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Materials advances are

one of the key drivers of innovation...

more compact data storage more efficient solar cells



How can one find materials with

targeted properties in the information age?

Google

good transparent conducting material

Google Search I'm Feeling Lucky



How can one find materials with

targeted properties in the information age?

Google

good stability & band gap> 3.2 eV & good carrier mobility

Google Search I'm Feeling Lucky



However, till recently, very little information was

actually known about materials properties

® There are about 50,000 to 70,000 known 1inorganic compounds but
¢ dielectric constants available only for ~300-400 compounds
¢ elastic constants available only for ~200 compounds

¢ band gaps available only for ~200 compounds
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® For almost every property we are below 1% coverage
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In fact, materials designers often

operate almost in the dark!




Experimental materials design

mainly proceeds by trial and error




Ab initio calculations have reached the required

maturity for high-throughput materials screening




High-throughput ab initio materials design

Consider as many compounds as possible, typically O (103) — O (105)

High-throughput

property 1

property 2

Data-Mining

O (101) — O (102) compounds



Thanks to such HT calculations,

many materials DB have become avallable online

Open Materrals Database
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Predicting different properties requires

1.4

1.2

Time per property
(node hours)

very different computing time

4.7 million properties; 57 million CPU hours; 730,000 calculations...

chemistry electronic elasticity piezo



(Big) data and machine learning

are revolutionizing materials science

1st paradigm:

Empirical science

Experiments




Materials design will require to
take advantage of ALL the DB avallable online

Open Matenals Database »
Materials design

JARVIS 7

OQMD

The Open Quantum
Materials Database
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Each of these databases has

its own user base and specific API

Open Materials Database
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Query examples
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http://www.crystallography.net/cod/result.php?formula=02%20Si
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http://www.materialsproject.org/rest/v2/materials/S102/vasp/structure?
API_KEY=YOUR_API_KEY

http://aflowlib.duke.edu/search/API/?species(S1,0),nspecies(2)



Query examples
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http://www.materialsproject.org/rest/v2/materials/S102/vasp/structure

http://aflow.org/API/aflux/?compound(S102)

This returns no response...



Query examples
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http://www.crystallography.net/cod/result.php ?formula=02%?20S1

" AFLOW
http://aflow.org/API/aflux/?compound(O2Si1)

This returns entries where the unit cell 1s S10,, but it does not return S1,0,
or simulation cells containing more formula units...



Response examples

® http://www.crystallography.net/cod/result.php?formula=02%20S1

Search results

Result: there are 239 entries in the selection

Switch to the old layout of the page

Download all results as: list of COD numbers | list of CIF URLs | data in CSV format | archive of CIF files (ZIP)

Searching formula like 'O2 Si'

« 4 First | « Previous 20 | 1 of 12 | Next 20 b | Last » b | Display 5 20 50 100 200 300 500 1000 entries per page

CODID &4 Links Formula A Space group & Cell parameters Cell volume A& Bibliography
1010921 CIF 02 Si P213 7.16;7.16;7.16 367.1 Barth, TFW
90; 90; 90 The Cristobalite Structures. I. High-Cristobalite
American Journal of Science, Serie 5(1,1921-1938),1932, 23, 350-356
1010938 CIF 02 Si P41212 4.964; 4.964; 6.92 170.5 Nieuwenkamp, W
90; 90; 90 Die Kiristallstruktur des Tief-Cristobalits Si 02
Zeitschrift fuer Kristallographie, Kristallgeometrie, Kristallphysik, Kristallchemie (-144,1977),1935, 92, 82-88
1010944 CIF 02 Si Fd-3m:1 7.12;7.12;7.12 360.9 Wyckoff, Ralph W. G.
90; 90; 90 IX. Die Kristallstruktur von [3-Crystobalit SiO~2~ (bei hohen Temperaturen stabile Form)
Zeitschrift fuer Kristallographie, Kristallgeometrie, Kristallphysik, Kristallchemie (-144,1977),1925, 62, 189-200
1010954 CIF 02 Si F4132 7.12;7.12;7.12 360.9 Wyckoff, R W G
90; 90; 90 The crystal structure of the high temperature form of Cristobalite (Si 02)
American Journal of Science, Serie 5(1,1921-1938),1925, 9, 448-459
1011097 CIF 02 Si P3121 4.913;4.913; 5.404 113 Wei, P. H.
90; 90; 120 Die Bindung im Quarz
Zeitschrift fuer Kristallographie, Kristallgeometrie, Kristallphysik, Kristallchemie (-144,1977),1935S, 92, 355-362
1011159 CIF 02 Si P3221S 491;491;54 112.7 Machatschki, F
90; 90; 120 Kristallstruktur von Tiefquarz
Fortschritte der Mineralogie, 1936, 20, 45-47
1011172 CIF 02 Si P3121 4.913;4.913; 5.405 113 Brill, R; Hermann, C; Peters, C
90; 90; 120 Studien ueber chemische Bindung mittels Fourieranalyse III. Die Bindung im Quarz
Naturwissenschaften, 1939, 27, 676-677
1011176  CIF 02 Si P3221S 49;49;54 112.3 Machatschki, F
90; 90; 120 Die Kiristallstruktur von Tiefquarz Si O2 und Aluminiumorthoarsenat Al As O4
Zeitschrift fuer Kristallographie, Kristallgeometrie, Kristallphysik, Kristallchemie (-144,1977), 1936, 94,222-230
1011200 CIF 02 Si P6222 5.013;5.013; 5.47 119 Wyckoff, Ralph W. G.
90; 90; 120 XXIX. Kriterien fiir hexagonale Raumgruppen und die Kristallstruktur von (3-quarz
Zeitschrift fuer Kristallographie, Kristallgeometrie, Kristallphysik, Kristallchemie (-144,1977), 1926, 63, 507-537
1505106 CIF 02 Si P12i/m1 13.382; 20.125; 19.89 5356 Schmidt, Wolfgang; Wilczok, Ursula; Weidenthaler, Claudia; Medenbach, Olaf; Goddard, Richard; Buth, Gernot; Cepak,



Response examples

oo

® http://www.crystallography.net/cod/result.php?formula=02%20S1&

format=json

[
{"file":"1010921","a":"7.16","siga":null,"b":"7.16","sigb":null,"c":"7.16", "sigc" :null, "alpha":"90","sigalpha":null, "beta":"90", "sigbeta":null, "gamma":"90", "siggamma" :null, "vol":"367.1","sigvol" :null, "celltemp" :nu
11, "sigcelltemp":null, "diffrtemp":null, "sigdiffrtemp":null, "cellpressure":null, "sigcellpressure"”:null, "diffrpressure":null, "sigdiffrpressure":null, "thermalhist":null, "pressurehist":null, "compoundsource":null, "nel"
:"2","sg":"P 21 3","sgHall":"P 2ac 2ab 3", "commonname":null, "chemname":"Silicon oxide","mineral":"Cristobalite high","formula":"- 02 Si -","calcformula":"- 02 Si -","cellformula":"- 016 Si8 -
","z":"8","2Zprime":"0.666667","acce_code":null, "authors":"Barth, T F W","title":"The Cristobalite Structures. I. High-Cristobalite","journal":"American Journal of Science, Serie 5(1,1921-
1938)","year":"1932","volume":"23", "issue":null, "firstpage":"350", "lastpage":"356","doi" :null, "method":null, "radiation":null, "wavelength":null, "radType" :null, "radSymbol" :null, "Rall":null, "Robs":null, "Rref" :null, "w
Rall":null, "wRobs":null, "wRref":null, "RFsqgd":null,"RI":null, "gofall":null, "gofobs":null, "gofgt":null,"duplicateof":null,"optimal”:null, "status":null,"flags":"has coordinates", "svnrevision":"130149","date":"2017-
02-28","time":"05:33:56", "onhold" :null},
{"file":"1010938","a":"4.964","siga":"0.005","b":"4.964","sigb":"0.005","c":"6.92","sigc":"0.005","alpha":"90", "sigalpha":null, "beta":"90", "sigbeta":null, "gamma":"90", "siggamma" :null, "vol":"170.5", "sigvol":null, "c
elltemp":null, "sigcelltemp":null,"diffrtemp":null,"sigdiffrtemp":null,"cellpressure":null, "sigcellpressure":null,"diffrpressure”:null,"sigdiffrpressure":null, "thermalhist":null, "pressurehist":null, "compoundsource"
:"from Eschwege, Germany","nel":"2","sg":"P 41 21 2","sgHall":"P 4abw 2nw","commonname":null, "chemname":"Silicon oxide","mineral":"Cristobalite low","formula":"- 02 Si -","calcformula":"- 02 Si -","cellformula":"-
08 si4 -","z":"4","Zprime":"0.5","acce_code":null, "authors":"Nieuwenkamp, W","title":"Die Kristallstruktur des Tief-Cristobalits Si 02","journal":"Zeitschrift fuer Kristallographie, Kristallgeometrie,
Kristallphysik, Kristallchemie

