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Since the first discovery in 1960 [1], metallic glasses have been actively studied for both fundamental
interest and practical application [2-9]. However, due to the lack of long-range order, the three-
dimensional (3D) atomic structure of metallic glasses has eluded direct experimental determination. To
understand the structure property relationships, it is essential to characterize the 3D structure of metallic
glasses at the atomic resolution. A powerful method that can in principle solve this long-standing
problem is atomic electron tomography (AET) [10]. AET determines the 3D atomic structure of
materials without assuming crystallinity and has been used to image grain boundaries, anti-phase
boundaries, stacking faults, dislocations, point defects, chemical order/disorder, atomic-scale ripples,
bond distortion and strain tensors with unprecedented 3D detail [10-14]. More recently, 4D AET (3D
space and 1D time) has been developed to observe crystal nucleation, showing that a theory beyond
classical nucleation theory is needed to describe early-stage nucleation at the atomic scale [15].

In combination of newly developed REal Space Iterative REconstruction (RESIRE) algorithm and the
TEAM microscope at the National Center for Electron Microscopy, we have advanced AET to
determine the 3D atomic structure of a multi-component metallic glass and amorphous materials with a
precision of ~20 picometers [16,17]. Figure 1 shows the 3D atomic model of the metallic glass sample,
in which 8 different atomic species were grouped into three types: Co, Ni (type 1), Ru, Rh, Pa, Ag (type
2), Ir and Pt (type 3). We quantitatively characterized the short- and medium-range order (SRO and
MRO) of the 3D atomic arrangement. We found that, the 3D atomic packing of the SRO is
geometrically disordered, which was quantified by the Voronoi tessellation [16]. We observed that some
SRO structures connect with each other to form crystal-like superclusters and give rise to MRO. We
identified four types of crystal-like MRO —face-centered cubic, hexagonal close-packed, body-centered
cubic and simple cubic — coexisting in the metallic glass, which exhibit translational but not
orientational order. Figure 2 show two representative structures of fcc- and sc-like MRO in the metallic
glass sample. But we did not observe icosahedral-like MRO in the metallic glass sample. These
experimental results provide direct experimental evidence to support the general framework of the
efficient cluster packing model for metallic glasses [3,5-7]. We expect that this work will pave the way
for the determination of the 3D atomic structure of a wide range of amorphous solids, which could
transform our fundamental understanding of non-crystalline materials and related phenomena [18].
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Figure 2. Representative fcc- (a) and sc-like (c) MROs, consisting of 22 and 23 solute centers (large red
spheres), respectively, where the individual solute-center clusters (dashed circles) are randomly oriented.
To better visualize the crystal-like MROs, the solvent atoms have been removed and the solute centers
are orientated along the fcc (b) and sc (d) zone axes, showing that the MROs have anisotropic 3D shapes
and strongly deviate from the crystal lattices.
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