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The Materials Genome Initiative

Use information technology to accelerate the
development of advanced materials

* Develop database of properties for all materials

 Make available data and tools for data analysis



Formation energies predict

stability and reactivity
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Formation energies predict

stability and reactivity

A database of material formation energies
(and eventually formation free energies) would allow
researchers to predict whether a hypothetical new
material will be thermodynamically stable.
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1 3. Designer
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I synthesizing the
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E what conditions it

' might be

| synthesized.




The Long-Term Goal

The values In this database only need
to be calculated once, and they can be
re-used for a very long time.

Free energies




We lack experimental data on many materials

More than 100,000 entries in
Inorganic Crystal Structure Database

>

Number of materials

Less than 2000 crystal enthalpies of
formation in NIST-JANAF and
Kubachewski tables




Existing online data and tools —

typically created using DFT

http://gurka.fysik.uu.se/ESP/

C. Ortiz, O. Eriksson, and M.
Klintenberg, Computational
Materials Science 44 (2009) 1042

o) MATERIALS
®

P h O Se D i 0 g ro m App ::::ii::grams via Density Functional Theory

investigate phase :
stability for 2-4 2 The Phase Diagram App (FDApp) generates phase

component systems oy e diagrams using the Materials Genome  database.
K Compositional and grand potential phase diagrams of up
to four compositional components are supported.

Phase diagrams represent the thermodynamic phase
equilibria of multicompanent systems and reveal useful
insights into fundamental material aspects regarding the
processing and reactions of materials.

For the detailed methodology used and usage tips, please
u G refer ta the POADp manual.

HTMI S-compatible  browser recommended, eq, Chrome, Safar
Firafox (3.6 and abova) and 1E9. Nor-interactive plots only for 1ES.

Usage Examples >

Ichtrm Center | Mg-a1-0 PD x | i-5 PD x|

Al-Mg-O Phase Diagram 8 Stable Compounds
[¥] Show Data O Shaw [ hark l [ Get Intepreting Marng
. . Table Unstable Comp. PMNG PDs fitom
A. Jain et al., Computational T o
Materials Science 50 (2011) 2295 Aa0y | 3430 50735
Ma hilet 0000 ERRRT

http://www.materialsproject.org



DFT gets many energies wrong,

including oxidation energies

0
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64 il z:g. L. Wang et al., Phys. Rev.
$ *o B. 73 (2006) 195107
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Correcting for oxygen exposes other problems
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No experimental data on regions of chemical space
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10EFlops

Projected Performance Development
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Performance increases will come from parallelism
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QMC s the best available method for building

a database of formation energies

e Scales well with number of processors

« Scales well with system size — O(N) when
calculating formation energies per atom

e Works for everything (molecules, metals, insulators,
semiconductors...)

e Accurate energies



QMC energies of solids

This work

Literature

Compound QMC Year Experiment
Li 1.09 £ 0.05 1989 1.65

1.57 £ 0.01 1996
Na 1.14 £+ 0.01 2008 1.11

1.0221 = 0.0003 2003
Mg 1.51 £ 0.01 2008 1.52
Al 3.23+0.08 2002 343
MgH, 6.84 = 0.01 2008 6.83
BN 12.85 £ 0.09 1997 12.9
C (diamond) 7.346 £0.006 2003 71.37
Si 4.62 +0.01 2004 4.62
Ge 3.85+0.10 1995 3.86
GaAs 49+0.2 1996 6.7
MnO 9.29 £ 0.04 2010 9.5
FeO 9.66 £ 0.04 2008 9.7
NiO 9.442 £0.002 2003 9.5
BaTiOs 31.2+£0.3 2007 31.57

Jindfich Koloren¢ and Lubos Mitas, Rep. Prog. Phys 74 (2011)
025602
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For high-throughput QMC, need a “recipe”

Energies
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The recipe
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Plane waves
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e Single-parameter convergence

Basis set

 Non-local, which can be expensive in
real space.




