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Scientific description:   
Ferroelectrics display an electric dipole moment that can be manipulated by
application of an external field. Most of them show structural transitions,
passing  from  a  paraelectric  (PE)  phase  with  higher  symmetry  to  a
ferroelectric (FE) one, with lower symmetry,  as a function of  an external
parameter, usually temperature or pressure. Nowadays, they can be used as
non-volatile memories and electro-optic modulators,  which has motivated
many fundamental studies, both experimental and theoretical, of their static
and dynamical properties. 
Recently,  we  investigated  a  class  of  non-conventional  ferroelectrics,  the
oxyhydroxydes MOOH, where M is a trivalent metal, either magnetic (Cr, Co)
or  non-magnetic  (Al,  Ga,  In).  In  those  crystals,  the  ferroelectricity  is
originated by the motion of the proton on the hydrogen bonds that hold the
slanted MO6 octahedra together (see figure). Due to the H light mass, there
are  some  non-intuitive  quantum  effects,  such  as  zero-point  energy  and
tunneling,  which  can  influence  the  FE-PE  transition  in  these  crystals.
Moreover,  we  discovered  that,  due  to  the  peculiar  MOOH  hexagonal
structure,  there could be, almost degenerate with the FE,  frustrated and
partially  anti-parallel  (f-AFE) arrangements of  dipoles;  such arrangements
are  fingerprints of proton disorder in the material. This situation is pretty
new and could open the way to a new class of FE materials with original
properties.
We plan to study the PE,  FE and f-AFE phases via simulations using the
Density  Functional  Theory  (DFT)  to  evaluate  precisely  atom-atom
interactions. These should provide insight into the structure (not always well
known through experiments as hydrogen location is often difficult to assess
through  X-ray  diffraction),  the  transition  mechanisms  and  the  dynamics.
The comparison of various cations could serve to unravel trends, as there is
a coupling between proton ordering, lattice structure and dielectric response
of the material. Additionally, based on the DFT results, we aim at a more
general understanding of those questions by modeling a Hamiltonian of the
Ising type. This approach can serve to investigate, beyond the intrinsic size
limitations of the DFT calculations, the behavior of MOOH crystals which, as
most systems that display frustration, can raise fundamental questions that
must be treated by approaching the thermodynamic limit.  Moreover,  the
search  for  low-energy  exotic  structures,  if  any,  could  be  carried  out  by
applying original machine-learning techniques that have been implemented
at INSP [M. Trassinelli  and P.  Ciccodicola,  Mean shift  cluster  recognition method
implementation in the nested sampling algorithm, Entropy, 22 (2020), 185].
This research is part of a collaborative program with the University of Liège
(Belgium) and M. Trassinelli at INSP. 

Techniques/methods in use: Statistical mechanics, Density Functional Theory, Ab initio 
Molecular Dynamics, cluster recognition.
Applicant skills: Knowledge in Material Sciences and DFT (at M2 level); ability to work 
independently and rigorously; scientific curiosity. Programming skills (fortran and/or python) 
highly desirable.

Crystal structure of 
MOOH. 
M cations are black, O 
white and the small 
balls are a tentative 
sketch of the positions 
of the protons, which 
form hydrogen bonds 
between the O anions.
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