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Abstract: Both electrons and nuclei follow the laws of quantum mechanics, and even though classical approximations and/or empirical mod
be quite successful in many cases, a full quantum description is needed to achieve predictive simulations of matter. Traditionally, simulatic
treat both electrons and nuclei as quantum particles have been prohibitively demanding. | will present several recent algorithmic advant
have increased dramatically the range of systems that are amenable to quantum modeling: on one hand, by using accelerated path integra
to treat the nuclear degrees of freedom, and on the other by using machine-learning potentials to reproduce inexpensively hi
electronic-structure calculations. | will give examples of both approaches, and discuss how the two can be used in synergy to make fully q
modeling affordable.
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Fluctuations worth caring about

o Potential energy is central to achieve predictive atomic-scale modeling

o The minima of the potential energy surface provide a limited view of the

(thermo)dynamics of complex systems
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Thermal Fluctuations
@ 100K
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Quantum fluctuations
@ 100K
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Challenges of modeling fluctuations

e Accurate modelling of materials at finite temperature requires
accounting for thermal and quantum statistical fluctuations
o Nuclear quantum effects
o Anharmonic free energies
o Activated events and phase transitions
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Challenges of modeling fluctuations

o Accurate modelling of materials at Finite temperature requires
accounting for thermal and quantum statistical fluctuations
o Nuclear quantum effects
o Anharmonic free energies
o Activated events and phase transitions
o All of these simulations require evaluating atomic-scale properties an

enormous (O (10¢)) number of times
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Quantum effects becoming mainstream

o Over the past decade, large community effort to make quantum
simulations affordable, exploiting separation of timescales, and the
quasi-harmonic behavior of the potential
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Markland & Ceriotti, Nature Reviews Chemistry (2018)
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Quantum effects becoming mainstream

e Over the past decade, large community effort to make quantum
simulations affordable, exploiting separation of timescales, and the
quasi-harmonic behavior of the potential

Ceriotti, Bussi, Parrinello PRL 103 (2009)
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Quantum effects becoming mainstream

e Over the past decade, large community effort to make quantum
simulations affordable, exploiting separation of timescales, and the
quasi-harmonic behavior of the potential

Kapil, Behler, Ceriotti, JCP (2016)
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The Full quantum deal
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Quantum effects in molecular crystals

o Polymorphism of molecular crystals has serious implications for pharma
e Assessing quantum and anharmonic contributions to the stability of
paracetamol form | and ||

Rossi, Gasparotto, MC, PRL (2016)
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Quantum effects in molecular crystals

o Polymorphism of molecular crystals has serious implications for pharma
e Assessing quantum and anharmonic contributions to the stability of
paracetamol form | and ||
o A complex combination of thermodynamic integration steps:
o PIMD with multiple time step and GLE acceleration
e Phonon calculations and thermodynamic integration

energy/mol. forcefield ab initio
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Quantum effects in molecular crystals

o Polymorphism of molecular crystals has serious implications for pharma
e Assessing quantum and anharmonic contributions to the stability of
paracetamol form | and ||
o A complex combination of thermodynamic integration steps:
o PIMD with multiple time step and GLE acceleration
o Phonon calculations and thermodynamic integration
o Bottom line: quantum nuclear effects and anharmonic free energy are as
important as the details of the electronic structure calculation (PBE+D3)
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Quantum fluctuations in metallurgy?

o Embrittlement of steel in presence of hydrogen: a decades-old problem

o Hydrogen diffuses rapidly across the tetrahedral sites in the lattice

o Quantum effects, modelled by TRPMD, accelerate diffusion at and below
room temperature
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Quantum fluctuations in metallurgy?

