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(from http://nobelprize.org)

Crystal structure determines physical properties. 
Crystal structure determination was a major breakthrough.

Zincblende ZnS.
One of the first solved 
structures (1912-1913)

Structure Diffraction



Briefly about big data



Big data have predictive power

We have: 
~300,000 experimental (& >500,000 theoretical) inorganic crystal structures. For 
many of them, we have some physical properties (and for many, we don’t).

Many studied syntheses of compounds. 

Many studied industrial production processes.

Big data analysis gives: 
Fast predictions

Predictions where the full calculation would be too complicated.

Predictions where there’s no theory.

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwjvivyCvJvhAhXo0aYKHYQrBUMQjRx6BAgBEAU&url=http%3A%2F%2Ftheconversation.com%2Fthe-periodic-table-is-150-but-it-could-have-looked-very-different-106899&psig=AOvVaw28lIO9As7mAfBsWDRGW55f&ust=1553540617609284


Predicting complex properties: hardness
[Chen et al., 2011] and fracture toughness [Niu & Oganov, 2019]



Mendeleev number (Pettifor, 1984). Prediction of stability, 
structure, and properties of materials

Mendeleev numbers of the elements

Enthalpies of formation of compounds



Example: search for new ternary nitrides (Sun, 2019)

916 systems
246 contain stable nitrides
In 127 of them nitrides were not experimentally known



Machine learning can be used for accelerating 
simulations without loss of accuracy

Phase diagram of uranium obtained with machine learning
(Kruglov & Oganov, 2020)



Data mining gives quick-n-reasonable 
answers, but beware!

Davies & Oganov (2018): 4 interesting 
semiconductors, and for each data mining 
gave a wrong structure:
-for Sn5S4Cl2 by 24.7 meV/atom, 
-for Sn4SF6 by 5.1 meV/atom, 
-for Cd4SF6 by 0.2 meV/atom, 
-for Cd5S4Cl2 by 33.3 meV/atom.



Briefly about crystal structure prediction



Useful reviews and books

2011 2018

Faraday Discussions (2018) Nature Reviews Materials (2019)



Need to find GLOBAL energy minimum.
Trying all structures is impossible: Natoms Variants CPU time

1 1 1 sec.
10 1011 103 yrs.
20 1025 1017 yrs.
30 1039 1031 yrs.

Overview of USPEX
(Oganov & Glass, 
J.Chem.Phys. 2006)



The USPEX project
(Universal Structure Predictor: Evolutionary Xtallography)

http://uspex-team.org

•Combination of evolutionary algorithm and quantum-mechanical calculations.
•>6100 users.

•Solves «intractable» problem of structure prediction
-3D, 2D, 1D, 0D –systems,
-prediction of phase transition mechanisms.

• Interfaced with: VASP, Quantum Espresso, CASTEP,
FHI-aims, ABINIT, Siesta, Gaussian, ORCA, ATK, 
DFTB, MOPAC,  GULP,  LAMMPS, Tinker, DMACRYS

[Oganov A.R., Glass C.W., J.Chem.Phys. 124, 244704 (2006)]

W. Kohn

Energy landscape of Au8Pd

J. P. Perdew

http://uspex-team.org/


Predicting new crystal structures without empirical information

New superhard structure of boron
(Oganov et al., Nature, 2009)

High-pressure transparent
allotrope of sodium 
(Ma, Eremets, Oganov, Nature, 2009)



Handling complexity with machine 
learning: boron allotropes

(E.Podryabinkin, E. Tikhonov, A. Shapeev, 
A.R. Oganov, PRB, 2019)

• ML potential with active learning 
(Shapeev, 2018). 800 parameters. 

• MAE = 11 meV/atom. 
• Reproduced α-, β-, γ-, T52 phases of 

boron. 
• Predicted low-energy metastable cubic 

cI54 phase.
• Speedup by >100 times. 



Structure of Li15Si4 with 152 atoms/cell: record 
complexity, promise for Li-batteries

Structural transformation of Li15Si4 at 7 GPa. New phase 
has more attractive properties for use in Li-batteries. 