(-144,1977)","year":"1935", "volume":"92", "issue" :null, "firstpage":"82","lastpage":"88","doi" :null, "method" :null, "radiation":null, "wavelength":null, "radType" :null, "radSymbol":null,"Rall":null, "Robs":null, "Rref" :nul
1,"wRall":null,"wRobs":null, "wRref":null, "RFsqd" :null,"RI":null, "gofall":null, "gofobs":null, "gofgt":null, "duplicateof":null, "optimal":null,"status":null,"flags":"has
coordinates","svnrevision":"130149","date":"2017-02-28","time":"05:33:56", "onhold" :null},
{"file":"1010944","a":"7.12","siga":"0.01","b":"7.12","sigb":"0.01","c":"7.12","sigc":"0.01","alpha":"90", "sigalpha" :null, "beta":"90", "sigbeta" :null, "gamma":"90", "siggamma" :null, "vol":"360.9", "sigvol" :null, "cellte
mp":null, "sigcelltemp":null, "diffrtemp":null,"sigdiffrtemp":null, "cellpressure":null,"sigcellpressure":null,"diffrpressure":null,"sigdiffrpressure":null, "thermalhist":null, "pressurehist":null, "compoundsource":"syn
thetic","nel":"2","sg":"F d -3 m :1","sgHall":"F 4d 2 3 -1d","commonname":null, "chemname":"Silicon dioxide - \u03b2","mineral":"Cristobalite high","formula":"- 02 Si -","calcformula":"- 02 Si -","cellformula":"-
016 si8 -","z":"8","Zprime":"0.0416667","acce_code":null, "authors":"Wyckoff, Ralph W. G.","title":"IX. Die Kristallstruktur von \u03b2-Crystobalit SiO~2~ (bei hohen Temperaturen stabile
Form)","journal":"Zeitschrift fuer Kristallographie, Kristallgeometrie, Kristallphysik, Kristallchemie (-144,1977)","year":"1925","volume":"62","issue":"1-

6","firstpage":"189", "lastpage":"200","doi":"10.1524\/2kri.1925.62.1.189", "method" :null, "radiation":null, "wavelength":null, "radType" :null, "radSymbol":null, "Rall":null, "Robs" :null, "Rref":null, "wRall":null, "wRobs":n
ull, "wRref":null, "RFsqd":null,"RI":null, "gofall":null, "gofobs":null, "gofgt":null, "duplicateof":null, "optimal”:null,"status":null,"flags":"has coordinates","svnrevision":"200079","date":"2017-09-
01","time":"18:32:58", "onhold":null},
{"file":"1010954","a":"7.12","siga":"0.01", "7.12","sigb"
mp":null, "sigcelltemp":null, "diffrtemp":null,"sigdiffrtemp
:"2","sg":"F 41 3 2","sgHall":"F 4d 2 3", "commonname
8","Zprime":"0.0833333", "acce_code":null, "authors"
5(1,1921-

1938)","year":"1925","volume":"9","issue" :null, "firstpage":"448", "lastpage":"459","doi" :null, "method" :null, "radiation":null, "wavelength" :null, "radType" :null, "radSymbol" :null, "Rall" :null, "Robs" :null, "Rref" :null, "wR
all":null, "wRobs":null, "wRref ull, "RFsqd" :null, "RI":null, "gofall":null, "gofobs":null, "gofgt":null, "duplicateof":null, "optimal”:null,"status":null, "flags":"has coordinates","svnrevision":"130149","date":"2017-02-
28" ,"time":"05:33:56", "onhold":null},
{"file":"1011097","a":"4.913","siga":null,"b":"4.913","sigb":null, "c":"5.404","sigc" :null, "alpha
null, "sigcelltemp":null,"diffrtemp":null,"sigdiffrtemp":null,"cellpressure":null,"sigcellpressure":null, "diffrpressure”:null, "sigdiffrpressure"”:null,"thermalhist":null, "pressurehist":null, "compoundsource":null, "ne
1":"2","sg":"P 31 2 1","sgHall":"P 31 2\"","commonname":null, "chemname":"Silicon oxide $-alpha","mineral":"Quartz low","formula":"- 02 Si -","calcformula":"- 02 Si -","cellformula":"- 06 Si3 -

", "z":"3","2Zprime":"0.5", "acce_code":null, "authors":"Wei, P. H.","title":"Die Bindung im Quarz","journal":"Zeitschrift fuer Kristallographie, Kristallgeometrie, Kristallphysik, Kristallchemie

(-144,1977)","year":"1935","volume":"92", "issue" :null, "firstpage":"355", "lastpage":"362","doi" :null, "method" :null, "radiation" :null, "wavelength" :null, "radType" :null, "radSymbol" :null, "Rall" :null, "Robs" :null, "Rref":n
ull,"wRall":null, "wRobs":null, "wRref":null, "RFsqd":null, "RI":null, "gofall":null, "gofobs":null, "gofgt":null, "duplicateof":null, "optimal":null, "status":null,"flags":"has
coordinates","svnrevision":"132161","date":"2017-02-28","time":"05:34:17", "onhold" :null},

{"file":"1011159","a":"4.91","siga":null,"b":"4.91","sigb":null, "c":"5.4","sigc":null, "alpha":"90","sigalpha" :null, "beta":"90", "sigbeta" :null, "gamma":"120", "siggamma" :null, "vol":"112.7","sigvol" :null, "celltemp" :nu
11, "sigcelltemp":null, "diffrtemp":null, "sigdiffrtemp":null, "cellpressure":null, "sigcellpressure":null, "diffrpressure":null, "sigdiffrpressure":null, "thermalhist":null, "pressurehist":null, "compoundsource":null, "nel"
:"2","sg":"P 32 2 1 8","sgHall":null, "commonname":null,"chemname":"Silicon oxide", "mineral":"Quartz low","formula":"- 02 Si -","calcformula":"- 02 Si -","cellformula":"- 06 Si3 -

","2":"3","Zprime" :null, "acce_code":null, "authors":"Machatschki, F","title":"Kristallstruktur von Tiefquarz","journal":"Fortschritte der

Mineralogie","year":"1936","volume":"20","issue":null, "firstpage":"45", "lastpage":"47","doi" :null, "method" :null, "radiation":null, "wavelength":null, "radType" :null, "radSymbol":null,"Rall":null, "Robs" :null, "Rref" :nul
1,"wRall":null, "wRobs":null, "wRre null, "RFsqd ull, "RI":null, "gofall":null, "gofobs":null, "gofgt":null, "duplicateof":null, "optimal":null,"status":null,"flags":"has
coordinates","svnrevision":"77586","date":"2017-02-27","time":"23:17:43","onhold":null},
{"file":"1011172","a":"4.913","siga":null,"b":"4.913","sigb":null,"c":"5.405","sigc":null,"alpha":"90", "sigalpha":null, "beta":"90", "sigbeta":null, "gamma":"120", "siggamma" :null, "vol":"113","sigvol":null, "celltemp":
null, "sigcelltemp":null, "diffrtemp":null, "sigdiffrtemp":null, "cellpressure":null,"sigcellpressure":null,"diffrpressure”:null,"sigdiffrpressure"”:null, "thermalhist":null, "pressurehist":null, "compoundsource":null, "ne
1":"2","sg":"P 31 2 1","sgHall":"P 31 2\"","commonname":null, "chemname":"Silicon oxide $-alpha","mineral":"Quartz low","formula":"- 02 Si -","calcformula":"- 02 Si -","cellformula":"- 06 Si3 -
","z2":"3","Zprime":"0.5","acce_code":null, "authors":"Brill, R; Hermann, C; Peters, C","title":"Studien ueber chemische Bindung mittels Fourieranalyse III. Die Bindung im
Quarz","journal":"Naturwissenschaften","year":"1939","volume":"27","issue":null,"firstpage":"676","lastpage":"677","doi":"10.1007\/BF01494994", "method" :null, "radiation":null, "wavelength":null, "radType" :null, "radSy
mbol":null,"Rall":null,"Robs":null,"Rref":null,"wRall":null, "wRobs":null, "wRref":null, "RFsqd":null,"RI":null, "gofall":null, "gofobs":null, "gofgt":null, "duplicateof":null,"optimal":null, "status":null,"flags":"has
coordinates","svnrevision":"130149","date":"2017-02-28","time":"05:33:56", "onhold" :null},
{"file":"1011176","a":"4.9","siga":null,"b":"4.9","sigb":null,"c":"5.4", "sigc":null, "alpha":"90", "sigalpha":null, "beta":"90", "sigbeta":null,"gamma":"120", "siggamma" :null, "vol":"112.3","sigvol" :null, "celltemp" :null
,"sigcelltemp":null,"diffrtemp":null,"sigdiffrtemp":null,"cellpressure":null, "sigcellpressure":null,"diffrpressure":null,"sigdiffrpressure”:null, "thermalhist":null, "pressurehist":null, "compoundsource":null,"nel":"
2","sg":"P 32 2 1 s","sgHall":null, "commonname":null, "chemname":"Silicon oxide - $-alpha","mineral":"Quartz low","formula":"- 02 Si -","calcformula":"- 02 Si -","cellformula":"- 06 Si3 -

