understood for further development of MGs and utilization of their
superior properties [1]. However, unlike in crystalline materials where the structural defects responsible
for plasticity are well defined, the structural origin of the shear deformation in MGs has remained
elusive. The current understanding of MG deformation involves the concept of shear transformation
zones (STZs), which are dynamic shear events that may occur within a group of a few tens to a few
hundred atoms under stress [2]. The current knowledge gap in the field, however, is whether or how the
STZ events are related to the local structure of the MG. The typical size of an STZ is proposed to be
about one to a few nanometers, and therefore it matches the length scale of nanoscale medium range
order (MRO) that constitutes the heterogeneity [3]. The match in the length scale suggests that STZs and
local heterogeneity may be inherently coupled [4]. The potential relationship between MRO and STZ
may provide important insights on, for example, why some MGs are much more ductile than others even
by a small change in composition or thermal history. To study the relationship, we experimentally
determine the heterogeneity in detail, including the type, size, distribution, and volume fraction of MRO,
and investigate how it affects the shear localization and overall deformation of the MG [5].

The new generation of 4-D STEM detectors dramatically advances the experimental capability for this
investigation (Fig. la and 1b). 4-D STEM provides the following important advantages over the
conventional methods: (i) Due to the high frame rate, a large sample area can be examined with
oversampling, which is important to directly determine the length scale of MRO. (ii) The rotational
symmetry among the speckles in each diffraction pattern (Fig. 1c¢), which shows the type of the MRO,
can be determined and directly related to the intensities of the dark field (DF) image constructed from
the 4-D data. (iii) It is possible to form individual DF images as a function of the azimuthal angle,
@ (Fig. Ic, 1d, and le). Using these DF images, we can calculate the 2-D variance as a function of ¢
over the entire sample area, V;,,(¢) (Fig. 1f), which can visualize the MRO regions much more reliably
as compared to the images acquired using conventional HAADF-STEM or hollow-cone DF TEM.

The local volume that contains high degree of rotational symmetry can be identified as the MRO
regions. We calculate the angular correlation function [6] to identify the rotational symmetry
information (i.e. n-fold) for each nanodiffraction pattern, and the power spectrum amplitude of each
symmetry is plotted in 2-D maps (Fig. 2a to 2f). The hotspot positions in each map mostly match the
positions of the bright speckles in Fig. 1f, which are also shown on the 2-D map as the overlaid contour
lines for comparison. This indicates that the speckles in V, , (¢) image are indeed the diffraction from
the MRO regions with high degree of local ordering. From these maps, we determine that the average
size of the randomly distributed MRO is ~ 1 to 1.5 nm, and the total volume fraction of MRO is ~ 7.5%
of the entire volume. This new information is very important, as it can be directly incorporated into the
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mesoscale deformation simulation (Fig. 2g) to reveal how the heterogeneity affects shear localization
and overall deformation of MGs [7].
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Figure 1. (a and b) A schematic showing 4-D STEM of Zrs5Co25Als MG using 1 nm probe. Any pixel in
k-space can be selected to form the DF image in real space. DF images shown in (d) and (e) are formed
using the k-space positions d and e shown in (c), respectively. (f) V,, (¢) image showing MRO speckles.
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Figure 2. (a to ) Power spectrum maps showing the amplitude of the rotational symmetry for each »
value. The maps are also overlaid with the contour plots of the I ,,(¢) shown in Fig. 1f for comparison.

(f) is the normalized sum of all the maps in (a) to (e). (g) Mesoscale kinetic Monte Carlo deformation
simulation of an MG incorporating the experimentally determined heterogeneity, n =2 and n =6 [5].
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