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The USPEX 
(Universal Structure Prediction: Evolutionary Xtallography) 

project
http://uspex-team.org

•The most popular code for computational materials design in the world 
(>7000 users from 83 countries). 
•Effort of ~100 man-years.
•>1000 publications, 5 patents.

•Universal: 
-prediction of stable structure AND composition, 3D, 2D, 1D, 0D – systems. 
-optimization of physical properties, 
-prediction of phase transition mechanisms

http://uspex.stonybrook.edu/


Basic Facts on USPEX

• The most popular structure prediction code in the world (>7000 users).
• The largest and the most versatile code in this field. Many capabilities are unique.
• The fastest and the most reliable structure prediction code today. 
• THE CODE IS FREE, but you have to agree to certain conditions of fair use 

(register now!). 

• Every year ~2 USPEX workshops.
• USPEX mailing list (join it!). USPEX Forum (use it!).
• USPEX Facebook page (join it!). 
• USPEX QQ group (group number 326701679 – join it!)
• ~10 visiting scholars every year in the Oganov laboratory. 

• Support for citizen science: http://uspex-at-home.ru

*“USPEX” (“oo-spe-kh”) means “success” in Russian

http://uspex-at-home.ru/


Algorithm:
• Evolutionary optimization (USPEX algrorithm). Options to use random sampling, 

minima-hopping-like, particle-swarm optimization, metadynamics.
• Initialization using fully random, symmetric random structures, topological random, or 

user-fed structures.
• Fingerprint niching technique, local order parameter (ARO&Valle, 2009). 
Types of runs:
• Global optimization of either the energy or properties (density, hardness, band gap, etc.)
• Pareto optimization of several properties simultaneously.
• Fixed-cell or variable-cell, fixed-composition or variable-composition runs are possible. 
• For molecular crystals, can operate with ready-made molecules.
• Low-dimensional systems.
• Harvesting metastable states is possible.
• Phase transition pathways.
Software aspects:
• Interfaced with VASP, SIESTA, CP2k, QuantumEspresso, DMACRYS, GULP, ATK,...
• Excellent scaling on up to 103-4 cores.
Analysis:
• Automatic detection of space groups. 
• Benefits from powerful analysis and visualization code STM4.
Distribution:
• USPEX code is freely available at: http://uspex-team.org
• Distributed with a >130-page manual and >30 examples. 

Features of the USPEX code:

http://uspex.stonybrook.edu/


Statistics

• >7000 users from 83 countries. 

• 1607 USA
• >>662 China
• 206 Russia
• 202 India
• 101 Japan
• 96 France
• 97 U.K.
• 82 Germany 
• 65 S. Korea 
• 50 Italy



Funding of USPEX

• Industrial partners: Intel, Samsung, Toyota, Fujitsu, APC.

http://www.nsf.gov/
http://www.ethz.ch/
http://www.ethz.ch/
http://www.stonybrook.edu/
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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



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



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.
•>7000 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
• Evaluate structures by relaxed (free) energy
• Select lowest-energy structures as parents for new 

generation
• Standard variation operators:

(1) Heredity (crossover)

(2) Soft mode mutation (3) Permutation
+(4) Transmutation, +(5) Rotational mutation, +(6) 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)



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



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



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



First steps to protein structure prediction with USPEX: 
chignolin (I. Kruglov, 2018)

RMSDShaw = 1.0 Å

RMSDUSPEX = 0.284 Å



Towards protein structure prediction: 
test on Trp-cage (I. Kruglov, 2018)

RMSDShaw = 1.4 Å

RMSDUSPEX = 1.7 Å



New methodological development: 
topological structure generator (Bushlanov, Blatov, Oganov, 2019)

Original On-the-fly 
adaptation

On-the-fly
adaptation 
AND topology

<No. of 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



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

Now, let’s predict the chemical composition!



