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Superionic materials are solids in which mobile cations diffuse as 
fast as in liquids, enabling excellent performance both as solid-state 
electrolytes for batteries and as thermoelectric converters. In the spirit 
of MGI, we integrated atomistic simulations with experiments to shed 
light into the complex atomic dynamics of superionics. 

We investigated ionic diffusion and lattice vibrations in the 
argyrodite compound Ag8SnSe6 using first-principles simulations 
extended with machine-learning based molecular dynamics and 
compared results with x-ray and neutron scattering measurements. 
We identified a critical interplay of mobile Ag+ motions and host 
framework vibrations that enables the facile hopping of Ag+ ions. 

The detailed atomistic simulations showed the importance of 
extreme anharmonicity and corrugation of the potential energy 
landscape, which is reflected in the strong temperature dependence of 
phonon vibrational spectra. This underpins both the ultralow thermal 
conductivity and fast ionic diffusion in this compound. Our results 
provide fundamental insights into the complex atomic dynamics in 
superionic materials for energy conversion and storage.

Simulations of atomic dynamics in the superionic argyrodite Ag8SnSe6. (a) 
Computed trajectory showing Ag+ (red) hopping between silver cluster through a 
bottleneck area modulated by positions of green Se atoms. (b) Strong 
broadening of Ag vibrational spectrum upon warming. (c) measured (left) and 
computed (right) probability densities in superionic phase.
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Abstract: Ultralow thermal conductivity and fast ionic diffusion endow superionic materials with excellent performance both as thermoelectric converters and as solid-state electrolytes. Yet the correlation and interdependence between these two features remain unclear owing to a limited understanding of their complex atomic dynamics. Here we investigate ionic diffusion and lattice dynamics in argyrodite Ag8SnSe6 using synchrotron X-ray and neutron scattering techniques along with machine-learned molecular dynamics. We identify a critical interplay of the vibrational dynamics of mobile Ag and a host framework that controls the overdamping of low-energy Ag-dominated phonons into a quasi-elastic response, enabling superionicity. Concomitantly, the persistence of long-wavelength transverse acoustic phonons across the superionic transition challenges a proposed ‘liquid-like thermal conduction’ picture. Rather, a striking thermal broadening of low-energy phonons, starting even below 50 K, reveals extreme phonon anharmonicity and weak bonding as underlying features of the potential energy surface responsible for the ultralow thermal conductivity
(<0.5 W m−1 K−1) and fast diffusion. Our results provide fundamental insights into the complex atomic dynamics in superionic materials for energy
conversion and storage. 

Methods summary:
The new insights were enabled by the integration of advanced experiments (neutron and x-ray scattering, transport measurements) together with extended atomistic simulations. The modeling was based on density functional theory (DFT) and ab-initio molecular dynamics, accelerated with machine-learning methods to establish and experimentally benchmarked surrogate force-field based on neural-nets. This enabled accurate large-scale molecular dynamics (MD) simulations that could directly be compared with scattering measurements to gain atomistic insights into the fast diffusion process.
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