Duke

UNIVERSITY §uiieirin e WUt PN AR SR b sy

repository from high-throughput

From meta-data to meta-properties
with only a bit of meta-physics

Stefano Curtarolo
Materials Science - Duke University — USA
Center for Materials Genomics — USA

C. Toher, C. Oses, R. Friedrich, D. Hicks, F. Rose

@ ENERGY UCSan Diego



Vorführender
Präsentationsnotizen
Thank collaborators at beginning


AFLOW.org: data/ metadata and applications

[ aflow.org ]

Apps and Docs

I:!E.—;’-‘ _ =t

S i i

bk /‘I

mE iz

g 0 it 5

A 5 e )i
Elastic properties

Binary alloy library

AFLOW| |

REST-API WIKI

T

Curtarolo et al., Comput. Mater. Sci. 58, 218 (2012); Calderon et al., Comp. Mat. Sci. 108A, 233 (2015)

= PAOFLOW

i

Superalloys search




AFLOW.org: web portal

[ aflow.org ]

AFLOW | o | o | omeme

Automatic - FLOW for Materials Discovery

~3 million
entries (AUIDs

Melcome 1o AFLOW, a globally available database o
488,536,842 alculated properties, and growing.

ial compounds with over

w
323,383 80,162 5791 5779
band structures Bader charges elastic properties thermal properties
1,620 351,413 30,031 1,882,672
binary systems binary entries ternary systems ternary entries
150,569 4377755
quaternary systems quaternary entries
\.

AFLOW also offers online applications for property predictions using machine learning, crystal

databases, and the generation of convex hulls.
~535 m|"|0n SD Number, Aflowlib Unique |Dentifier, or advanced search string (e.g. Mg & Sn & Cu breakdown of
properties

database.
groups
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AFLOW.org: search page
L OFLOW o = | e | e | o [ = | 5

Rutomatic - FLOW for Materials Discovery

|Search Aflow

‘ Search ‘
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Welcome to AFLOW, a globally available database of 2,532,342 material compounds with over 341,866,170 calculated properties, and growing.
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Web portal for HUMANS

[First]

ENTRY

searches

AsCu0gZn; [T5f66067131a37%)|
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LICENSE: The data Included within the aflow.org repository s free for scientific, academic and
PermanenT UAL: hitp:/aflow.org/material php2id=Au1Cu1Zn2 ICSD_611778
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objects for machines: REST-API

The AFLOW REST-API AFLOW URL (AURL) has the form:

<server>:AFLOWDATA/<project>/<set>/<entry>/?<keyword>

The AURL for the formation enthalpy per atom of the ternary
Heusler structure TO001.A2BC with composition Cu,TiZn is:

aflowlib.dukd.edu:AFLOWDATA/LIB3_RAW/Cu_pvTi_svZn/T0001.A2BC/?enthalpy_formation_atom

\ ] \ \ A J \ J
| | | | |
Server Project Set Layer Entry Keyword
Layer

This becomes the AURL:

aflowlib.dUke.kdu/AFLOWDATA/LIB3_RAW/Cu_pvTi_svZn/T0001.A2BC/?enthalpy_formation_atom

The full list of entries in the set Cu-Ti-Zn can be retrieved using:

aflowlib.duke.edu/AFLOWDATA/LIB3_RAW/Cu_pvTi_svZn/?aflowlib_entries

R. H. Taylor et al., Comput. Mater. Sci. 93, 178-192 (2014)



primitive metadata: REST-API

 Example python script to access APl & download space groups (see
tutorial script restapi.py from aflow _api.txz):

import json
from urllib.request import urlopen

SERVER = 'http.//aflowlib.duke.edu/AFLOWDATA'
PROJECT = '/LIB3_RAW’
SET ='/Cu_pvTi_svZn’ Set: CuTiZn alloy system

='/? ‘ ies’ : ST
ENTRIES = /?aflowlib_entries H Keyword: List of entries in this alloy system

response = urlopen(SERVER+PROJECT+SET+ENTRIES).read().decode('utf-8')