XRD of Fdd2-Li15Si4 at 18 GPa
[Zeng & Oganov, Adv. Energy Mat., 2015]

Li-Si

Evolutionary metadynamics is a hybrid of:
-Metadynamics (Martonak, Laio, Parrinello, PRL 2003)
-Evolutionary algorithm USPEX (Oganov & Glass, JCP 2006)

It includes q-vectors and allows system size to 
change spontaneously



Prediction of stable structure for a given 
chemical composition is possible. 

Now, let’s predict the chemical composition!
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A                                                               B 

Convex Hull

Thermodynamic stability in variable-composition systems

USPEX can automatically find all stable compounds 
in a multicomponent system. 

Stable structure must be below all the possible decomposition lines !!

3-component convex hull:
Mg-Si-O system at 500 GPa 
(Niu & Oganov, Sci. Rep. 2015)



Predictive power of modern methods:
Na3Cl, Na2Cl, Na3Cl2, NaCl, NaCl3, NaCl7 are stable under pressure 
[Zhang, Oganov, et al. Science, 2013]. 

Stability fields of sodium chlorides

NaCl3: atomic and electronic structure,
and experimental XRD pattern

Na-Cl

[Zhang, Oganov, et al., Science (2013)]
[Saleh & Oganov, PCCP (2015)]

Chemical anomalies: 
-Divalent Cl in Na2Cl!
-Coexistence of metallic and ionic blocks in Na3Cl!
-Positively charged Cl in NaCl7!



Helium chemistry? Yes! 
[Dong, Oganov, Goncharov, Nature Chemistry 2017]

• Helium is the 2nd most abundant element in the Universe (24 wt.%). 
• No stable compounds are known at normal conditions. Under pressure: van der 

Waals compound NeHe2 (Loubeyre et al., 1993).

1. Na2He is stable at >113 GPa, at least up to 1000 GPa.
2. New stable helium compounds: Na2HeO (Dong & Oganov, 2017); 
CaF2He, MgF2He (Liu, 2018).

Na-He

  

   

  
  



• Old record Tc=135 K (Schilling, 1993) is broken: theorists (T. Cui, 2014) 
predicted new compound H3S with Tc~200 K. 

• Confirmed by A. Drozdov et al. (Nature 525, 73 (2015)). 

Highest-Tc superconductivity: 
new record, 203 Kelvin (Duan et al., Sci. Rep. 4, 6968 (2014))

H-S



Superconductivity is linked with Mendeleev’s Table
[Semenok & Oganov, JPCL, 2018; Curr. Opinion Solid St. Mater. Sci., 2020]

Distribution of Tc for hydrides

LaH10: record Тс (260 К @ 190 GPa)
(Somayazulu et al., 2019).

Test of idea: Th and Ac hydrides 
have high-Tc superconductivity.

ThH10: Tc=241 K at 100 GPa
(Kvashnin & Oganov, 2018).



We can simultaneously optimize composition, 
structure, stability and other properties for a 
given chemical system. 

Now, let’s predict the best material(s) 
among all possible chemical systems!



Mendelevian Search – breakthrough method for discovering best 
materials among all possible compounds

[Allahyari & Oganov, NPJ Comp. Mat., 2020]

• 118 elements
• 7021 binary systems
• 273937 ternaries
• In each system - ∞ possible structures



Mendeleev Number – a way to arrange elements 
and compounds by properties

[Pettifor, 1984; Allahyari & Oganov, NPJ Comp. Mat., 2020]

Pettifor’s construction Comparison with 
Pettifor’s numbers

Grouping of hardness by (a) sequential number, 
(b) Pettifor’s Mendeleev number, (c) our Mendeleev number



Mendelevian search for the hardest possible material:
diamond and lonsdaleite are found!

1st generation 5th generation 10th generation



“Treasure” map of superhard materials
[Kvashnin, Allahyari, Oganov, J. Appl. Phys., 2019]



Structure of WB5

WB5-x: hard & tough material 
[Kvashnin & Oganov, J. Phys. Chem. Lett., 2018; Advanced Science, 2020]

Tungsten carbide WC - standard
Synthesized by 
V. Filonenko



Advanced algorithms predict new supermaterials
and help us understand nature

Unusual chemistry at 
extreme conditions

New record of high-Tc 
superconductivity

New superhard materials



Our team. Where great minds do NOT think alike

А. GoncharovQ. Zhu X. Dong V.А. Blatov
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