,"2":"3","2Zprime" :null, "acce_code":null, "authors":"Machatschki, F","title":"Die Kristallstruktur von Tiefquarz Si 02 und Aluminiumorthoarsenat Al As 04", "journal":"Zeitschrift fuer Kristallographie,

"0.01","c":"7.12","sigc":"0.01","alpha":"90","sigalpha" :null, "beta":"90", "sigbeta":null, "gamma":"90", "siggamma":null,"vol":"360.9", "sigvol":null, "cellte
ull, "cellpressure":null, "sigcellpressure":null, "diffrpressure":null, "sigdiffrpressure":null, "thermalhist":null, "pressurehist":null, "compoundsource" :null
:null, "chemname":"Silicon oxide","mineral":"Cristobalite high","formula":"- 02 Si -","calcformula":"- 02 Si -","cellformula":"- 016 Si8 -

Wyckoff, R W G","title":"The crystal structure of the high temperature form of Cristobalite (Si 02)","journal":"American Journal of Science, Serie

"90","sigalpha":null, "beta":"90", "sigbeta":null, "gamma":"120", "siggamma" :null,"vol":"113","sigvol":null, "celltemp":




Response examples
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® http://www.materialsproject.org/rest/v2/materials/S102/vasp/structure

{"response": [{"material_ id": "mp-600033", "structure": {"@module": "pymatgen.core.structure", "@class": "Structure", "charge": null,
"lattice": {"matrix": [[9.01708962, 0.0, 0.0], [0.0, 9.01708962, 0.0], [0.0, 0.0, 9.01708962]], "a": 9.01708962, "b": 9.01708962, "c":
9.01708962, "alpha": 90.0, "beta": 90.0, "gamma": 90.0, "volume": 733.160668139128}, "sites": [{"species": [{"element": "Si", "occu":
1}1, "abc": [0.25, 0.5, 0.0], "xyz": [2.254272405, 4.50854481, 0.0], "label": "Si", "properties": {"magmom": 0.0}}, {"species":
[{"element": "Si", "occu": 1}], "abc": [0.25, 0.0, 0.5], "xyz": [2.254272405, 0.0, 4.50854481], "label": "Si", "properties": {"magmom":
0.0}}, {"species": [{"element": "Si", "occu": 1}], "abec": [0.0, 0.5, 0.75], "xyz": [0.0, 4.50854481, 6.762817215], "label": "Si",
"properties": {"magmom": 0.0}}, {"species": [{"element": "Si", "occu": 1}], "abc": [0.0, 0.5, 0.25], "xyz": [0.0, 4.50854481,
2.254272405], "label": "Si", "properties": {"magmom": 0.0}}, {"species": [{"element": "Si", "occu": 1}], "abc": [0.5, 0.25, 0.0], "xyz":
[4.50854481, 2.254272405, 0.0], "label": "Si", "properties": {"magmom": 0.0}}, {"species": [{"element": "Si", "occu": 1}], "abc": [0.5,
0.75, 0.0], "xyz": [4.50854481, 6.762817215, 0.0], "label": "Si", "properties": {"magmom": 0.0}}, {"species": [{"element": "Si", "occu":
1}1, "abe": [0.0, 0.25, 0.5], "xyz": [0.0, 2.254272405, 4.50854481], "label": "Si", "properties": {"magmom": 0.0}}, {"species":
[{"element": "Si", "occu": 1}], "abc": [0.5, 0.0, 0.25], "xyz": [4.50854481, 0.0, 2.254272405], "label": "Si", "properties": {"magmom":
0.0}}, {"species": [{"element": "Si", "occu": 1}], "abc": [0.0, 0.75, 0.5], "xyz": [0.0, 6.762817215, 4.50854481], "label": "Si",
"properties": {"magmom": 0.0}}, {"species": [{"element": "Si", "occu": 1}], "abc": [0.5, 0.0, 0.75], "xyz": [4.50854481, 0.0,
6.762817215], "label": "Si", "properties": {"magmom": 0.0}}, {"species": [{"element": "Si", "occu": 1}], "abc": [0.75, 0.5, 0.0], "xyz":
[6.762817215, 4.50854481, 0.0], "label": "Si", "properties": {"magmom": 0.0}}, {"species": [{"element": "Si", "occu": 1}], "abc": [0.75,
0.0, 0.5], "xyz": [6.762817215, 0.0, 4.50854481], "label": "Si", "properties": {"magmom": 0.0}}, {"species": [{"element": "O", "occu":
1}]1, "abc": [0.1476212, 0.5, 0.8523788], "xyz": [1.3311135902119442, 4.50854481, 7.685976029788056], "label": "O", "properties":
{"magmom": 0.0}}, {"species": [{"element": "O0", "occu": 1}], "abc": [0.1476212, 0.1476212, 0.5], "xyz": [1.3311135902119442,
1.3311135902119442, 4.50854481], "label": "O", "properties": {"magmom": -0.0}}, {"species": [{"element": "O", "occu": 1}], "abc":
[0.1476212, 0.8523788, 0.5], "xyz": [1.3311135902119442, 7.685976029788056, 4.50854481], "label": "O", "properties": {"magmom": 0.0}},
{"species": [{"element": "O", "occu": 1}], "abc": [0.8523788, 0.5, 0.8523788], "xyz": [7.685976029788056, 4.50854481, 7.685976029788056],
"label": "0", "properties": {"magmom": 0.0}}, {"species": [{"element": "O", "occu": 1}], "abc": [0.1476212, 0.5, 0.1476212], "xyz":
[1.3311135902119442, 4.50854481, 1.3311135902119442], "label": "O", "properties": {"magmom": -0.0}}, {"species": [{"element": "O",
"occu": 1}], "abc": [0.5, 0.1476212, 0.8523788], "xyz": [4.50854481, 1.3311135902119442, 7.685976029788056], "label": "O", "properties":
{"magmom": -0.0}}, {"species": [{"element": "O", "occu": 1}], "abc": [0.5, 0.8523788, 0.8523788], "xyz": [4.50854481, 7.685976029788056,
7.685976029788056], "label": "O", "properties": {"magmom": -0.0}}, {"species": [{"element": "O", "occu": 1}], "abc": [0.8523788,
0.1476212, 0.5], "xyz": [7.685976029788056, 1.3311135902119442, 4.50854481], "label": "O", "properties": {"magmom": 0.0}}, {"species":
[{"element": "O", "occu": 1}], "abc": [0.5, 0.8523788, 0.1476212], "xyz": [4.50854481, 7.685976029788056, 1.3311135902119442], "label":
"O", "properties": {"magmom": -0.0}}, {"species": [{"element": "O", "occu": 1}], "abc": [0.5, 0.1476212, 0.1476212], "xyz": [4.50854481,
1.3311135902119442, 1.3311135902119442], "label": "0", "properties": {"magmom": -0.0}}, {"species": [{"element": "O", "occu": 1}], "abc":
[0.8523788, 0.8523788, 0.5], "xyz": [7.685976029788056, 7.685976029788056, 4.50854481], "label": "O", "properties": {"magmom": -0.0}},
{"species": [{"element": "O", "occu": 1}], "abc": [0.8523788, 0.5, 0.1476212], "xyz": [7.685976029788056, 4.50854481,
1.3311135902119442], "label": "O", "properties": {"magmom": 0.0}}, {"species": [{"element": "O", "occu": 1}], "abc": [0.6476212, 0.0,
0.3523788], "xyz": [5.8396584002119445, 0.0, 3.177431219788056], "label": "O", "properties": {"magmom": -0.0}}, {"species": [{"element":
"0", "occu": 1}], "abc": [0.6476212, 0.6476212, 0.0], "xyz": [5.8396584002119445, 5.8396584002119445, 0.0], "label": "O", "properties":
{"magmom": -0.0}}, {"species": [{"element": "O", "occu": 1}], "abc": [0.6476212, 0.3523788, 0.0], "xyz": [5.8396584002119445,
3.177431219788056, 0.0], "label": "O", "properties": {"magmom": -0.0}}, {"species": [{"element": "O", "occu": 1}], "abc": [0.3523788,
0.0, 0.3523788], "xyz": [3.177431219788056, 0.0, 3.177431219788056], "label": "O", "properties": {"magmom": -0.0}}, {"species":
[{"element": "O", "occu": 1}], "abc": [0.6476212, 0.0, 0.6476212], "xyz": [5.8396584002119445, 0.0, 5.8396584002119445], "label": "O",