The recipe

Plane waves

e Natural basis for periodic systems
e Used by many software packages
e Single-parameter convergence

Basis set

 Non-local, which can be expensive in
real space.

v

Blips (splines)

e Can represent any basis
e Local

e Require a lot of memory and disk
space
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The recipe

Norm-conserving pseudopotentials

Basis set

ABINIT e Covers most of periodic table
(FH|)  Mostly large-core (soft)

Pseudopotentials

e An alternative to ABINIT
Rappe * Only available for select
elements




The recipe

Eric Shirley and Richard Martin, Phys. Rev. B 57 (1993) 15413

Basis set Core-polarization correction

Material | Oxidation energy improvement*

Pseudopotentials

CaO

SnO

Sn0O,

GeO,

IIIIIIIII
|||||||||||||||||||||
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

*After correcting for O, energy error




Extrapolate to infinitely sized supercells
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The recipe
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The recipe

Twist averaging

Basis set
e 2,500 statistics accumulation

samples at each point .
e Real arithmetic can be done at
these points.
grid e Costs only a little more than
collecting 20,000 samples at the
Finite-size effects Gamma point (due to

equilibration).

Pseudopotentials 2Ix2X2




The recipe

The trend in pure QMC data is not clear
(F-point data below)

Basis set

<1.63 -

Pseudopotentials A 3
t
8 .17 -
o E & # Pure DMC
Finite-size effects £ 175 - results
g PR
S
NETRN
o o
5 o
-1.85 T | | |
0 0.1 0.2 0.3 0.4

1 / Number of unit cells




The recipe

We adjust the QMC energies using:

Basis set _ _
Eagjusted = Eqame,kers) * [E(pFr,00) = EpFriprs)]
@ 1.6 -
Pseudopotentials| £ . ¢ Pure DMC
§_ 165 - results
3
Finite-size effects § -17 1 @ With DFT-based
o & k-point
2 175 correction
£
-0.1 0 0.1 0.2 0.3 0.4

1 / Number of unit cells




The reci pe This only improves the results by about
1 kJ / mol atoms on average — possibly

Basis set because we only fit through largest three
asis se : o
cells, so adjustment size is small.
@ 1.6 -
Pseudopotentials| £ . ¢ Pure DMC
§ 165 - results
E
Finite-size effects § -17 1 @ With DFT-based
o & k-point
@ 455 correction
:
-0.1 0 0.1 0.2 0.3 0.4

1 / Number of unit cells




The recipe

Basis set

Pseudopotentials

* [|nitialize parameters with converged

Finite-size effects parameters from smaller unit cell

e All k-points use same Jastrow factor.

Jastrow factor
 Three-body terms not included —

they only help a little, and made
VMC parameter optimization more
difficult.




Basis set

Pseudopotentials

Finite-size effects

Jastrow factor

Zero-point e Use DFT (PAW / VASP) to calculate
energies zero-point energies.




Basis set

Pseudopotentials

Finite-size effects DET Quantum ESPRESSO
Jastrow factor QMC CASINO
: VASP
Z -
ero pglnt Phonons PHONOPY
energies
Workflow Custom scripts

Software




Basis set Kl'his includes scripts to check\

for problems.

Pseudopotentials E.g., if one of the eight
k-points has a much higher
error bar and energy than the
others, it probably initialized

kpoorly and will be restarted./

Finite-size effects

Jastrow factor

Zero-point
energies A 4

Workflow Custom scripts

Software
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Where the problems are
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1) Develop “recipe” for reliable QMC
formation energies.

2) Generate benchmark data for
Important materials (e.g. each
element in each common oxidation
state).

3) Longterm: Calculate them all.



Can this be done?

!

3) Longterm: Calculate them all.




The energies we calculated took an
average of about 50,000 CPU-hours per
material.



Projected Performance Development

10EFlops
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By 2016-ish, we should be able to
calculate QMC energies for every
known inorganic material on a single
supercomputer in about a week

(roughly).



Getting QMC ready for high-throughput

e Better pseudopotentials

e Simplified workflow.

« User-friendly features (e.g. stop if
convergence criterion is met, even If
all steps haven’t been run).

e Accuracy improvements.



Discussion