Project: Ternary alloys

Download list of

entry_list = response.rstrip().split(’,’) entries with urlopen
J

Loop through list of entries
for entry in entry_list:

entry_sqg_url = SERVER + PROJECT + SET + /" + entry + '/?spacegroup_relax' # spacegroup relax URL

entry_sg = urlopen(entry _sg_url).read().decode('utf-8')
Download space
group for each entry

print('{0}: {1}'.format(entry, entry_sg))
R. H. Taylor et al., Comput. Mater. Sci. 93, 178-192 (2014) 8



http://aflowlib.duke.edu/AFLOWDATA

primitive metadata for SYMIMEETRY: AFLOW-SYM

e (alculates symmetry descriptions for

— lattice

— superlattice

— reciprocal lattice
— crystal

— crystal spin

. lattice points
: atomic sites are decorated with single species

: reciprocal lattice points

: lattice points + atomic sites

: lattice points + atomic sites + magnetic moment

e Provides the following operator representations:

— operator type
— Hermann-Mauguin
— Schoenflies

— transformation matrix (Cartesian) —
— transformation matrix (fractional) —

— generator matrix

— so(3) coefficients(L,,L,L,)
— angle

— axis

— quaternion (vector)

D. Hicks et al., Acta Cryst. A74, 184-203 (2018)

guaternion (2 x 2 matrix)
guaternion (4 x 4 matrix)
su(2) coefficients (Pauli)
inversion boolean

internal translation (Cartesian)
internal translation (fractional)
atom index map

atom type map

lattice translation (Cartesian)
lattice translation (fractional)



AFLOW.org: database organization
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AFLUX: language to search for
data and primitive metadata

AFLOW NOME | CORRMTIU | PURICAIONS | SARc Matchbook:

Lt b Mtirin Bacavery

Searen & R I Datum-string H H Match I—/T
Urary-hos P Unary-M.te

"
"
rsow
PRSI
P Matchbock . |
i Met chbook t
= Unary-Not? ( Unary- Mite? Datum-string "(' Match ')’ (" Matchbook ') )
Mat chbook Binal Mat chbook opera Or

referenced by. bl k
« Matchbook <block>

= Summons ucifer

<AND>

\| f f | Datum-string II
\-{ Urasy-Haok F L—‘ Lnary-Looss F L J L—I Unary-Looss IJ ‘ <OR>
L )

Matcl

<NOT>

gCoMn_pw/ TOO0:

T ) it ch Unary-Not? ( Unary- Looss? ( Datumstri Dat mber ) Unary-Looss? | ' Watch ') )
at - Unary- nary- Looss umstri ng um numbsr ) Unary-Looss Mstch 1)
keywords Vet ch B nal Match <|Oose>
keywords—aurl, auid, I
TEGATE By dat I
aflowlib entry_versicn=30784! referenced by:

calculation_cores=l! + Match

e — = <string>

calculation Time=l3347
corresponding=Stefano_Sanvito_sanvitos@ted.ie!
amics, bands, magnetic!

1

loop L
node_CFU Core optional Directive:
node_CPU_MHz=!

node_CPT_Mode n;el (R)_Xeon () _CPU_X5650_@_2_ €7CHz! control < m Ute >

keywords
node RAM GB=24!
EEHETFIEE T E [
—

composition=2, 1, 1!

eompound=Ag2ColMnl! ginal Datum-string
density=3.54153!

esntropy=0! unary-fLce

Uaturm-strng

eentropy_atom=0!