Response examples

® http://aflowlib.duke.edu/search/APIl/?compound(O2Sil)

[{"compound":"02Sil","auid":"aflow:cb11950759a0a497","aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD WEB/FCC/02Sil_ ICSD_44271"}]

® http://aflowlib.duke.edu/search/API/?species(S1,0),nspecies(2)

[{"compound":"016Si8","auid":"aflow:590a543e005fcdd0", "aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD WEB/ORC/02Sil_ ICSD_170533","species":"0,Si", "nspecies":"2"},
{"compound":"08Si4", "auid":"aflow:fe6cb4a748ca8f04","aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/ORC/02Sil_ICSD_75649","species":"0,Si", "nspecies":"2"},
{"compound":"0488i24","auid":"aflow:a461b6af4b750e1c","aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/ORC/OZSil_ICSD_94091","species :"0, Si","nspecies :"2"},
{"compound":"024Si12","auid":"aflow:3dd0d3cf29cc4b04", "aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD WEB/ORC/02Sil_ICSD 56684","species":"0,Si", "nspecies":"2"},
{"compound":"016Si8", "auid":"aflow:390c258fcaala88b","aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD_ WEB/ORC/02Sil_ICSD_170535","species":"0,Si", "nspecies":"2"},
{"compound":"016Si8","auid":"aflow:a75642571911el8e", "aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD WEB/ORC/02Sil_ICSD_170546"," "0,8i","nspecies":"2"},
{"compound":"016Si8", "auid":"aflow:7ab784£658bc19f2","aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/ORC/02Sil_ICSD_170551"," spe01e O si", nspe01e "2"},
{"compound":“O32$i16",“au1d":"aflow:754d7c1cd7fbda3c","aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/ORC/Ozsil_ICSD_l70516" 'species":"0,Si", "nspecies":"2"},
{"compound":"0485124", 'auid":"aflow:9234fc8908490437", "aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/ORC/02Sil_ICSD_153470", "species":"0,Si", "nspecies":"2"},
{"compound":"08Si4", auld"-"aflow:e38965ef50bb8383","aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/ORC/02Sil_ICSD_S1702","species"-"o Si","nspecies":"2"},
{"compound":"016Si8","auid":"aflow:5776al710b60ec68", "aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD WEB/ORC/02Sil_ICSD 52371","species":"0,Si", "nspecies":"2"},
{"compound":"08Si4", "auid":"aflow:1230ca6a3d7feald","aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD_ WEB/ORC/02Sil_ICSD_161310","species":"0,Si", nspe01es "2"},
{"compound":“OlGSiS“,“auid"°“aflow:cd572ec8afb4cal7",“aurl"-"aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/ORC/OZSi1_ICSD_170549",“species“- 0,Si" ' nspec1es ':"2"},
{"compound":"04Si2", "auid":"aflow:959caaad01£f681df","aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD WEB/TET/02Sil_ICSD_158532","species":"0,Si", "nspecies":"2"},
{"compound":"08Si4", "auid":"aflow:56a522816a93e6d2","aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD WEB/TET/02Sil_ICSD_44094","species":"O, Si","nspecies :"2"},
{"compound":"088i4","auid":"aflow:b2ea2a71662a72bd" "aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/TET/OZSil_ICSD_75488" "species "0 Si","nspecies":"2"},
{"compound":"08Si4", "auid":"aflow:a35£25165b071cff", " "aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/TET/02Sil_ICSD_77455"," spec1es :"0,81i", nspec1es ':"2"},
{"compound":"032Si16","auid":"aflow:£50fcdb9774379ef", "aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD WEB/TET/02Sil_ICSD 170537","species":"0,Si","nspecies":"2"},
{"compound":"04Si2", "auid":"aflow:e5bab05610fe7bb9","aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD WEB/TET/02Sil_ICSD_158534","species":"0,Si", "nspecies":"2"},

species

= ee es es ee o

{"compound":"08Si4", "auid":"aflow:299991d2f1511af0","aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/TET/02Sil_ICSD_77453","species":"0,Si", "nspecies":"2"},
{"compound":"024Si12" ,"auid":"aflow:ce56e3945c£f72477","aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD WEB/TET/02Sil_ICSD 654474","species":"0,Si","nspecies":"2"},

{"compound":"08Si4", "auid":"aflow:92cb6fad4fd28ec7f","aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/TET/02Sil_ICSD_180899","species":"0,Si", "nspecies":"2"},

{"compound":"04Si2", "auid":"aflow:1979ea531159ef9d", "aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/TET/02Sil_ICSD_162632","species":"0,Si", "nspecies":"2"},

{"compound":"04Si2", "auid":"aflow:82e5b5754426a3f1","aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/TET/02Sil_ICSD_40102","species":"O, Sl","nspec1e "a"2"},

"aflow:1467a7ac74faac62","aurl"” "2"},
:"2"},

"aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/TET/02Sil_ICSD_40100","species":"0,Si", "nspecies":"2"},

{"compound":"085i4", "auid"

{"compound":"08Si4"

"aflowlib.duke.edu:AFLOWDATA/ICSD_ WEB/TET/02Sil_ICSD_30269","species":"0,Si", nspec1es

auid":"aflow:d2827ad42a60feb0","aurl": "aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/TET/02Sil_ICSD_162615","species":"0,Si", "nspecies’

’
, :
’ :
, :
, :
{"compound":"04Si2", "auid":"aflow:25e045323e81c47f","aurl"
{"compound":"04Si2", "auid":"aflow:42cl1d2f7ee203ab4","aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD WEB/TET/02Sil_ICSD_ 158530","species":"0,Si", "nspecies":"2"},

, :

’ :

’ :

, :

, :

y :

"aflow:5030145a4c52f6£f8","aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/TET/02Sil_ICSD_77454","species":"0,Si", "nspecies":"2"},

auid"
auid"
auid"
auid"

{"compound":"085i4"
{"compound":"048i2"
{"compound":"08Si4"
{"compound":"04Si2"

"aflow:480fa53f47837b0f", "aurl"
"aflow:5e487ccl6753b55f", "aurl"”
"aflow:99bce9f359ed0e69", "aurl"”
{"compound":"04Si2", "auid":"aflow:ae065de2cb2efb4d", "aurl"

"aflowlib.duke.edu:AFLOWDATA/ICSD WEB/TET/02Sil_ICSD_77523","species":"0,Si", "nspecies":"2"},
"aflowlib.duke.edu:AFLOWDATA/ICSD WEB/TET/02Sil_ICSD_155246","species":"0,Si", "nspecies":"2"},

"aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/TET/02Sil_ICSD_20604","species":“O,Si",“nspecies“:"Z"},
"aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/TET/02Sil_ICSD_75740","species":"0,Si", "nspecies":"2"},
{"compound":"08Si4", "auid":"aflow:a614499919eb5£f27","aurl" "aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/TET/OZSil_ICSD_47221","specie ':"O,Si", nspecies ':"2"}
{"compound":"04Si2", "auid":"aflow:337b6a80clcb295c","aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD_ WEB/TET/02Sil_ICSD_68163", spec1es :"0,S1i", "nspecies":"2"},
{"compound":"0325i16", "auid":"aflow:1585e6302d35£389", "aurl":"aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/TET/02Sil_ICSD_171739","species":"0,Si", "nspec1es":"2"},
{"compound":"04Si2", "auid":"aflow:6cdd8fbc9e9762e3","aurl": "aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/TET/02Sil_ICSD_647438","species":"0,Si"," nspec1es ':"2"},
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Response examples

oD

JSON Raw Data Headers

Save Copy Collapse All

0: {.}
»1: {.}
»2: {.}
»3: {..}
b 4: {.}
b 5: {.}
»6: {1}
»7: {.}
b 8: {.}
»9: {.}
»10: {.}
> 11: {..}
»12: {.}
»13: {.}
> 14: {.}
> 15: {.}
> 16: {.}
»17: {..}
»18: {.}
» 19: {.}
b 20: {.}
> 21: {.}

MATERIALS
PROJECT

JSON Raw Data Headers

Save Copy Collapse All

valid_response: true
"2020-04-30T07:18:43.634378"
> version: {..}

copyright: "Materials Project, 2020"

created_at:

JSON Raw Data Headers

Save Copy Collapse All

»1: {..}
»2: {.}
»3: {.}
> 4: {.}
»5: {.}
> 6: {.}
»7: {..}
»8: {..}
»9: {.}
> 10: {.}
»11: {.}
»12: {.}
»13: {.}
> 14: {.}
> 15: {..}
> 16: {..}
»17: {..}
> 18: {.}
»19: {.}
> 20: {.}
»21: {..}



