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Sulphur phase diagram is one of the most complex ones for elemental systems,
competing with that of carbon. The flexibility of the bonds allows for a variety
of motifs: rings of 5 or more atoms in various conformations, short diradical
chains and thousands-atoms long polymers to name a few; which give rise to a
plethora of structures: molecular & polymeric crystals of many different symmetries, amorphous solids and molecular & polymeric liquids. Modelling such
a phase diagram is a challenging task, out of the reach of any current force
fields (which are too inaccurate) or quantum mechanical methods (which are too
slow & expensive). However, following the footsteps of similar work done on
phosphorous and carbon, surrogate machine learned models mimicking quantum
methods at a fraction of the cost could achieve this feat. In this initial work we
focus on a small region of the phase diagram, specifically the liquid-liquid phase
transition recently reported in [Henry, L., Mezouar, M., Garbarino, G. et al. Liquid–liquid transition and critical point in sulfur. Nature 584, 382–386 (2020)].
The experiments have elucidated a phase change between low and high density
liquid forms heralded by a jump in density and changes in radial distribution
functions and raman spectra. While an analytical model to explain the transformation was proposed in [Shumovskyi, N., Longo, T., Buldyrev, S., Anisimov,
M., Modeling Fluid Polyamorphism Through a Maximum-Valence Approach,
arXiv:2111.08109v5 (2022)], a quantum-mechanically accurate exposition of the
microscopic phenomena is still desirable to test the predictions. We therefore
present a density-functional-theory-accurate machine-learned force field (Gaussian Approximation Potential) for liquid sulphur, which aims to reproduce the
transition and uncover the corresponding atomistic mechanism. Our long &
large-scale (nanoseconds, 100s-1000s atoms) simulations help characterise the
two phases: one consisting of mainly long open & closed polymers with remnant
S5 rings and the other one of an equilibrium mixture of chains and a large fraction
of rings. We also showcase the difficulties associated with creating a model for
such a complex material: the need for large unit cells, the difficulty of capturing
intermolecular interactions, the variety of atomic environments that needs to be
considered and in addition, the intricate problem of deciding the weighting of
various types of data points. Finally, our work represents one of the first implementations of the new MPI-parallelised version of GAP, which brings down
the memory requirements and training time by at least one order of magnitude,
given an availability of compute nodes, opening up a new era for GAP models
and applications. Specifically, we trained a potential with 169424 atomic environments, 512903 scalars and 17990 sparse points in 8 min. 26 sec., using 4096
cores split over 128 MPI tasks of 32 cores and 40 openMP threads each.