Embrittlement of steel in presence of hydrogen: a decades-old problem
Hydrogen diffuses rapidly across the tetrahedral sites in the lattice

Quantum effects, modelled by TRPMD, accelerate diffusion at and below
room temperature
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Vacancies act as traps, 30% stabilization for quantum hydrogen
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Machine learning:
why do | care
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~ Machine learning for statistical sampling

o As much as one can improve sampling methods, convergence still
requires millions of energy/force/properties evaluations. Inevitable
tradeoff between cost, accuracy and transferability.

o Sampling is a very favorable scenario for ML because it often involves
relatively minor variations around meta-stable states
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Machine-learning in a nutshell

o Chemical structures/environments need to be cast in a complete but
concise mathematical representation

o The input/label pairs are fed to a learning scheme, tuned by
hyperparameters ¢, that can then be used to perform different tasks on

new data
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A representation for atomic environments

o Incorporating physics and physical symmetries is key to efficient ML of
atomic-scale properties

o Most effective ML representations sets can be seen as projections of
many-body correlation functions on various bases
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A representation for atomic environments

o Incorporating physics and physical symmetries is key to efficient ML of
atomic-scale properties

o Most effective ML representations sets can be seen as projections of
many-body correlation functions on various bases
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A representation for atomic environments

o Incorporating physics and physical symmetries is key to efficient ML of
atomic-scale properties

o Most effective ML representations sets can be seen as projections of
many-body correlation functions on various bases

o Compressed alchemical representations to learn (across the) periodic

table
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A representation for atomic environments

o Incorporating physics and physical symmetries is key to efficient ML of
atomic-scale properties

o Most effective ML representations sets can be seen as projections of
many-body correlation functions on various bases

o Compressed alchemical representations to learn (across the) periodic
table
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Willatt, Musil, MC, PCCP (2018)
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A brief overview of ML applications

e ML can be pretty versatile, when applied to atomistic problems.
Molecular and crystals energetics, NMR crystallography, fully anisotropic
molecular polarizabilities with coupled-clusters accuracy, charge density.
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A brief overview of ML applications

e ML can be pretty versatile, when applied to atomistic problems.
Molecular and crystals energetics, NMR crystallography, fully anisotropic
molecular polarizabilities with coupled-clusters accuracy, charge density.

Prediction MAE for the
Lattice Energy [kJ/mol]

13

N N N
4
o- 5B ‘ | ‘
- SR N~ N
e --¢-- Pentacene
: ®- .
& . N N N
@
T e . ®e-g ‘ |
. . N N
- T
0.5 - g g 9.,_“\\
; $ Q‘_‘
e e i
s W -
+4
02 I I T l T I T T I I
50 100 200 500 800

Number of Training Structures

Musil, De, Yang, Campbell, Day, MC, Chemical Science (2018) [data: G.Day, J.Yang]

Michele Ceriotti https://cosmo.epfl.ch

Simulating Thermal and Quantum Fluctuations in Materials and Molecul

Page 25/45



A brief overview of ML applications

e ML can be pretty versatile, when applied to atomistic problems.
Molecular and crystals energetics, NMR crystallography, fully anisotropic
molecular polarizabilities with coupled-clusters accuracy, charge density.
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A brief overview of ML applications

e ML can be pretty versatile, when applied to atomistic problems.
Molecular and crystals energetics, NMR crystallography, fully anisotropic
molecular polarizabilities with coupled-clusters accuracy, charge density.
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A brief overview of ML applications

e ML can be pretty versatile, when applied to atomistic problems.
Molecular and crystals energetics, NMR crystallography, fully anisotropic
molecular polarizabilities with coupled-clusters accuracy, charge density.
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A brief overview of ML applications

e ML can be pretty versatile, when applied to atomistic problems.
Molecular and crystals energetics, NMR crystallography, fully anisotropic
molecular polarizabilities with coupled-clusters accuracy, charge density.
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5 POPULAR DRUGS
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A brief overview of ML applications

e ML can be pretty versatile, when applied to atomistic problems.
Molecular and crystals energetics, NMR crystallography, fully anisotropic
molecular polarizabilities with coupled-clusters accuracy, charge density.

Grisafi, Wilkins, Meyer, Fabrizio, Corminboeuf, MC, ACS Central Science (2019)
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Ab initio thermodynamics of water
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