Response examples

oD

MATERIALS
PROJECT AFLOW
JSON Raw Data  Headers JSON  RawData  Headers JSON Raw Data  Headers
Save Copy Collapse All Save Copy Collapse All Save Copy Collapse All
TR

b1 {.} : 2 i; »1: {.}

b 2: {.} b3 o) »2: {.}

»3: {..} >3 o) »3: {.}

b 4: {.} > a: L} > 4: {.}

b5: {..} »5: {.} »5: {.}

»6: {=} »6: {.} »6: {.}

»7: {=t »7: {.} »7: {.}

»8: {.} »8: {.} »8: {.}

»9: {.} »9: .} »9: {.}

»10: {.} et {.} > 10: {.}

»11:  {.} : 1; ii »11:  {.}

b 12: {.} 15 {} »12: {.}

»13:  {.}  1a: o »13:  {.}

b 14: {.} »15: {.} b 14: {.}

» 15: {.} > 16: {.} »15: {.}

> 16: {.} »17: {.} > 16: {..}

»17: () b 18: {..} »17: .y

b 18: {.} »19: {.} »18: {.}

»19:  {.} > 20: {3 »19:  {.}

b 20: {.} : i; i]; »20: {.}

> 21: {.} . ‘a »21: {..}



Response examples

00

MATERIALS
PROJECT

JSON  Raw Data  Headers JSON RawData Headers JSON RawData Headers

Save Copy Collapse All JSON Copy Collapse All Save Copy Collapse All Expand All

v response: ;.
file: "1010921" vo: compound:  "0165i8"
a: "7.16" material_id: "mp-600033" auid: "aflow:590a543e005fcdde"
siga: null v structure: vaurl: "aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/Ol
b: "7.16" @module: "pymatgen.core.structure" species: "0,si"
sigb: null @class: "Structure" nspecies:  "2"
c: "7.16" charge: null v 1
sigc: null v lattice: compound: "085i4"
alpha: "90" » matrix: L] auid: "aflow: fe6ch4a748ca8f0o4"
sigalpha: null a: 9.01708962 vaurl: "aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/O!
beta: "9e" b: 9.01708962 species: "0,Si"
sigbeta: null P 9.01708962 nspecies: "t
gamma: "90" alpha: 00 v2:
siggamma: null beta: 00 compound: ''048Si24"
vol: "367.1" gamma: 00 auid: "aflow:a461b6af4b750elc"
sigvol: null volume: 733.160668139128 vaurl: "aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/O!
celltemp: null w-sitac species: "0,Si"
sigcelltemp: null vo: nspecies: "
diffrtemp: null v species: v3:
sigdiffrtemp: null vo: compound: "024Si12"
cellpressure: null STeRANES ngi auid: "aflow:3dd@d3cf29cc4b0o4"
sigcellpressure: null Seeus 1 vaurl: "aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/O!
diffrpressure: null v abe: species: "0,Si"
sigdiffrpressure: null Bs . nspecies: nou
thermalhist: null va:
pressurehist: null s 453 compound:  "0165i8"
compoundsource: null 2 ? auid: "aflow:390c258fcaala88b"
nel: non v Xyz: vaurl: "aflowlib.duke.edu:AFLOWDATA/ICSD_WEB/O}
- up 27 3t 0: 2.254272405 species: "0,Si"

A CRAOCAA0M



Discussions lead to define a common API

® The initial release was developed by the participants of the workshops
“Open Databases Integration for Materials Design™ held at:
¢ the Lorentz Center (October 2016) %
¢ the CECAM (June 2018, 2019, 2020, and 2021)
7; CECAIM
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The users are now able to search

more materials DBs with the same query...

Open Materials Database
. - A Materials design

JARVIS ©.° OQMD

The Open Quantum
Materials Database



The users are now able to search

more materials DBs with the same query...

Open Materials Database o ‘l{‘rl s oo
JARVIS®.” B 1 AOoQVD

Edable / \ocessuble

nteroperable I :eusable




The users are now able to search
more materials DBs with the same query...
® The philosophy of the OPTIMADE query is to enable the structural

formula to be specified in a straightforward and intuitive manner.

® The query about S10, can each be performed on standardized, versioned
endpoints (/v1/structures) that permit a common filter format with well-

defined terms (?filter=chemical formula reduced="02Si""):

<optimade_impl_url>/v1/structures?filter=chemical_formula_reduced=""02Si"

® Furthermore, the response format 1s exactly the same!



The users are now able to search

more materials DBs with the same query...

® If we explore Group 14 compounds, we can write a simple query (1):
[v1/structures?filter=elements HAS ANY ""C", "Si", ""Ge", ""Sn"", "Pb"

® We can further focus on binary materials (2):
/vl/structures?filter=elements HAS ANY "C", "Si", ""Ge'', "Sn"", ""Pb" AND nelements=2

® We can discard one element (e.g., Pb) focusing on ternary materials (3):

/vl/structures?filter=elements HAS ANY "C'", "Si", ""Ge", "Sn'" AND NOT elements HAS "'Pb"
AND elements LENGTH 3

Provider N1 N 2 N3
AFLOW 700,192 62,293 382,554
Crystallography Open Database (COD) 416,314 3,896 32,420
Theoretical Crystallography Open Database (TCOD) 2,631 296 660
Materials Cloud 886,518 801,382 103,075
Materials Project 27,309 3,545 10,501
Novel Materials Discovery Laboratory (NOMAD) 3,359,594 532,123 1,611,302
Open Database of Xtals (odbx) 55 54 0
Open Materials Database (omdb) 19,317 396 3,303
Open Quantum Materials Database (OQMD) 153,113 11,011 70,252

Further databases are known to have partial implementations of the OPTIMADE API, including JARVIS.




Find and Download Data @ © LOGIN / REGISTER

Q  SEARCH & UPLOAD © YOURDATA @ ENCYCLOPEDIA @ METAINFO 4 ABOUT B TERMS : MORE

Computational data ~ \ ELEMENTS SYSTEM METHOD PROPERTIES UPLOADS Entries v

Search with Optimade filter language

OPTIMADE elements HAS ANY "Al", "Ga", "In"

There are 1,394,894 entries left.

1
H [T} only composition that exclusively contain these atoms He
20,817
3 4 5 6 7 8 9
Li Be B C N 0 F Ne
50,422 47,716 34,282 10,033 26,727 27,890 13,901
1" 12 15 16 17 18
Na || Mg Si P S Cl Ar
49,456 52,643 44,787 58,075 8,622 40,349 3
19 20 21 22 23 24 25 26 27 28 29 30 8] 34 35
K Ca Sc Ti '} Cr || Mn || Fe Co Ni Cu Zn Ge || As Se Br Kr
49,330 49,531 50,792 59,571 56,131 50,906 S 56,491 54,240 64,693 64,861 50,091 33,876 50,080 33,849 37,261
37 38 39 40 41 42 43 LL 45 46 47 48 51 52 53
Rb Sr Y Zr Nb || Mo || Tc Ru (| Rh || Pd || Ag || Cd Sn || Sb Te | Xe
3,373 51,579 51,824 56,914 50,279 50,132 48,716 50,598 50,796 52,222 49,943 50,005 49,733 46,908 34,081 1,993
55 56 72 73 74 75 76 77 78 79 80 83
Cs Ba Hf Ta W Re || Os Ir Pt || Au || Hg Pb Bi Po At Rn
3,397 49,249 51,314 50,591 49,954 49,529 50,306 50,352 51,803 50,603 49,517 49,128 49,779 49,329
Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Cn Nh Fl Mc Lv Ts Og
Uue
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
La Ce Pr Nd || Pm || Sm || Eu Gd Tb Dy || Ho Er || Tm || Yb Lu
49,950 2,39 1,545 2,065 1,121 2,000 1,922 2,109 1,412 1,936 1,632 1,675 1,667 1,341 1,464
89 90 91 92 93 94
Ac Th Pa U Np || Pu (| Am || Cm || Bk Cf Es || Fm || Md || No Lr
1,102 1,678 1,659 1,918] 1,711 1,609
ENTRIES MATERIALS GROUPED ENTRIES DATASETS

1,394,894 entries £ <> I



Find and Download Data @ © LOGIN / REGISTER

Q  SEARCH &> UPLOAD @ YOURDATA @ ENCYCLOPEDIA @ METAINFO & ABouT B TERMS : MORE

Computational data ~ \ ELEMENTS SYSTEM METHOD PROPERTIES UPLOADS Entries v

Search with Optimade filter language

There are 191,626 entries left.

