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Atom transport in solids occurs naturally and is at the root of many fundamental characteristics of materials,  
such as their mechanical resistance and optical response, among many others. Hydrogen, in particular, the lightest and the 
most abundant atom in the Universe, has the ability to diffuse across many materials, although its atomic-scale behavior is far 
from being understood. Recently, this problem has received a particular attention, due to several energy applications related to 
hydrogen storage and transport [1]. 
Classical theories, such as the transition state theory [2] often fail in describing hydrogen diffusion through materials, which 
can proceed by hopping, with complex bond breaking and reforming. More importantly, hydrogen is intrinsically a quantum 
object, even at room temperature: its thermal wavelength is of the order of 1 Å, thus comparable to the inter-atomic bond 
lengths. The effects that are linked to the H delocalization can be measured experimentally and interpreted with the help of 
appropriate theories and numerical simulations, suchas for phase transitions in crystals at high pressure [3,4]. However, at 
present, how quantum particles cross energy barriers remains a challenge in realistic cases. Quite relevant properties such as 
tunneling rates, proton diffusion, conductivity, chemical reactivity orsurface properties, nevertheless critically depend on the 
quantum behavior of the hydrogen nucleus. 
The aim of this thesis is to adapt, implement and assess several methods to study hydrogen jumping through barriers, taking 
into account quantum properties of nuclei. Indeed, the passing of an energy barrier is a rare event, which means that in order 
to obtain reasonable statistics, one needs to run unacceptably long simulations. Simulation methods, such as the "forward flux 
sampling’’ allow efficiently to avoid unnecessary computations, save quite a lot of computation time, and thus provide 
otherwise unattainable results.  
These methods are implemented for classical systems, but need to be extended to quantum-driven effects: this is not trivial 
and raises interesting theoretical questions. We shall try first do so in simple cases for which exact solutions exist, address 
whatever question should arise, assess whether acceptable approximations are obtained and, depending on the answers, 
extend to realistic problems. Then, we plan to apply those methods for the description of well-known chemical reactions and 
finally to simple crystals and inorganic systems. The implementation of the methods accounting for quantum effects in atomic 
diffusion could have a big impact on the current research on hydrogen diffusion and ultra-fast proton conduction, as well as on 
the design of new energy-harvesting materials and, in perspective, to the understanding of proton-transfer processes in 
biochemistry. 
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