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First Event of 
International Year of Mendeleev’s Periodic Table

+ tradition of USPEX workshops
+ tradition of ICTP workshops



(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



X-ray diffraction: window into the structure of matter

Determination of the structure of DNA
(Watson, Crick, 1953)

Some of Nobel prizes based on X-ray diffraction



Scale: 100 GPa = 1 Mbar = 
200x

We work at: 
(1) high pressures – because of fundamental importance;

(2) zero pressure – for practical applications.

P.W. Bridgman
1946 Nobel laureate (Physics)



Are crystal structures predictable?



Useful books

2010 2018



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 Prediction: Evolutionary Xtallography)

http://uspex-team.org

•Combination of evolutionary algorithm and quantum-mechanical calculations.
•>4500 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/


USPEX 
(Universal Structure Predictor: Evolutionary Xtallography)

• (Random) initial population: fully random or using 
randomly selected space groups

• Evaluate structures by relaxed (free) energy
• Select lowest-energy structures as parents for new 

generation
• Standard variation operators:

(1) Heredity (crossover)

(3) Permutation

+(4) Transmutation, +(5) Rotational mutation, +(6) Lattice mutation, +...

(2) Soft-mode mutation



Without any empirical information, 
method reliably predicts materials

Carbon at 100 GPa – diamond structure is stable



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)



Topological structure generator: major development 
[Bushlanov, Blatov, Oganov, Comp. Phys. Comm., 2019]

Old 
USPEX

On-the-fly 
adaptation

Adaptation 
+topology

<#structures> 1307 1069 368
Success rate 100% 100% 100%

Example of KN3: (a) topological structure, (c) random symmetric structure, 
(c) energy distribution of topological (TR) and random symmetric structures

Statistics (100 runs) of USPEX performance on MgAl2O4 (28 atoms/cell) at 100 GPa

Energy, eV
(a) (b) (c)

Speedup ~3 times



Handling complexity with machine 
learning: boron allotropes

(E.Podryabinkin, E. Tikhonov, A. Shapeev, 
A.R. Oganov, arXiv:1802.07605)

• 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. 

https://arxiv.org/abs/1802.07605


Known phases
Unreported

α

β

γ

Powder XRD comparison

*  Observed
- Simulated

Lattice Energy Plot

Zhu, Oganov, et al, 
JACS, 2016

USPEX can handle molecular crystals: solved γ-resorcinol



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

Now, let’s predict the chemical composition!



AB

AB4

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)



A question from my childhood

• Na and Cl: large electronegativity difference ⇒ ionic bonding, Na+

and Cl-. Charge balance requires NaCl stoichiometry.

Na Cl

Structure of NaCl-

+
What would happen if you 
give the computer a 
“forbidden” compound, 
e.g. Na2Cl?
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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



ThH10: new unique superconductor

Th-H phase diagram 
[Kvashnin & Oganov, ACS Appl. Mater. Interf. 2018]

Tc at 100 GPa: 241 K

For LaH10 and YH10 even higher Tc predicted, 
but at much higher pressures (Liu et al., 2017). 

Th-H



АсН16. Тс ~ 230 К at 150 GPaAc-H phase diagram

Metals forming high-Tc superconducting hydrides form a “II-III 
belt” in Mendeleev’s Table: test on Ас-Н [Semenok & Oganov, JPCL, 2018]

Distribution of Tc 
for metal hydrides



Si-OMap of stability of Si-O clusters 
[Lepeshkin & Oganov, J. Phys. Chem. Lett. 2019]

Ridges of stability: SiO2, Si2O3
Islands of stability: e.g., Si4O18

Analogy with 
magic atomic nuclei



Si4O18

Si8O12Si8O16
Si5O6

Si8O17

Si4O6

Si10O12

Magic magnetic(!) clusters. Excess of O

Magic clusters. Non-magnetic

Unstable

Si-O



Unusual compositions of transition metal oxide clusters
[Yu & Oganov, Phys. Chem. Chem. Phys., 2018]

Do crystals grow from such particles?



Prediction of stable structure AND composition 
is possible. 

Now, let’s predict materials with the best 
properties.



Towards materials design: example of thermoelectrics



How to improve efficiency of thermoelectric devices? 

- efficiency

[Fan & Oganov (2018)]

“One shouldn’t work on semiconductors, that is a filthy mess; who knows whether any 
semiconductors exist”
-W. Pauli, letter to R. Peierls (1931)



Multiobjective (Pareto) optimization finds a new thermoelectric 
polymorph of Bi2Te3 

Predicted P63cm structure of Bi2Te3

Pareto optimization of ZT and 
stability in the Bi-Te system



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, 2018]

• 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, 2018]

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



New material WB5

WB5: new supermaterial 
[Kvashnin & Oganov, J. Phys. Chem. Lett., 2018]

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





Mass-spectrum of Pbn clusters 
(from Poole & Owens, 2003)

Larger clusters are generally more thermodynamically stable. The most stable 
state is crystal.
For nanoparticles, stability is measured relative to neighboring nanoparticles. 

– magic clusters.

Stability of clusters

Real system: Pb clusters Model system: Lennard-Jones clusters



Mass-spectrum of Pbn clusters 
(from Poole & Owens, 2003) – magic clusters.

Stability of clusters

Real system: Pb clusters Model system: Lennard-Jones clusters

Criterion of local stability (magic clusters):
For binary clusters (AmBn):
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