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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 

(>8500 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 ~100-page manual and ~30 examples. 

Features of the USPEX code:

http://uspex.stonybrook.edu/


Statistics

• >8500 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.nsf.gov/
http://www.ethz.ch/
http://www.ethz.ch/
http://www.ethz.ch/
http://www.ethz.ch/
http://www.stonybrook.edu/
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

Faraday Discussions (2018) Nature Reviews Materials (2019)

2011 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)



USPEX (Universal Structure Predictor: Evolutionary Xtallography)

uspex-team.org

• Combination of evolutionary 

algorithm and quantum-

mechanical calculations. 

• >8500 users.

• Solves “formidable” problem of 

crystal structure prediction.
Energy landscape of Au
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Evolutionary Algorithms are like taking a whole plane load of
kangaroo’s and letting them reproduce freely (not pictured)..... 

Global optimisation methods: 
Kangaroo’s climb to Mt. Everest



....and regularly shooting the ones at lower altitudes. 

Aaaargh

! Ouch

Global optimisation methods: 
Kangaroo’s climb to Mt. Everest



Evolutionary simulations learn & explore the 

most promising regions of search space
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Evolutionary simulations learn & explore the 

most promising regions of search space



Without any empirical information, method reliably 
predicts materials

Carbon at 100 GPa – diamond structure is stable



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, +...



Why does USPEX work so well? A few tips and tricks

I. Reduction of dimensionality through 

unbiased symmetric initialization. 

II. Reduction of effective dimensionality 

of  problem by structure relaxation  (also 

reduces “noise” and transforms energy 

landscape to a convenient shape). 

III. Variation operators are defined in 

subspaces of reduced dimensionality and 

involve cooperative transformations.



Enables moderately efficient random sampling

as one of possible USPEX regimes

Symmetric initialization

Crystals: 230 space groups

Nanoparticles: point groups

Zhu, Oganov, et al, Acta. Cryst. B, 68, 215-226 (2012)



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



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-, -, T52 phases of boron. 

• Predicted low-energy metastable cubic cI54 
phase.

• Speedup by >100 times. 



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]



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 -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



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, Finkelstein, Oganov, submitted]



2a3d1shf

chignolin

trp-cage bba

Comparing USPEX predictions with experimental protein 
structures
[Rachitsky, Kruglov, Finkelstein, Oganov, submitted] 



Structure prediction at finite temperatures
[Kruglov & Oganov, submitted]

fcc

bcc

hcp

Within structure search need to: 

1/ Take a reference potential – e.g., MLIP.

2/ Relax structures with NPT-MD.  

3/ Compute free energy with the reference 

potential:

4/ Compute ab initio free energy using 

thermodynamic perturbation theory:



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!



• 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 K 
(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 (250 К @ 180 GPa)

(Drozdov et al., 2019).

Test of idea: Th and Ac hydrides 

have high-Tc superconductivity.

Metal atom is VERY important!



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 decahydride 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]



Current record: LaH10 (Тс = 250 К at 170 GPa)

Prediction of LaH10: 
Liu et al. (PNAS 2017).

Synthesis: 
Geballe et al. (Ang. Chem. 2018)

Measurement of TC: 
Somayazulu et al. (PRL, 2019)

Drozdov et al. (Nature, 2019)

Doping: 
-Non-magnetic impurities have little effect: 

for (La0.67Y0.33)H10 TC=253 K (Semenok, Troyan, Oganov, 

Adv. Mat. 2021). 

-Magnetic impurities suppress superconductivity: 

for (La0.91Nd0.09)H10 TC=148 K, for >15% Nd TC=0 K 
(Semenok, Troyan, Oganov, Adv. Mat. 2022). 

-This is in full agreement with Anderson’s theorem. 



At higher chemical complexity, we may get higher Tc



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



…but that report was incorrect



Predicting Stable Nanoclusters

-Only conditional stability. Magic clusters. Similar to atomic nuclei.

-Unusual stable compositions are typical. 

-Explanation of carcinogenicity of oxide dust? 



Prediction of Stable Molecules is a Very Different 
Problem



Stability of molecules does not follow from 

straight comparison of energies

α-boron

1. Energy falls almost 

monotonically with number 

of atoms.

2. Infinite crystal always 

wins by energy. 

3. Correct comparison of 

energies – only with 

neighbor compositions. 

4. 2E is a proper measure.

Example of boron clusters (Tantardini & Oganov, in prep.)



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). 

2E for Pbn clusters (Li et al., 2009)

2E > 0 indicates the most abundant (“magic”) molecules

– “magic” cluster



Predicting stable Na-Cl molecules

(NaCl)n ridge of stability.

Numerous minor islands of 

stability.

Na-Cl

(result of M. Fedyaeva and S.V. Lepeshkin)



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 (“inorganic synthons”)?



New tool: map of stability of molecules

N(Au)

N
(C

u
)

Map of stability of Cu-Au clusters 

(result of A. Mikhaylova).

Map of stability of PdmBin clusters 

(Sandu et al., PCCP, 2021)



Why is organic chemistry so diverse? 
(Lepeshkin & Oganov, J. Phys. Chem. Lett. 2022)



Which hydrocarbons are stable? 
(Lepeshkin & Oganov, J. Phys. Chem. Lett. 2022)

-Homologous series: alkanes etc. 

-Huge diversity, explaining the diversity of organic chemistry.



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, 2021). 

AlTe, n-type

Predicted material with 

ZT~3.4. If confirmed, will 

be transformative. 



Coevolution: sampling very large search spaces



Coevolution to enhance sampling of the chemical 

space: COPEX method (Liu, Niu, Oganov, 2021)

Hf-Ta-C system

W-Cr-B system

(PCA map)

COPEX

USPEX

COPEX USPEX



USPEX Can Predict Optimal Material Among All 
Possible Compounds



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, 2020]

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., 2020]

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!

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

1st generation 5th generation 10th generation



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).



Advanced algorithms predict new supermaterials 

Protein structure predictionPrediction of grain boundary structures

Machine learning + Structure prediction

will shape computational materials science

Polymers for capacitors

Exotic compounds

Room-temperature superconductivity

Thermoelectrics with ZT~3.4

New molecules and nanoparticles

Electrides

Diamond is the hardest material

Challenges:

Very large systems

Disordered systems
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