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)



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



The maximal TC ~ 250-260 K

And the record is broken again: LaH10
(Тс = 250-260 К at 170 GPa)

Выступающий
Заметки для презентации
Изначально рассчитанный теоретически, кубический LaH10 с рекордной температурой сверхпроводимости 250-260 К был найден экспериментально всего 2 года спустя предсказаний



…and record is broken again: mysterious S-C-H compound
(Тс = 288 К at 267 GPa)

Выступающий
Заметки для презентации
Изначально рассчитанный теоретически, кубический LaH10 с рекордной температурой сверхпроводимости 250-260 К был найден экспериментально всего 2 года спустя предсказаний



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).

Metal atom is VERY important!



Polyhydride superconductors: surge of interest!



BaH12 (H2, H3
- groups )

Pseudocubic BaH12: molecular metal



Yttrium hydride YH6 (TC = 224 K, BC = 116-158 Т)



Magnetic neodymium hydrides NdH9 and NdH7

AFM



We predicted ThH10
in 2018 -

and just a year later 
we made it in the 
diamond anvil cell at 
174 GPa!

Thorium hydride ThH10 (TC = 159-161 K)



At higher chemical complexity, we may get higher Tc



A glimpse at superconductivity of ternary hydrides

max TC La-H

Th-H
Atomic number

Atomic number

max TC

Ternary hydrides may have higher 
Tc at lower pressure and lower 
hydrogen content



Predicting Stable Nanoclusters
-Only conditional stability. Magic clusters. Similar to atomic nuclei.
-Unusual stable compositions are typical. 
-Explanation of carcinogenicity of oxide dust? 



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

Stability grows with cluster size. We define stability relative to neighboring 
compositions. Especially stable clusters have filled electronic and/or structural 
shells. 

– “magic” clusters

Stability of nanoparticles: conditional

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):

( ) ( ) ( )

( ) ( ) ( ) 0,E2,1E,1E E2
0,E21,E1,E E2

>−−++=∆

>−−++=∆

nmnmnmy

nmnmnmx( ) ( ) ( ) 0E21E1E E2 >−−++=∆ nnn



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)



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?



Predicting Optimal Materials
-Superior thermoelectrics: possible!
-New superhard materials: WB5 etc. 

-Pareto optimization of properties & stability.
-Mendelevian search for exploring chemical space. 



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



Similar conclusions from data mining



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

AlSe, n-type AlTe, n-type



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

Mendeleev numbers of the elements

Enthalpies of formation of compounds



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

[Pettifor, 1984; Allahyari & Oganov, NPJ Comp. Mat., 2020; J. Phys. Chem. C, in press]

Pettifor’s construction Comparison with 
Pettifor’s numbers

Grouping of hardness by (a) sequential number, empirical (Pettifor’s 
and Glawe’s) and our non-empirical Mendeleev numbers.



Non-empirical Mendeleev numbers work best 
[Allahyari & Oganov, J.Phys.Chem. C., in press]

Highly ferromagnetic phases are formed by Fe and Co, some lanthanoids and actinoids

Most exothermic compounds are formed by very different elements: 
ThF4 (−4.11 eV/atom), AcF3 (−4.09 eV/atom), CaF2 (−3.92 eV/atom), ZrF4 (−3.62 eV/atom), Th4O7 (−3.61 
eV/atom), Y2O3 (−3.48 eV/atom), Al2O3 (−2.95 eV/atom), CaO (−2.95 eV/atom), SiO2 (−2.79 eV/atom).



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]



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



Crystal structure of WB5-x
[Kvashnin & Oganov, Adv. Science, 2020]

RF = 0.221 WB5

Experiments showed that the actual material has higher symmetry
and a non-stoichiometric disordered structure



RF = 0.039
WB4.85

RF = 0.034
WB4.2

Synthesized material has composition WB5-x
Two models match XRD

Crystal structure is disordered, actual composition is WB4.2
(cf. MoB4.7 – Rybkovskiy & Oganov, 2020).

Average structure consistent with the model of Lech et al.
(2015) for “WB4”.

Crystal structure of WB5-x
(Kvashnin & Oganov, Adv. Science, 2020)



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).



Our team. Where great minds do NOT think alike

А. Goncharov V. Blatov I. Trojan



Advanced algorithms predict new supermaterials
and help us understand nature

Unusual chemistry at 
extreme conditions

New record of high-Tc 
superconductivity

New superhard materials

Protein structure predictionPrediction of grain boundary structures
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