1
H [J only composition that exclusively contain these atoms He
10,074
3 4 5 6 7 8 9
Li Be B (@ N 0 F Ne
1,200 1,105 1,334 1,912 21,078 4,720 8,101
1 12 {15} 16 17 18
Na || Mg Si P S Cl Ar
960 3,726 1,266 20,051 2,554 6,726 3
19 20 21 22 23 24 25 26 27 28 29 30 33 34 35
K Ca Sc Ti Vv Cr || Mn || Fe Co Ni Cu Zn Ge || As Se Br Kr
1,064 1,083 1,319 3,031 1,128 1,286 1,564 31255 1,793 3,304 1,604 1,189 1,180 15,886 1,487 1,230
37 38 39 40 41 42 43 L4 45 46 47 48 Bl 52 53
Rb Sr Y/ Zr Nb || Mo || Tc Ru || Rh || Pd || Ag || Cd Sn Sb Te | Xe
192 1,136 1,428 1,268 1,363 1,328 1,053 1,343 1,473 1,727 3,233 1,386 1,292 14,531 1,265 304
ba 56 72 73 74 75 76 77 78 79 80 81 82 83
Cs Ba Hf Ta W Re || Os Ir Pt || Au || Hg Tl Pb Bi Po At Rn
189 1,150 1,683 1,387 1,134 1,220 1,312 1,372 1,663 1,477 1,394 1,080 1,224 1,673
Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Cn Nh FI Mc Lv Ts Og
Uue
57 58 eg 60 61 62 63 64 65 66 67 68 69 70 71
La Ce Pr Nd || Pm || Sm || Eu Gd Tb Dy Ho Er || Tm || Yb Lu
1,315 257 258 213 147 221 298 241 183 249 199 185 181 218 162
89 90 91 92 Bs 94
Ac Th Pa u Np |[ Pu | Am || Cm || Bk Ccf Es Fm (| Md || No Lr
161 241 156 234 215 300
ENTRIES MATERIALS GROUPED ENTRIES DATASETS

191,626 entries £ <> I



Q SEARCH & UPLOAD O

Find and Download Data @

YOUR DATA

@ ENCYCLOPEDIA

© WMETAINFO

A ABOUT

B TERMS

MORE

© LOGIN / REGISTER

Computational data ~

[ ELEMENTS ] [ SYSTEM J [ METHOD J [ PROPERTIES J [ UPLOADS } Entries

N

OPTIMADE elements HAS ANY "Al" "Ga", "In" AND elements HAS ANY "N" "P" "As", "Sb" AND nelements=2

[ Search with Optimade filter language

There are 71,546 entries left.

H [J only composition that exclusively contain these atoms He
Li Be F Ne
Na || Mg Cl Ar
2 20 21 22 23 24 25 26 27 28 29 30 35 36
K Ca Sc Ti Vv Cr Mn Fe Co Ni Cu Zn Br Kr
0 0 0 0 0 0| 0 0
Rb Sr \/ Zr Nb (| Mo Tc Ru Rh Pd Ag Cd | Xe
55 56 72 73 74 7L 76 77 78 74 80 81 82 83 84 85 86
Cs Ba Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Fr Ra Rf Db Sg Bh Hs Mt || Ds Rg Cn Nh FI Mc Lv Ts Og
Uue
La Ce Pr Nd || Pm || Sm Eu Gd Tb Dy Ho Er Tm || Yb Lu
0 0 0 0| 0 0 0|
Ac Th Pa u Np Pu (| Am || Cm Bk Cf Es Fm (| Md || No Lr
ENTRIES MATERIALS GROUPED ENTRIES DATASETS
71,546 entries & <O




@ OPTIMADE v1.0 (released July 2020)

e REST API for common access to crystal structure databases
¢ Human-readable specification (~20k words)
¢ Based on JSON API
¢ Machine-readable OpenAPI 3.0 schema
® Enables unified access to 25M crystal structures from 14 providers
¢ Federated providers list and discoverability mechanisms
¢ API validation beyond OpenAPI through associated tooling
® IFeatures:
¢ Standardized representation for crystal structures, bibliographic
references and links
¢ Well-defined grammar/filter language
¢ Introspective /info endpoint for extensibility

¢ Strict response format, but data models are flexible where necessary



www.nature.com/scientificdata

scientific data

'.) Check for updates

OPEN - OPTIMADE, an API for exchanging
ARTICLE materials data

CasperW. Andersen et al.”

. The Open Databases Integration for Materials Design (OPTIMADE) consortium has designed
. auniversal application programming interface (API) to make materials databases accessible
. and interoperable. We outline the first stable release of the specification, v1.0, which is

. already supported by many leading databases and several software packages. We illustrate

. the advantages of the OPTIMADE API through worked examples on each of the public

. materials databases that support the full API specification.

#A full list of authors and their affiliations appears at the end of the paper.

SCIENTIFIC DATA| (2021) 8:217 | https://doi.org/10.1038/s41597-021-00974-z 1



/optimade/providers
OPTIMADE Providers Index Meta-Database

The list of OPTIMADE providers keeps track of all reserved database-specific prefixes and the URLs to the index
databases of all OPTIMADE database providers that participate in the OPTIMADE network.

The list of providers is published in the form of a statically hosted OPTIMADE Index Meta-Database here:
e https://providers.optimade.org/

If you specifically seek the current list of providers for the latest version of the OPTIMADE specification, you can access it at this URL:
e https://providers.optimade.org/providers.json

If you seek the list of providers formatted according to a specific major version of the OPTIMADE specification, you can access it using
this URL:

¢ https://providers.optimade.org/<version>/links

Where <version> designates a major version name of the OPTIMADE specification, e.g., v1.

Repository organization

The OPTIMADE providers repository is hosted here: https://github.com/Materials-Consortia/providers
The repository is organized this way:

e /src/links/<version>/providers.json is the current providers.json file formatted according to OPTIMADE version <version>
and any later version that uses a format that is backward compatible with this version.

e /src/info/<version>/info.json is the proper response to the info endpoint formatted according to OPTIMADE version
<version> and any later version that uses a format that is backward compatible with this version.

e /_redirect specify http rewrites to map index meta-database URLs /<version>/info and /<version>/links to the
corresponding files under src/ , as well as /providers.json .



/optimade/providers

JSON

Raw Data

Headers

Save Copy Collapse All Expand All Y/ Filter JSON

v data:

v 0:

v

type:

id:

attributes:
name:

v description:

base_url:
homepage:

type:
id:
attributes:

name:

description:

base_url:
homepage:

type:
id:
attributes:

name:

v description:

base_url:
homepage:

type:
id:
attributes:

"provider"

"aiida"
MATERIALS
CLOUD

"AiiDA"

"Automated Interactive Infrastructure and Database for Computational Science (AiiDA)"
null

"http://www.aiida.net"

"provider"

"aflow"

"aflow.org"
null
null

"provider" \
{ J
"COd" "’
"Crystallography Open Database"
"Open—access collection of crystal structures of organic, inorganic, metal-organics compounds and minerals

"https://www.crystallography.net/cod/optimade"
"https://www.crystallography.net/cod"

"provider"

Ilexmplll



/optimade/links

JSON Raw Data Headers

Save Copy Collapse All Expand All Y/ Filter JSON

v data:
v 0:
id: "autowannier"
type: "child"
v attributes:
name: "Automated high-throughput Wannierisation"
w description: "Validation results of an automated protocol for generating maximally-localized Wannier functions in a high-throughput framework."
homepage: "https://materialscloud.org/discover/autowannier"
v 1l:
id: "curated-cofs"
type: “child"

w attributes:
name: "CURATED covalent organic frameworks database"

v description: "Database of experimentally reported Covalent-Organic Frameworks (COFs), provided with DFT-optimized geometry and DDEC partial charges for molecular simulations."

v base_url:
homepage: "https://materialscloud.org/discover/curated—cofs"
v 2:
id: "optimade-sample"
type: "child"
v attributes:
name: "OPTIMADE Sample Database"
w description: "Database with example structures for OPTIMADE tests."
homepage: "https://materialscloud.org"
v 3:
id: "3dd"
type: "child"
v attributes:
name: "Three-dimensional crystals database"
w description: "Curat t of relaxed three-dimensional crystal structures based on raw CIF data from the experimantal databases MPDS, COD, and ICSD."
v base_url:
homepage: "https://materialscloud.org"
v 4:
id: "hcofs—co2"
type: “child"

v attributes:
name: "COFs for C02 capture and storage applications"
v description: "A curated set of COFs with the highest Henry coefficient for C02, where the full C02 and N2 isotherm and the parasitic energy for the process have been computed."



@ LEARN WORK DISCOVER EXPLORE ARCHIVE More ~

OPTIMADE-Client

OPTIMADE

Open Databases Integration
for Materials Design

Currently valid OPTIMADE API version: v1.0.0
Client version: 2020.11.22

Source code: GitHub

Help improve the application: SETSSERERERILE W S0 ER R0 BT

This is a friendly client to search through databases and other implementations exposing an OPTIMADE RESTful API. To
get more information about the OPTIMADE API, please see the offical web page. All providers are retrieved from the
OPTIMADE consortium's list of providers.

Note: The structure property assemblies is currently not supported. Follow the issue on GitHub to learn more.

