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Two roads in computational 

materials discovery

Big data methods

+Useful for high-throughput

-Crude

-Cannot predict completely new knowledge

-Database incompleteness is a problem

Structure prediction: 

-Expensive calculations

+Reliable

+Can discover new things

+Do not require initial data



Crystal Structure Can be Predicted for a 

Given Compound



The USPEX project

(Universal Structure Predictor: Evolutionary Xtallography)

http://uspex-team.org

•Combination of evolutionary algorithm and quantum-mechanical calculations.

•>7100 users.

•Solves «intractable» problem of structure prediction

-3D, 2D, 1D, 0D –systems,

-prediction of phase transition mechanisms.

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

W. Kohn

Energy landscape of Au8Pd4

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)



Cases of record complexity: 

-Li15Si4 with 152 atoms/cell

-disordered -boron with 106 atoms/cell

Structural transformation of Li15Si4 at 7 GPa. New phase has more attractive properties 

for use in Li-batteries. [Zeng & Oganov, Adv. Energy Mat., 2015]

Li-Si

Crystal structure of -boron at ambient conditions.

[Podryabinkin, Shapeev & Oganov, Phys. Rev. B, 2019]



Cellulose

test

Nylon-6

test

Prediction of new polymers for flexible capacitors
(Zhu, Sharma, Oganov: J.Chem.Phys. 2014, Nature Commun. 2014)

Test on polyethylene

Prediction of 3 new high-k polymers Experimental proof



Chignolin (10*)
Trp-cage (20*) bba (28*)

* Number of amino acid residues

2a3d (73*)1shf (58*)

Protein structure can also be predicted by USPEX

[Rachitsky, Kruglov, Oganov, in prep.]



2a3d1shf

chignolin

trp-cage bba

Comparing USPEX predictions with 

experimental protein structures



USPEX Can Predict Stable Compounds



Thermodynamic stability in variable-composition systems

To predict thermodynamic stability, we must use the 

Maxwell construction (the convex hull)

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)



Mass-spectrum of Pbn clusters 

(Poole & Owens, 2003)

Binding energy grows with the size of cluster. We define stability relative to 

neighboring compositions. Stability is due to filled shells (electronic, atomic). 

– “magic” cluster

Stability of molecules: conventional, local

Lennard-Jones clusters



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

«Magic» nuclei: with filled proton or neutron 

shells (2, 8, 20, 28, 50, 82, 126 p or n)

(1s2/2p6/3d102s2/4f8/4f63p65g10/5g84d103s26h12)

Magic numbers of electrons = 2, 10, 18, 36, 54, 86, 118)



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

Do crystals grow from such particles?



Prediction of stable hydrocarbons: very diverse 

chemistry

Complex chemistry of hydrocarbons made simple: 

-Rationalize which molecules are reactive and polymerize. 

-Rationalize magnetic(!) hydrocarbons, which are known (C13H9 etc).



Such molecules are 

found in interstellar 

space and in the 

atmosphere of Titan

Stable magnetic hydrocarbons?



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!



• 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



Predicted by us in 2018, synthesized by us in 2019 at 174 GPa!

Theory at 174 GPa gives Tc=167-183 К. Experiment: Tc = 161 K.

Thorium superhydride ThH10 (TC = 159-161 K)
[Semenok, Troyan, Oganov, Materials Today 2020]



Yttrium hydride YH6 (TC = 224 K, BC = 116-158 Т)
[Semenok, Troyan, Oganov, Advanced Materials, 2021]



The maximum TC ~ 250-260 

K

And the record is broken again: LaH10 

(Тс = 250-260 К at 170 GPa)



(La,Y)H10: Superconductivity at 253 K
[Semenok, Troyan, Oganov, Materials Today, in press]

• (La,Y)H6 TC = 237 K.

• (La,Y)H10 TC = 253 K. Bc2 = 135 Tesla. JC = 2500 A/mm2 at 4.2 K.



…and the record is broken again, reaching room-
temperature superconductivity in an unknown S-C-H 
compound (Тс = 288 К at 267 GPa)



USPEX Can Predict Optimal Material 

Among All Possible Compounds



Mendeleev number (Pettifor, 1984) allows to predict 

stability, structure and properties of compounds.

Mendeleev numbers of the elements

Colored pencil analogy



Mendeleev number is a way to organize elements and 

compounds by their properties
[Pettifor, 1984; Allahyari & Oganov, J. Phys. Chem. C, 2020]

Pettifor’s construction Comparison with Pettifor’s 

numbers

Grouping of compounds by hardness using: (a) atomic numbers 

and Mendeleev numbers of (b) Pettifor, (c) Glawe, (d) ours.



Mendelevian search for the hardest possible material:
diamond and lonsdaleite are found!
[Allahyari & Oganov, NPJ Comp. Mat., 2020]

1st generation 5th generation 10th generation



New material WB5

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

Tungsten carbide WC - standard
Synthesized by 

V. Filonenko



Bonus: very recent story of a material harder than diamond

• Fujii (PRL, 2020) claimed “pentadiamond” to have unique elastic moduli.

• Both machine learning and DFT calculations prove this wrong (Brazhkin 

& Oganov, arxiv.org).



Fast and reliable calculations of thermoelectric properties are enabled 
by AICON program (Fan & Oganov, 2020; Fan & Oganov, submitted). 

AlTe, n-type

Predicted material with 

ZT~3.4. If confirmed, will 

be transformative. 



Advanced algorithms predict new supermaterials

Protein structure predictionPrediction of grain boundary structures

Machine learning + Structure prediction

Polymers for capacitors

Room-temperature superconductivity

Thermoelectrics with ZT~3.4

New nanoparticles (catalysis etc)

Electrides

Diamond is the hardest material

Challenges:

Very large systems

Disordered systems
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