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Figure S1. Hematite structure oriented with a 15-degree offset relative to [2 -2 1] to highlight Fe 

sites adjacent to U (yellow). Oxygen and Fe atoms are red and brown balls, respectively. Fe atoms 

adjacent to U that could become vacancies coupled to the incorporation of U(VI) are color coded 

as follows: The face sharing Fe vacancy is purple, the corner sharing sites are orange where the 

two trans corner Fe vacancy sites  lie nearly perpendicular to the page one in front and one in back 

of U, and edge sharing sites are blue.  
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STEM-HAADF. S/TEM analysis was performed with a probe-corrected FEI Titan 80-300 operated 

at 300kV. The STEM observations were performed with a probe convergence angle of 18 

mrad.  We used High Angle Annular Dark Field (HAADF) detector in the STEM observations, 

with the inner detection angle three times higher than the probe convergence angle.  The movement 

of U atoms on the surface and in the lattice of Fe2O3 was imaged continuously for 4.5 minutes. 

The individual images in the image series were acquired with a dwell time of 3 μs, scan area of 

1024x1024 points, which corresponds to a frame rate of 3.7 s/frame. After acquisition, the image 

series were aligned with an image registration plug-in in Image J developed by Quingzong Tseng. 

 

Image analysis. In order to quantify the number and magnitude of the U hops, the TEM 

micrographs were analyzed using MIPAR software and in-house MATLAB scripts. Firstly, the 

images were aligned and smoothed using a non-local means filter. An adaptive threshold filter was 

used to detect as many uranium atoms as possible. The images were then scrutinized with the help 

from user input to reject false detections and add the undetected uranium atoms. Finally, the atom 

trajectories were tracked by mapping each atom to the closest atom in the next frame, while 

minimizing the sum of these pair distances. Using the atom trajectories, we calculated the 

frequency, direction, and length of individual atom hops. Although Movie_1 was drift corrected, 

there is still some underlying movement due to affine/higher order distortions that arise from a 

combination of sample-holder movement and drift-serial scan acquisition which results in a small 

degree of stretching in addition to translation/rotation.  Consequently, tracking of the atoms in the 

reference frame of the images has the atomic motions superimposed on these affine (and even 

more complex) distortions.  Whereas we can physically locate the atoms in the frame with 1Å 

resolution (precision), we used a somewhat longer hopping distance of 4 Å than physically 
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warranted (i.e., the movement of structurally incorporated U is limited by Fe vacancies ~2.9-3.9 

Å distant from U) to define relatively immobile U atoms assumed to be incorporated in the 

hematite structure.  

 

Molecular dynamic simulations. AIMD simulations of U doped hematite at elevated T with U 

surrounded by a face and two trans-corner Fe vacancies, as predicted by McBriarty et al.,1 were 

performed with the plane-wave NWPW module contained in the NWChem software package.2-5  

AIMD simulations at elevated temperatures were performed for ~50 ps. Because hydrogen can be 

readily ionized and sputtered away during exposure to the high energy electron beam, they were 

not included in the simulations.6 The system was propagated in time using the Car–Parrinello 

molecular dynamics (CPMD) method.7-8 A plane wave basis and Γ point sampling were used to 

expand DFT wavefunctions with a wavefunction cutoff energy of 100 Ry and a density cutoff 

energy of 200 Ry, and they were carried out using the PBE96 exchange correlation potential.9 The 

same pseudopotential and cutoff energies used in our previous studies were used in the dynamic 

AIMD simulations.1  Equation of motions in CPMD were integrated using position Verlet 

algorithm, with a time step 0.12 fs and fictitious orbital mass 750.0 au.  The host crystal structure 

used for these simulations was a 2 × 2 × 2 rhombohedral hematite supercell (Fe32O48; a = b = c = 

10.99 Å; α = β = γ = 55.2°).  The lattice constants used for this host supercell (a = b = c = 10.99 

Å; α = β = γ = 55.2°) were obtained by optimizing the 72-atom unit cell with open shell G-point 

calculations.  This lattice structure was used for all simulations and a spin-penalty scheme was 

used to initialize the antiferromagnetic configurations of the underlying hematite lattice.  The 

simulation was carried out in a constant temperature canonical ensemble using Nose–Hoover 
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thermostats10-12 to force the temperatures of the ions and the 1-electron orbitals in the simulation 

to be at a high temperature of 1000K during the simulation. 
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