» FAQ



My modules

filter=| Starttyping... Q

MP
v1.0.1
[ ] (]

AT
TDC ‘;Pj;\‘* PMO ssL
vi.01 V101 (,J v1.01 v1.01
o o o e o o °

odbx oMD T0Q TCO
v1.01 v1.0.0 v1.0.0 v1.0.0
[ ] [ ] ° [ ]

N

This open-source app is possible thanks to the OPTIMADE standard — Open Databases Integration for Materials Design.



A GitHub repository is available

Open Databases Integration for Materials Design

The Open Databases Integration for Materials Design (OPTIMADE) makes the materials databases interoperational by
developing a common REST API.

@ http://www.optimade.org O . b
E]Repositories 11 Packages People 36 Teams Projects Settings J

Top languages

optimade-python-tools ! A 1 kA

Tools for implementing and consuming OPTiMaDe APlIs in Python @® Python @ Shell JavaScript
@ Python Mt ¥13 K10 @O1s (3 issues need help) I‘l4 Updated 9 hours ago ® Java @ Makefile
optimade-validator-action Most used topics

GitHub Actions action to validate OPTiMaDe implementations using the validator from
Materials-Consortia/optimade-python-tools

Loading...

Oshell sEmT ¥2 %1 ®O1 10 Updated yesterday

materials-consortia.github.io
OPTiMaDe website

JavaScript ¥3 %0 @3 n1 Updated 7 days ago

OPTIMADE-Filter
OPTiMaDe filter language parser in Perl

@®rerl B LePL-30 ¥1 k0 ®Oo 10 Updated 7 days ago



SOURCE FORGE Create Join Login

Open Source Software Business Software Resources Search for software or solutions E

/ Mailing Lists

¥ jmol-commits Mailing List for Jmol

An interactive viewer for three-dimensional chemical structures.
Brought to you by: , L , ,and

Summary Files Reviews Support Wiki Mailing Lists Tickets v News Code

jmol-commits — Automatic notifications from the CVS repository

jmol-commits ) . )
[Jmol-commits] SF.net SVN: jmol:[22399] trunk/Jmol/src/org/jmol

X From: <ha..@us...> - 2022-04-14 04:51:57
jmol-developers

jmol-users Revision: 22399
http://sourceforge.net/p/jmol/code/22399
Author: hansonr
Date: 2022-04-14 04:51:53 +0000 (Thu, 14 Apr 2022)

Log Message:

Jmol.___JmolVersion="14.32.48" // also 15.2.48

new feature: Optimade reader

- https://github.com/Materials—-Consortia/OPTIMADE/blob/master/optimade.rst

- requires qualifier Optimade:: because there is no identifying characteristic of the return

— example: load Optimade::https://optimade.materialsproject.org/vl/structures?filter=nelements=6&page_limit=1




ADVANCED 3 ; :

RESEARCH ARTICLE THEORY AND L % . Backend
—_—SIMULATIONS ’ Crystal Structure Sources N Iniialize / Obtain Refinement
Optimization Optimization

www.advtheorysimul.com FLDW mQQMD .

Download

XERUS: An Open-Source Tool for Quick XRD Phase SR P —

Structures
Refinement Simulation 1

Identification and Refinement Automation R 4 osas-2
i <
Pedro Baptista de Castro,* Kensei Terashima,* Miren Garbine Esparza Echevarria, T swewecsnng | et ] L -
Hiroyuki Takeya, and Yoshihiko Takano* Lo ' P User: btan L1 Visuatiaton
3 E Dal;tg(t:)aalse E E Elements, etc. Plot Resunsi E m plotly
DOI: 10.1002/adts.202100588 Adv. Theory Simul. 2022, 2100588 : ! .
i oMongoDB,. j
. ! User Interface
o ® ]
Jupyter I'EI
pandas
0 Search or jump to... / Pull requests Issues Marketplace Explore ;‘ + - , -
& pedrobcst / Xerus  Public ® Watch 2 ~ % Fork 1 ¢ Star 13~

<> Code () Issues 6 §9 Pullrequests (® Actions [ Projects 2 J wiki @ Security [~ Insights

£ master v  Xerus [ Xerus [ queriers / Go to file Add file ~

g. pedrobcst Added support for multiple uses querying at same time (experimental..) 7c55464 on Apr15 &) History
Y _init__py Vi 6 months ago
3 aflow.py Added missing header and timeout to OPTIMADE last month
[ cod.py Fix typos from conflict (#15) 2 months ago
5 mp.py Set a timeout for requests to avoid infinite hanging 2 months ago
[ multiquery.py Added support for multiple uses querying at same time (experimental..) last month
[ optimade.py Added missing header and timeout to OPTIMADE last month
[ ogmd.py Set a timeout for requests to avoid infinite hanging 2 months ago
Y tcif.py Added support for multiple uses querying at same time (experimental..) last month
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£2:CECAM supports OPTIMADE

ccccccccccccccccccccccccccccccccccccccccccc

® During the “CECAM brainstorming meeting on Data Driven Science”,
which took place at CECAM Headquarters (25 and 26 of March 2019), it
was decided that the CECAM would support the OPTIMADE initiative.

® A post-doctoral fellow will be hired for an initial period of 12 months to

work on specific tasks dedicated to expanding the current developments in

OPTIMADE to classical molecular dynamics or bio-simulations

® [ onger-term actions:

¢ creating a service to integrate and interrogate efficiently the different

databases

¢ creating and maintaining a dictionary of metadata
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‘ ' HTEm Search  About  Stats  API

ot HTEM Content

Methods Public version of HTEM DB features composition (37093), structure (47213), optical (26577), and electrical

Ordariizations (12849) properties of thin films synthesized using combinatorial methods. It currently contains 1307 sample

libraries with 57597 thin film samples, across a wide range of materials (oxides, nitrides, sulfide, intermetallics).
People

Developers and Supporters

Contributors

Sponsors
Contacts 30-

How to Cite




] ' VHTEM  search  About  Stats AP

API

Comporting with an open-data ethos, all data in the HTEM DB is available via a RESTful JSON-based API to allow programmatic access. This is the same
APl that serves as a backend for this website. Those who choose to utilize the APl can download data in full to create their own visualizations and analyses
beyond what is available here.

Base URI: https://htem-api.nrel.gov/api
APl Documentation: https://htem-api.nrel.gov/

If you use our data in your research, please cite its use following the instructions in our How to Cite page.

LiNREL

NATIONAL RENEWABLE ENERGY LABORATORY

v1.4.3
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Opportunities

STTATNR

Y [DRREA

An open database of material data from published plot images

Original paper

Text description

Data download & V|sual|zat|on

L Cproteced —
Structures s, | oo
A : o D2 tion _
disordered e ] | it i
interfaces ; =
SurfaCGS Starrydata2| { | T T e Starrydata2
( lffot(fﬁYI?eS) [Y. Katsura ef al., Sci. Technol. Adv. Mater. 20, 511 (2019)]
cc, fce, ...
Exp. Equilibrium Response i :
DFT . . Properties
EAM properties: properties:
energy, forces, elastic, dielectric,
stresses, ... vibrational, ...

Methods



S T AR DAREA

An open database of material data from published plot images

STARRYDATA AP

We have implemented APIs for Starrydata web system.

You can get all data associated to specific paper/figure/sample by the following URIs.

JSON DATA FOR A SPECIFIC A LIST OF PAPERIDS/FIGUREIDS/SAMPLEIDS THAT CONTAIN
PAPERID(='SID’)/FIGUREID/SAMPLEID SPECIFIC ATOMS IN THE SAMPLE COMPOSITIONS

https://www.starrydata2.org/api/figure/search?atom=Bi,Te

A SPECIFIC ELEMENT OF AN ENTRY

(for a gathered list of paperids, figureids, sampleids)
The default is AND search.
OR search can be done by writing ‘Bi,Te,or’



Opportunities

® OPTIMADE would clearly benefit from semantically enabling the system
using an ontology, both for search as well as for integrating information

from the underlying databases.

Structures
A
disordered
interfaces
surfaces
prototypes
(bec, fec, ...)
Exp. o g .
DFT Equilibrium Response N Properties
EAM properties: properties:
energy, forces, elastic, dielectric,
stresses, ... vibrational, ...

Methods



@ What's next for OPTIMADE?