Uatumn-number

energy_stom=-5.10123! optional
enthalpy=-20_4051! materials
enthalpy_atom=-5. keywords Directive

thalpy foomario = ( Binal Unary-Mte? Datumstring ' (' ( Datumstring | Datumnumber ) ( Binal ( Datumstring | Datumnumber ) )* ') )*

LUX
syntax

“(”and )"

w oy
“wan
u!u
(131

* Aim: Programatically expose the same functionality as the web search

interface at http://aflow.org/advanced.php

F. Rose et al., Comput. Mater. Sci. 137, 362 (2017).

11



AFLUX: AFLOW Search-API

 AFLUX enables search functionality through query part of URI
e Supports use of several logical operators

e Operator scope can be inter-property and/or intra-property

Logical operator AFLUX syntax Operator scope
<block> “("and “)” Intra- and inter-property
<AND> Intra- and inter-property
<OR> Intra- and inter-property
<NOT> “1” Intra-property
<loose> o Intra-property
<string> Inter-property
<mute> “$” Intra-property

F. Rose et al., Comput. Mater. Sci. 137, 362 (2017). 12



AFLUX: AFLOW Search-API

\http://aflowlib.duke.ed u/sea rch/API/A?<match book>,<directives>’

| |
Search API Server Query

e Matchbook:

* Materials keywords with arguments
* Example: <server>/?species((Na:K),Cl),nspecies(2),Egap(1*,*5),energy cell
» Keyword list available from schema directive: <server>/?schema

* Directives:
 Formatting instructions with arguments
e “format” takes arguments “json” and “html”
e “catalog” takes arguments “icsd”, “lib1”, “lib2”, ...
e “paging” controls number of entries and page displayed, sorted in ascending
order of first materials keyword — order can be reversed by using a negative page
number in the argument

F. Rose et al., Comput. Mater. Sci. 137, 362 (2017). 13




APE: AFLOW Python Environment: search-API

 Example python script to access AFLUX search-API (see tutorial script
afluxapi.py from aflow _api.txz):

#!/usr/bin/env python
import json, sys, 0S

from urllib.request import urlopen AFLUX Server
SERVER="http://aflowlib.duke.edu" Matchbook: materials keywords
API="/search/API/?"

MATCHBOOK="species((Na:K),Cl),nspecies(2),Egap(2*,*5),energy_cell"
DIRECTIVES="Spaging(0)"
SUMMONS=MATCHBOOK+","+DIRECTIVES Directive: return all entries satisfying query

response=json.loads(urlopen(SERVER+API+SUMMONS).read().decode("utf-8"))
for datum in response:

bandgap=[float(x) for x in datum['Egap'].split(",")]

energycell=[float(x) for x in datum['energy_cell'].split(",")]

print ("{}, {}, {}".format( datum['auid'], bandgap, energycell))

JSON with query results is downloaded

F. Rose et al., Comput. Mater. Sci. 137, 362 (2017). 14



What is aggregate data: ontological problem

AGGREGATED METADATA
set of calculations giving
a particular property

e.g. elasticity, phonons, entropy, synthesizability, etc..

aggregated metadata requires workflow of workflows

« one workflow (e.g. band-structure) => one AUID
 workflow of workflows (phase stability) => AUID of AUIDs

STATIC vs DYNAMIC AGGREGATED METADATA

15



STATIC METADATA: Debye-Griineisen AFLOW-AGL

4 Different volume cells A / £(V) data from DFT \
________________ L S
Y | i N (VASP, QE, etc.)
'-1;‘9 6";1 ’<-‘E E")l . ' qurgy(eV)
S, =T = N = N 1
’
N\ Y, )
[ Debye temperature: 6,(V) ]<_ § =
~ l N | l ™
Gruneisen Heat capacity: =
parameter:y Cy Fit with polynomial or egn of
- /1 \ / state: bulk modulus, B(V)

" \_

[ Lattice thermal conductivity, k, ]

/

C. Toher et al., Phys. Rev. B 90, 174107 (2014); M. A. Blanco et al., Comp. Phys. Commun. 158, 57 (2004) 16




STATIC METADATA: Phonon calculations AFLOW-APL

4 )
KAFLOW Phonon Librarh Interatomic force constants
2
O O O %5
(87
orgor;

