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Titre de la thèse:  Modeling isotope effects in condensed matter and molecular systems. 
How a quantum particle vibrates in a realistic potential well and crosses a barrier is a widely addressed issue
in physics and chemistry. However, when light nuclei such as hydrogen, for which the room-temperature de
Broglie wavelength is not far from inter-atomic distances, are involved, or for low-temperature processes, to
account for these effects in real materials is still  an open theoretical question. A fairly recent and active
international community at the interface between physics and chemistry is rapidly growing around these
issues. In particular, the calculation of vibrational spectra, including temperature and nuclear quantum effects
(such as zero-point effects and tunneling), is a crucial step to understand many problems in several systems:
molecules, nanostructures, surfaces, interfaces, and complex solids. The classical harmonic theory cannot
account for many spectral features, such as marked temperature-dependent effects, doublets, and abnormal
isotope shifts, which are experimentally detected in many situations.
In this thesis project, we aim at modeling the isotope effects, that is, the dependence of vibrational spectra
and reaction rates on the masses of the nuclei that are involved. Within the classical harmonic theory, the
frequencies depends on the root of the isotope mass. Therefore, whenever the isotope shifts deviate from this
simple law, quantum mechanics comes into play. Two main quantum phenomena distinguish the behavior of
distinct isotopes: the zero-point energy and the tunneling through barriers, which both depend on the mass.
Moreover, for anharmonic potentials, the modes are coupled and classical and quantum effects can mix up.
Such a coupling can be evaluated by several techniques and the vibrational spectra computed and compared
to the experiments (infrared and Raman spectroscopy).
Recently, our group obtained relevant results on the quantum proton behavior in ice and other materials,
through  various  approximate  approaches  (quantum  thermal  baths)  as  well  as  through  path-integral
(Feynman)  techniques.  We aim at  establishing  a  collaboration  with  theoretical  chemists  in  view of  the
application of those schemes to relevant processes in chemical physics and material sciences. In particular,
the group leaded by M. Ceotto, at Milan University, has recently implemented semi-classical approaches to
compute vibrational spectra and thermal rate constants in systems with a few hundreds degrees of freedom,
opening  the  way  to  include  isotope  and  temperature-dependent  effects  in  surface-related  processes  and
molecules.  The thesis working plan is the following: 
(1) For proton hopping in solids or adsorbed molecules on surfaces, compute vibrational spectra and find
classical diffusion paths by using density functional theory for energy and atomic forces. 
(2) For the same systems, use semi-classical approximations and compare the results with those previously
obtained in the classical frame.
(3) Study the proton (or other light atoms, such as Li) diffusion in energy-relevant materials, at different
levels  (classical,  semi-classical  or  path-integral-based  theories),  or  surface-related  diffusion  processes,
especially at low temperatures, in the quantum regime. 
The ideal candidate has a solid background in chemical physics, quantum and statistical mechanics, a taste 
for programming and equations. Good communication and organization skills are a plus, as the thesis project 
will be conducted in collaboration with Milan University and other labs at Sorbonne University.
For more information and the essential bibliography, see the personal web pages: http://www.insp.jussieu.fr/-
Finocchi-Fabio-.html and https://www.researchgate.net/profile/Fabio_Finocchi 
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