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CSP is a formidable task

● CSP problem: Name a chemical or stoichiometric 
formula; find the (local) minima of the free energy 
landscape under given thermodynamic conditions 
(often at certain T,P) 

● “What is the most stable structure of glycine at 
ambient conditions?” “What is the carbon 
structure that is stable at very high pressures”

● Challenges: 

– A very vast space of possibilities.
– Free energy landscape is very expensive to 

obtain accurately



ζ-Glycine: Insight into the mechanism 
of a polymorphic phase transition



 Glycine



How to tackle CSP?

Explore: Use smart algorithms to explore 
as much of the landscape as possible 

Molecular dynamics / Monte Carlo 
walkers 

– Simulated annealing
– Metadynamics
– Basin hopping
– Minima hopping
– Genetic algorithm



Genetic algorithm

USPEX operations



+

+ vdWDF  + clustering







z-phase

E Kucukbenli, CH Pham, SdG, 
C Bull, G Flowitt-Hill, HY Playford, M Tucker, S Parsons

Int Union Crist J 4, 569–574 (2017)
Exploring  the phase space for larger molecules (ex. CLR)  requires  fast and accurate 
energetics 



ζ-Glycine: Insight into the mechanism 
of a polymorphic phase transition

Complete 13C Chemical Shift 
Assignment 

for Cholesterol Crystal 

Lithium-ion Batteries



a) Gallbladder Cancer

b) Chronic Cholecystitis

c) Xantho-Granulomatous
    Cholecystitis

Why Cholesterol  ?



Monohydrade Cholesterol (ChM)
8 CLR +8 w molecules  - 616 atoms 

High temperature Anhydrous 
Cholesterol (ChAh)
16 CLR mol – 1184 atoms 

Low temperature Anhydrous 
Cholesterol (ChAl)
8 CLR mol – 592 atoms 

(not shown)



 Lithium Interaction with 
Graphene-like Materials 

~10Wh ~100Wh ~10,000Wh



Lithium ion batteries

● Cathode: Source of lithium
● Electrolyte: Ionic conductivity
● Anode: Lithium holder
● Current collectors 

Capacity: The amount of Li absorbed by anode
● Stoichiometry of Li adsorbed graphite is LiC6

Alternative anode materials :
Graphene due to its large surface to mass ratio
and good electrical conductivity. 

Materials Today 19(2):109-123, 2016
Hassoun et al.  Nano Lett. 2014, 14, 4901-4906

● graphene nanoflakes as alternative anode
● Flakes  ~30-100 nm lateral dimension 
● Very high Li uptake:   LiC2 





is better than none

Traditionally model potentials construction requires a lot of physical intuition and 
are strongly dependent on the available experimental information.

Not transferable to experimentally unexplored regions. 

Limited accuracy due to rigid functional form.

DFT is a viable option to gather accurate information but
requires a systematic approach to build a potential that
can incorporate its features.



is better than none



is better than none

- Kernel Ridge Regression (and Gaussian Processes)

- Neural Networks

Replace the expensive DFT total energy calculations (or 
other accurate methods) with an interatomic potentials 
built to reproduce DFT data in a variety of environments

- local environment descriptors 



- Modified Behler-Parrinello descriptor



Symmetry Functions













PANNA workflow

R Lot, F Pellegrini, Y Shaidu, E Kucukbenli,   arXiv:1907.03055

   https://gitlab.com/pannadevs/panna







Carbon Systems



Carbon Systems: training and validation



Carbon Systems: training and validation



Error distribution: energies



Error distribution: forces



Effect of diversity on training and validation RMSE



Energy ordering of test structures



Energy ordering of test structures



Equation of State 





Bilayer Graphene



Carbon Nanotubes



Amorphous Carbon: radial distribution function



Amorphous Carbon:  sp3 fraction and Young Modulus



Solid Phase Epitaxy for Silicon 
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