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A steady stream of new and advanced materials is crucial for scientific discovery and technology 
opportunities. High-entropy materials have become a rich new source of crystalline materials at the 
frontier of materials discovery. High entropy (HE) materials leverage increased configurational entropy 
to lower the overall free energy, stabilizing multiple atomic species into a single lattice.[1] HE materials 
have demonstrated promising functional properties for electrochemical[2], thermoelectric[3], 
catalytic[4], and many more applications. Entropy stabilization was first realized in high entropy alloys 
(HEAs). This concept was only recently expanded into the non-metallic crystals with the synthesis of the 
rocksalt structure high entropy oxides (R-HEOs) in 2015.[1,5] HEOs show inherent metastability at 
room temperature. Our previous studies on the HEO thin film synthesized with pulsed laser deposition 
(PLD) method demonstrated the metastability of the crystal at room temperature can be exploited for 
tuning the cation oxidation states with growth temperature.[6,7] 

In this study, we further investigated the correlation between microstructure and the synthesis conditions 
in PLD grown R-HEO thin film with the composition (Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)O with advanced 
transmission electron microscopy (TEM) assisted by unsupervised machine learning. In particular, we 
focused on the impact of the growth rate and the film thickness on the microstructures. The samples for 
the study consisted of four epitaxial HEO thin films deposited at 400°C, with the laser pulse rate and the 
total thickness of 1) 5Hz & 80 nm, 2) 5Hz and 400 nm, 3) 1Hz and 80 nm, and 4) 1Hz and 400 nm. 

The different synthesis conditions allow the crystal to reach various configurations and form distinct 
microstructures. For example, the thickness impacts the microstructure in the HEO thin films. Figure 1a 
shows the low angle annular dark field (LAADF) STEM image on the 5Hz & 400nm HEO thin film. 
Numerous cubic-shaped nanoscale microstructures with the spinel structure are embedded in the rock 
salt structured matrix and are highlighted by the strain contrast (bright). Figure 1b shows the atomic 
resolution STEM image of the atomic arrangement in the microstructure with the spinel structure. 

On the other hand, a slower growth rate leads to a different configuration. Figure 2a shows the LAADF-
STEM image of the 1Hz & 80 nm HEO thin film with the platelet microstructure forming on the {110} 
family of planes (called tweed). The unsupervised machine learning algorithm extracted the local 
distortion for the lattices within the tweed structures in Figure 2b and indicated a tetragonal distortion 
with a rotation of ±3 degrees. The energy-dispersive X-ray spectroscopy (EDX) elemental mapping 
shows an enriched Cu concentration at the tweed in Figure 2c. The EDX mapping indicates a potential 
correlation between the tetragonal distortion and the Jahn-Teller distortion for Cu ions. This study 
successfully demonstrates kinetic phase engineering in the HEO thin films [8].  
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Figure 1. (a) the low angle annular dark field (LAADF) STEM image on the 5Hz & 400nm HEO thin 
film showing the cuboid-shaped microstructures. (b) the atomic resolution STEM image of the atomic 
arrangement in the microstructure with the spinel structure. 

 

 

 

 

 

Figure 2. (a) The low angle annular dark field (LAADF) STEM image on the 1Hz & 80nm HEO thin 
film showing the tweed microstructures. (b) The schematic shows the distortion of the lattice at the 
tweed microstructures. (c) The energy-dispersive X-ray spectroscopy (EDX) elemental mapping for Cu 
ions shows the increased concentration locally at the tweed microstructure. 
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