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The atomic arrangement of surface/subsurface structure is critical for many applications ranging from
catalysis and electronics to biosensing and targeted delivery [1]. Currently, there are several surface
structure analysis methods, including electron scattering, X-ray scattering, spectroscopic methods and
scanning probe microscopy such as atomic force microscopy (AFM) and scanning tunneling microscopy
(STM) [2]. AFM and STM can provide a real-space mapping of surface atoms with sub-atomic resolution.
However, the 3D atomic coordinates of the surface and especially subsurface cannot be easily accessed
by those methods. Over the past few years, in a combination of the state-of-the-art electron
microscopy, powerful 3D reconstruction and atom tracing algorithms, a groundbreaking method, termed
atomic electron tomography (AET) [3], has been developed to determine the 3D
atomic structures, including surface and subsurface atomic structures, of nanomaterials without the
assumption of crystallinity [4-7]. More recently, we established a state-of-art data acquisition method to
add a new dimension (time) to AET (i.e. 4D-AET) to study early stage nucleation dynamics in solid-solid
phase transitions [8]. Using an iron-platinum (FePt) nanoparticle as a model system, we advanced AET to
capture how the surface atoms rearrange during early nucleation at 4D atomic resolution. By annealing
the same FePt nanoparticle at 520 °C in vacuum at different annealing times, we obtained a sequential
series of three models of the same particle with an accumulated annealing time of 9, 16 and 26 minutes,
respectively. The surface and subsurface atomic positions and chemical ordering information with a 3D
precision of 26 picometers is shown in Fig. 1. All the nuclei are situated on the surface or subsurface. Most
nucleation sites are located on the facets, edges or corners (Fig. 2). This experiment adds a new dimension
(time) to AET, allowing the observation of time evolution of structure in materials in four atomic
dimensions, which is currently not accessible by any other experimental methods. We anticipate that AET
will play a key role in helping to solve some fundamental problems in materials science, nanoscience,
condensed-matter physics, and chemistry [9].
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Figure 1. Capturing surface/subsurface atomic motion and nucleation dynamics with 4D-AET. a-c, 3D
atomic models (Fe in red and Pt in blue) of an FePt nanoparticle annealed at 520 oC with an accumulated
annealing time of 9 min (a), 16 min (b), and 26 min (c), respectively. d-f, The same internal atomic layer
of the nanoparticle along the [010] direction at the three annealing times.(Fe in red and Pt in blue; Scale
bar, 1 nm).
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Figure 2. Revealing the heterogeneous nucleation sites on the surface and subsurface of the particle. a-c,
The distribution of the nucleation sites (circular dots) in the particle with an accumulated annealing time
of 9, 16 and 26 minutes, respectively, where the lighter colored dots are closer to the front side and the
darker dots are closer to the back side of the nanoparticle. The and facets are in magenta and green,
respectively. d, The histogram of the nucleation site distribution in the particle, where most nucleation
sites are located on the facets, edges or corners.
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