\_
20 O l
Q Q / Phonon dispersion \
AF"/’( > |

Perturb atom, obtain change

k in force on others /

Curtarolo et al., Comput. Mater. Sci. 58, 218 (2012); Curtarolo et al., Comput. Mater. Sci. 58, 227 (2012)
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STATIC METADATA: Thermal Conductivity AFLOW-AAPL

/AFLOW Anharmonic Phonom 4 Interatomic force constants\

Library oY — o°’v
“ 8?",?6?“? or)]

P |
‘ Q Q Boltzmann Transport Equation
\\\_—// O(/B — Z C aFﬁ

A /

20 O \/ l -
Thermal conductivity
NZchoNe

Si(A cF8 227 a)
1000
900 h..l.l.' o Ry =2 h..r'f o
E x g — . FT L e — f T L ——
200 4 \\ e 2 KM 2z
T00 4\
600 4 \
500 -
400 4

K (W/m K)

Perturb atoms, obtain

300
200 4

change in force on others —t s
0 : - + + + -~ :
100 150 200 250 300 350 400 450 500 550
\ T (K)
AFLOW - www.aflow.org consortium

Plata et al., npj Comput. Mater. 3, 45 (2017)




STATIC METADATA: disorder as sum of order - AFLOW-POCC

[a—
Lh

S
Ln

_—
3
—
g
S
= 1
S
o
L
S
o
o
=

K. Yang, C. Oses, and S. Curtarolo, Chem. Mater. 28(18), 6484 (2016)




STATIC METADATA and IDENTIFIERS

aflow_type=aggregate
method=aflow _apl
version=aflow 4

aggregate parameters=....

aggregate_content=[

aflow:
aflow:
aflow:
aflow:e0acl86639d0al50 aflow:
aflow:
aflow:
aflow:
aflow:
aflow:
aflow:
aflow:

--]

PYTHON-IZABLE: http://aflowlib.org/material.php?id= aflow:e0ac186639d0al50

e49dd5cbb2ledec5
ac91a692fbd41751
828099c6035556a5
2776de8554edceff
db62c43106264Fb3
cec73e2139cbd4da
464ft0aa2d7ebfl5a
Oce04a4d6541e0e?2
e6c66d8f0e02e9¢e4
03a40b741db4d6c4
Ta78e94bd638dbef

20



DYNAMIC METADATA: Convex Hull Phase AFLOW-CHULL

812 entries

X ¥ -0 3

A C =

VI b ~100 S

Vhe 3 osl T s o f-/f / =

R I PR I —150 &

. \\\ LI R | :l & i Agln,Zr -E"

‘,‘ R =

IS S S y 20
. AFLOW B e [/ e
3 Automatic- FLOW for Materials Discovery 4 ; ) E

: 4 K —250 .2
i { =

—300 =

C. Oses et al., J. Chem. Inf. Model. 58(12), 2477-2490 (2018) 21



DYNAMIC METADATA: Convex Hull Phase AFLOW-CHULL

AFLOW

AgAuCd

APOOL

Ag-Au-Cd sunrary
count=S

submitted arXiv:1806.06921 (2018).

POINTS DATA

COMPOUND REDUCED_COMPOLND  REDUCED_COMPOLND_LATEX
Ag3 Ag g
Ag3 Ag Ag
Agl Ag g
Ag1 Ag Ag
Agl Ag g
Agl Ag Ag
Ag2 Ag Ag
Ag2 Ag Ag
Ag2 Ag Ag
Ag2 Ag Ag
Ag2 Ag Ag
Agl Ag g
Aol Ao Aa

C.Oses et al., J. Chem. Inf. Model. 58

Use of this data welcones reference to the following publication:
C. Oses, E. Gossett, D. Hicks, F. Rose, M. 1. Mehl, E. Perim, I. Takeuchi, 5. Sanvito, M.
AFLOW-CHULL: Cloud-oriented platforn for autenomeus phase stability analysis,

(12),

A
|\\\

httpi//af
2018/27/27 16:

Schefflar, Y. Legerer, 0. Lewy, C.

