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Theoretical and Computational Materials Design of Functional
and Smart Materials

In many fields of materials science, new materials are urgently needed. Advances in computers, algorithms, and
changes in how we interact with data have brought about an inflection point in materials discovery. In this talk | will
describe how theoretical physical insight and computational materials design now form an innovation loop that is
tightly coupled with experimental advances. In this talk | will take the design of next-generation ferroelectrics as a
key study target.

Within the past few years, we are experiencing a resurgence of interest in ferroelectrics due to the discovery of
ferroelectricity in new material classes, including fluorites and wurtzites, which host novel complex mechanisms of
ferroelectricity. Because fluorite HfO2 and wurtzite AIN are compatible with back end of the line growth onto
prepared silicon computer chips, these materials are of great interest. Atomistic simulations of the mechanisms of
ferroelectricity in these materials are crucial for future material and device engineering to both improve the material
composition and design devices around the unique material properties.

In next generation ferroelectrics, the switching is essentially completely different than in perovskites. We study how
the multiple order parameter nature of HfO2 and (Hf {1-x}Zr_x)O_2 leads to a complex variety of different domain
wall types, which we portray via a "lego block" formalism. Understanding this variety and the domain wall reactions
that result leads to a new understanding of wake up and fatigue in HfO2 ferroelectrics.

To model ferroelectric switching in wurtzite AIN with the accuracy of DFT on a large scale, we trained a machine
learned classical force field (MLFF) built on artificial neural networks. By training off the atomic positions and energies
of thousands of DFT snapshots, our MLFF can be locally as accurate as DFT while allowing us to study large-scale
switching phenomena.

We find emergent snowflake-like fractal regions that go from the atomic scale to nm scale. In our Monte Carlo
modeling of these events, we see that these switching rules break the assumptions in the well-known KAl model for
domain growth, with the fractal combinations causing faster switching toward the end.
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