® Semantic interoperability through an ontology
¢ "An Ontology for the Materials Design Domain", arXiv:2006.07712
(H. Li, R. Armiento, and P. Lambrix)
¢ Fostering links and synergy with:
European Materials Modelling Ontology (EMMO)
Work that has already been done 1n the IUCr (International Union of
Crystallography) about the CIF standard (CIF2)
¢ https://github.com/Materials-Consortia/ontology
e Expanding to classical molecular dynamics and bio-simulations
Platform for fitting machine-learned interatomic potentials
¢ Workshop in 30 May-3 June 2021 at CECAM + Digital
https://www.cecam.org/workshop-details/1120

C/TN\D
155‘
B/

Contacts: gian-marco.rignanese @uclouvain.be


https://arxiv.org/abs/2006.07712
https://github.com/Materials-Consortia/ontology
https://www.cecam.org/workshop-details/1120
mailto:gian-marco.rignanese@uclouvain.be

List of contributors (in alphabetical order)

Casper Andersen, Thomas Archer, Rossella Aversa, Rickard Armiento,
Evgeny Blokhin, Gareth Conduit, Davide Di Stefano, Alexander Dorsk,
Claudia Draxl, Shyam Dwaraknath, Suleyman Er, Matthew Evans,
Adam Fekete, Marco Fornari, Matteo Giantomassi, Abhijith Gopakumar,
Marco Govoni, Saulius Grazulis, Geoffroy Hautier, Vinay Hedge,
Georg Huhs, Jens Hummelshoej, Karsten W. Jacobsen, Ankit Kariryaa,
Boris Kozinsky, Snehal Kumbhar, Nicola Marzari, Andrius Merkys,
Fawzi Mohamed, Andrew Morris, Arash Mostofi, Nicolas Mounet,
Corey Oses, Guido Petretto, Thomas Purcell, Giovanni Pizzi,
Francesco Ricci, Gian-Marco Rignanese, Matthias Schefiler,

Markus Scheidgen, Daniel Speckhard, Leopold Talirz, Cormac Toher,
Daniele Tomerini, Martin Uhrin, Pierre Villars, David Waroquiers,

Donald Winston, Chris Wolverton, Yibin Xu, Xiaoyu Yang



The amount of data available in the DBs

depends on the computing time for each property

1.4

Time per property
(node hours)

c o 9 —

+~ @)\ o0 —_ [\
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-

4.7 million properties; 57 million CPU hours; 730,000 calculations...

chemistry electronic elasticity piezo



For reducing the computational cost,

machine learning may be very handy

wws st [N Nosengo, Nature 566, 475 (2016)]

Artificial intelligénce can help researchers to comb

through vast numbers of materials to find just the
ones they need for the application at hand.
Start with lab data and
: computer modelling of
known materials.

Machine-learning techniques could revolutionize
how materials science is done.

Machine learning extracts
common patterns.
BY NICOLA NOSENGO

S .

Results guide

prediction of new
materials.

Researchers look for
materials with specific,
predicted properties.

Chemists try to make
the candidates for
real-world testing.




The predictive power of the model
depends on the amount of data available

ﬁ Graph networks

Neural networks

Predictive power

Traditional ML

Amount of data available

Computationally demanding material properties
are precisely those with little available data



Material Optimal Descriptor Network (MODNet)

® Concept: feedforward neural network with an optimal set of descriptors.

® Idea: Feature selection by relevance-redundancy algorithm

¢ Prior physical knowledge and constraints are taken into account by

adopting physically-meaningful features.

¢ This reduces the optimization space without relying on a massive

amount of data.

® Bonus: Novel architecture that learns on multiple properties



To be relevant, the selected features should present

some kind of interrelation with the target property

Target Target

Feature 1 Feature 2



Pearson correlation coeflicient is a measure of
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Pearson correlation coeflicient

presents, however, a series of limitations




In MODNet, feature selection is based on
the Normalized Mutual Information (NMI)

® The mutual information (MI) of two random variables i1s a measure of the
mutual dependence between the two variables.
It quantifies the "amount of information” (entropy) obtained about one

random variable through observing the other random variable.

MI(X,Y)

) (Y )

H(X,Y)

e Their Normalized Mutual Information NMI(X, Y) =

bounded between 0 (O@) and 1 (Q)

[P.-P. De Breuck et al., npj Computational Materials 7, 83(2021)]

H(X)

MIX.Y)
HX) + HY)/2




The feature f having the highest NMI with
the target variable y will be chosen the first one

® This provides some understanding of the underlying physics.

Indeed, it pinpoints the most important and complementary variables.

® For instance, the vibrational entropy 1s found to be strongly related to

¢ the inter-atomic bond length

¢ the valence range of the constituent elements (1onicity of the bond).

5

o
o
SN

©
&)
w

p-valence range

o
N
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w

S30sx [meV/K/atom]
N

o
N

o
=
=

o
o

0

0 2 4 6 8 10 12 14
AGNIFingerPrint, n=2.89

[P.-P. De Breuck et al., npj Computational Materials 7, 83(2021)]



For the next chosen features,

redundancy should also be avoided

® To this end, we define a relevance and redundancy RR score: given

¢ a subset of selected features F ¢ extracted from the set F

¢ another feature f

NMI( .
RR(f) = (f,y)

[maxﬂegs (NMI(f,fS))]p +c

where p and ¢ are determine the relevance/redundancy balance.

® In practice, varying p and ¢ dynamically seems to work better, as

redundancy is a bigger issue with a small amount of features.

® The selection proceeds until the number of features reaches a threshold

(fixed arbitrarily or, better, optimized to minimize the model error).



MODNet introduces the possibility of

learning on multiple properties simultaneously

@

matminer

eoe]foos)fooe [oed]
58 §-96-5 8-

.

Feature Genome Property Properties
selection encoder groups

[P.-P. De Breuck et al., npj Computational Materials 7, 83(2021)]



MODNet performs very well

on the curated MatBench test suite

Scaled Errors MatBench

Algorithm P
RF-SCM/Magpie M
CrabNet 3
AMMEXxpress v2020 ¥
ALIGNN -

MODNet (v0.1.10) L
® Dummy
CGCNN v2019

Best algorithms

optical
stability electronic mechanical thermal

Application 4 4 3 11
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10k-100k  100k+
Num. Samples 5 3 3

Crystal Structure (DFT) Composition only

Input Type 9 4

Regression Classification

Task Type 10 3

Total datasets

Data set distribution

[A. Dunn et al., npj Comput. Mater 6, 138 (2020); https://github.com/hackingmaterials/matbench]




How can we predict the phase stability of
polymorphs at different temperatures?

® At T=0K: for exemple, the Cu-O system

0.2

-0.2
-0.4

-0.6

Energy relative to end members (eV)

-0.8

-1.2

0 0.25 0.5 0.75 1
Mol. fraction of O2

e At T>O0K, the vibrational entropy needs to be taken into account.

This can be done by DFPT but it 1s very demanding.



An automatic workflow was developed

e | P

o
>
N

\

e Automatic parallel configuration wE T S
e Automatic error handling Y
® Perturbations fully parallelized t | H ?:. HI”'*

® Store the results on a Database



The vibrational properties

were calculated for 1521 semiconductors

® The dataset includes: T/\ww — Fcrisiobaie] stishovite)
¢ phonon band structure ;?
¢ LO-TO splitting 2
¢ phonon DOS B e el R R S v

¢ Born effective charges =

1000 -

¢ dielectric tensor

500 1

¢ derived quantities:

Frequency (em™

C (x—qu_m'tz p

e ———

=

AF, AEph 5 Cv and S

® The dataset 1s openly available!

SCIENTIFIC D AT At

0L ——
I MK
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G. Petretto, S. Dwaraknath, H.P.C. Miranda, D. Winston, M. Giantomassi, M.J. van Setten, X. Gonze,

K.A. Persson, G. Hautier, and G.-M. Rignanese, Sci. Data 5, 180065 (2018).



The vibrational properties are
available on the Materials Project website

200
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Wave Vector Density of states

... but only for those 1521 semiconductors



How can we predict the phase stability of
polymorphs at different temperatures?

® At T=0K: for exemple, the Cu-O system

0.2

-0.2
-0.4

-0.6

Energy relative to end members (eV)

-0.8

-1.2

0 0.25 0.5 0.75 1
Mol. fraction of O2

e At T>O0K, the vibrational entropy needs to be taken into account.

Let's use machine learning.



Early attempts with ML were based on

RF using only chemical composition features

60 — —»— c-RF
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[F. Legrain et al., Chem. Mater. 29, 6220 (2017)]



Including structural features

clearly improves the predicting power

—— c-RF
—eo— RF
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NB: Performing feature selection on the input space has no effect on the results

as a RF intrinsically selects optimal features while learning.



Neural-network models perform better than

RF approaches whatever the size of the data set

60 — —p— c-RF
—o— RF
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50— —&— MODNet

[ ueV/K/atom]
S
]

MAE
305K
(®)
S
]

\\\““M..

[ [ I [ I
200 400 600 800 1000

Training size

S
S
!

[
-
]

[P.-P. De Breuck et al., npj Computational Materials 7, 83(2021)]



Feature selection is really important
especially for small training size

—4&— MEGNet

——— MODNet
—m— AllNet
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[P.-P. De Breuck et al., npj Computational Materials 7, 83(2021)]



The joint-learning approach (m-MODNet)
shows on average a slight improve in accuracy
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and provides a single model for multiple properties



In particular, it is possible to obtain curves of

the thermodynamic properties vs. temperature
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Thanks to this approach, we can build

Helmholtz free energy [meV/atom]

temperature dependent stability graphs

CuO
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