AUID
aflow: c272617950564616
2ed654798da01es
aflow:38acci5e301aackl
aflow: 4052166150028
ks aflow: 27c266F0621a5bh8
Al =flow: b30edab7b3305Ea T
AT aflow: 434570700454342
a7 =flow:17c370428c28170
W aflow: 8063233120048
17 flou: 68ce17d0aT7e016e2
[ aflow: 214000e5c3862387
59 aflow: 2272163a4c87 709
b1 aflow: 08ae176d0diddfed

aw.org
128

Toher, and 5. Curtarsls,

AURL
aflonlib. duke, edu:AFLOWDATA/LIEE
aflowlib. duke, edu:AFLOWDATA/LTE1,
aflowlib. duke, edu:AFLOWDATA/LIED
aflowlib. duke, edu:AFLOWDATA/LIED,
aflowlib. duke, edu:AFLOWDATA/LIED
flowlib. duke. edu:AFLOWDATA/LTET,
aflowlib. duke, edu:AFLOWDATA/LIED,
aflowlib. AFLOWDATA/LIE1,
aflowlib. duke, edu:AFLOWDATA/LTE1,
aflowlib. duke. edu:AFLOWDATA/LIED,
aflowlib. duke. edu:AFLOWDATA/LTED,
aflowlib. duke, edu:AFLOWDATA/LIZZ
aflowlib. duke. edu:AFLOWDATA/LTE2

2477-2490 (2018)

URL_ENTRY_PAGE

RAN/ Aghu/323 http:/faflow. org/naterial. php?id=aflow: c2F267969564d16
RAN/Ag: PAH_PBE http:/faflov.org/naterial. php?id=at

RAN/Aghu/303 //aflow. org/nater ial. php?id=aflow: 3acc5ca01asesl
RAN/AGA/ 2 aflow.org/naterial.php2id=af fcB
RN/ Aghu/ T1 //aflow. org/nater ial. php?id=aflow: 27c26670621a5bbE
RAN/Ag: PAN_PBE 1 af1ow.org/material. phpiid-ar

RAN/AgAU/AT A //aflow. org/nater ial. php?id=af 19450342
RAN/Ag: PAN_PBE /3t 1ou- org/mater is1. phpiid-aflou: 177¢3764880 25178

R/ Ag: PAW_PB
RAN/Aghu/117
RAN/Aghu/hL
RN/ Aghu/59
RAW7Aahu/b1

ial,php? id=aflow:206F3a33d1a004eh
a1, php7id=aflow:Eicel7ddaiedi G2
ial.php?id=aflow:21

ial.php?id=aflow: 262727634 caf7b0
1. oho?id=aflow: 2Bael f6d0dddafed

http://aflow. org/na
http://af Low. arg/ma
http://aflow.org

https//aflow. org/na
htto://aflow. ora/na

SPACE_GROUP_DRIC
P3_(1}21#152
P3_{1}21#152

I /mem#130
Fn-3n#225
Fr-3n#225
Fn-3n#225
R-3n#166
R-3n#166
P6_{3}/mnc#104
P6_{3}/mnc#104
P6_{3}/mac#104
In-3n#228
In-3n#220

Go to aflow.org/aflow-chull and type/select AgAuCd

SPACE_CROUP_ORIG_LATEX
$P3_{1}214#1525
$P3_{1}214#1525
$14/mnnt #1398
SFmyoverline{3}m#2255
SFrioverLine{3}m\#2255
sFm\overline{3}m#2255
$A\overline (3m\#166¢
sR\overline(3}m\#166$
$P6_{3}/mnc\ #1945
$P6_{3}/mmc\#1045
$P6_{3}/mnc)\ #1045
SIn\overLine{3}m\#2295
SImoverline{3}m#2295

SPACE_GROUP_RELAY
Fn-3n#225
Fn-3n#225
Fn-3n225
Fn-3ne225
Fn-3n225
Fn-3ne225
Fn-3n225
Fn-3m225
P6_{3}/mc#194
P6_{3}/mmca194
P6_{3}/mmcs194
In-3n#229
In-3n220

22



DYNAMIC METADATA: /\ Convex Hull - AFLOW-CHULL

“Enthalpy gain”: energetic distance to hull formed from N-1 species
components: AH [N|{1,---, N—1}]

formation enthalpy

AH [N’ {1, R N—l}] — Hhull [{1, R N—l}] — H [N]
H [N] < Hyan [{1, - - -, N—1}]; otherwise is zero.

C. Toher, C. Oses, D. Hicks, S. Curtarolo, NPJ Comput. Mater. in press (2019) 23



Theory from METADATA: N+1 theorem

0.25 T T T
enthalpy gain
0.2 <HF(N)>:><HF(N+1)> i
3
£ 0.15 ' |
g Y.lor LOW : HIGH " | entropy | ]
% entropy I entropy : stabilized
_oif : ' .
L . entrgpy gain
<] I
i TAS=K_T log(N
0.05} | 1 B g(N) -
I
0 L ! L ‘
2 3 1 4 9 6
! | # species

min(H — T'S) < min(H) § min(TS)

if [(H(N +1)) - < HON) >] > TS(N) § i (H(N +1)) = < HN) >] £ TS(N)

C. Toher, C. Oses, D. Hicks, S. Curtarolo, NPJ Comput. Mater. in press (2019), M. Widom, J. Mater. Res. 33, 2881 (2018)


Vorführender
Präsentationsnotizen
This is an old picture: educated guess, based on preliminary data
The science is here


Then performed many many calculations (transition to next slide)


)
Materials from METADATA: The ground-state-less truth

105_
BN=2
. N=3
10% W N=4
vy
-
Y 103
vy
&
>
o
J 102
o
o
E
s> 10
o
200 400 600 800

enthalpy gain (meV/atom)

C. Toher, C. Oses, D. Hicks, S. Curtarolo, NPJ Comput. Mater. in press (2019)

1000
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Vorführender
Präsentationsnotizen
Update figure 1

Overall, be quicker, no need to discuss unaries, just say that we have a rapid drop as we increase species and that certain percentage form stable ordered phases.


-

DYNAMIC METADATA: crude ML measuring entropy

narrow -=

small o
(standard
deviation)

t

X

Prototype

e %__ calculations

e

EFA(N)

AFLOW-POCC: combinations

AFLOW-SYM: degenerations

o{H;(N)} =

enthalpy vs
concentration

wide -> large'o

\

P. Sarker, T. Harrington et al., Nature Comms. 9, 4980 (2018)
E. Perim et al., Nature Comms. 7, 12315 (2016).
D. Hicks et al., Acta Cryst. A74, 184-203 (2018)



Vorführender
Präsentationsnotizen
gi: cardinatlity of factor group
Explain sym is a module we’ve been developing over the past few years
Explain pocc briefly: ensemble of structures at a given 

Good explanation of confusion (EFA)
Be sure to say thermodynamic density of states

No need to go into too much detail with POCC:
Ensemble of ordered structures to generate our spectrum at a specific concentration



a EFA predictions
5 EFA =125 (eV/atom)' | MONbTavWC,
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5-metal carbides: Hf MONb TaTiVW Zr + C
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P. Sarker, T. Harrington et al., Nature Comms. 9, 4980 (2018) 28


Vorführender
Präsentationsnotizen
C, d: electron micrographs

Shorten: 
c) polycrystalline, single phase compound (look at large grains)
d) multi-phase compound, many ordered phases

Look at distribution of elemental phases with EDS
Notice clustering of Mo and W



CONCLUSIONS
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oA pository from high-throughpu

} OFLOW
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AFLOW tries to be as FAIR as possible.

e Findable: AUIDs, rich, searc

e Accessible: retrievable, AFL

 |nteroperable: accessible, s
vocabulary

neable
UX-able

nared and simple

 Reusable: through python, APE, and web-apps
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