Accelerated Materials Design

through High-throughput First-Principles Calculations and Data Mining

Kristin Persson

Outline

* Materials Science — to the rescue for a sustainable
energy future
* A crash course on density functional theory
* Not a exascale poster child
the computing (kinda) — does
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How are New Materials Invented?

“Edison Style”

When looking for a light bulb
filament, Edison tried about
3,000 materials
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Materials Design: Hollywood Style

Materials Innovation Timeline

PV TCOs Permanent magnets Solar Fuel

Thermoelectrics Energy Storage

18 Years...from the average new materials discovery to commercialization

How to accelerate the innovation and
development timeline ?

Teflon Lithium ion
Velcro
Titanium
Polycarbonate Diamond-like Thin Films

GaAs

Amorphous soft magnets

How to compute real world materials properties?

Quantum Mechanics Engmee'rmg
Properties
Optimize
(W[better battery|‘1f>
Corrosion,
strength,energy
density, ..

“E =325.67 k)"

Computational Materials Science
and
First-Principles Calculations

4/13/16



Aim of ab initio calculations
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Summary of problem to solve

Assume that the nuclei (Mass M,) are at: Assume that the electrons (mass m,) are at:

Ry, Ry, s Ry [P PR

electron
nucleus

Standard DFT — steady state

Summary of problem to solve

Assume that the nuclei (Mass M,) are at: Assume that the electrons (mass m,) are at:
Ry, Ry, s Ry [P PR
.

electron
nucleus



Electrons are difficult!

* The mathematical difficulty of solving the
Schrodinger equation increases rapidly with N

e number of computations scales as eN

Many properties can be computed

3

3

Photovoltaics, Thermoelectrics,
Energy Storage, Hydrogen,
Catalysts, CO, capture....

Quantum POWET: Density Functional Theory

Interaction between

Interaction with nucleus electrons

Kinetic Energy
Many electrons

1
tion by average

V¢ = average electrostatic potential from other electrons + exchange
effect (Pauli principle) + correlation effects

Computations are scalable (or are they?)
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roughput Scientific Co

So you have access to 150K cores, now what?

Visibility

Time

Technology ook Trough of Slope of Plateau of
y

Trigger gy pectations

Bummer — ‘exascale’ not working for DFT... ®

DFT codes are trivially parallelizable over k-points

BUT after every reciprocal k point calculation — all the energies
information) have to be assembled to calculate charge densit
al energy... happens hundreds of times per calculati
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non-predictable walltimes...

* Our computations have rather unpredictable runtimes
* Think swarms of workers — one is very slow, another one terrible efficient...
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Shared Resources: Some Challenges are Unavoidable

Real job data from NERSC
* Long “srhall” jobs and short ”Iargm

jobs are natural enemies, hard to
co-schedule

* Don’t get mad, get even (or get
things done)

cores>

et the throughput you want

High-Throughput Materials Computing

* Requires scheduler or run-time tools to
facilitate running large numbers of jobs with
variable duration time

nverse of typical large-scale simulations of
ected tasks (climate, as

Example of challenge overcome:
HPC vs HT barrier

ComBUSTION MODELING

CLIMATE SIMULATION

HIGHTHROUGHPUT
MATERIALS SCIENCE
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Why does this matter?

* NERSC offers us 40 million CPU-hours / year

— A 16-core workstation would take 285 years to produce that
data...

* But we can only leverage that time if we follow their policies
* We will never get close with small jobs

— queued job limit

— walltime limit

eed to play by their rules, which are designed for massi
nulations

Ok — we fixed the computing — what about
new materials???

oughput Materials

Automatic job packing

ComBUSTION MODELING

-t CLIMATE SIMULATION
‘@ p’

HIGH-THROUGHPUT
MATERIALS SCIENCE @

You musr 8
THISTALL
7O RIDE THE

SuperRCOmMPUTERY

Finding higher energy density cathode

Positive Cover

Can

Separator Anode

Cathode ——

M SQ,.O

Sealant Negative Cover

Plastic Bushing Spot Weld

MnO,+H,0+Zn ->MnOCH + ZnOH,
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Potential (V)

Need to model reactions at pH = 15
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Materials Design: Solid Stability Patterns

™ High negative formation energy

2aizites; wg;;

gative formation energy

Positive formation energy

M High positive formation ener;

F- Which cation stabilizes
another cation
i
-

The Screening Strategy

Database
permutation strategy

30,000

Materials Design: KOH Instability

B High dissolution energy
" Moderate dissolution energy
O No dissolution energy

Which cations dissolve
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Candidate Compounds and Design Rules

Predicted alkaline cathode
material performance

[ 54 .
* o

. *
Tier 1 l i TEee

MnO,

Voltage (V) vs Zn

30 4.0

Energy Density (Wh/cm3)

= 200 compounds

¥ Reactant stable in air

v Reactant stable in 9N KOH
| Product stable in 9N KOH

2o

Energy above Lo dciiitEcsdh
il meviay| = ni
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ECE T T T
2 (degree, Cu Ka)

Chen, Hautier, Ceder
JACS (2012)

nacnage
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Lithium-ion batteries for electric vehicles

Doc: “No, no, no, no, thi:
but I need an

It’s just the beginning...

Completely new materials predicted and synthesized based on
computational predictions
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The Materials Project:
A Growing Public Resource

Today’s Status:

O Over 66,000 The

compounds Materials
Project

Q Growing monthly
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What typically slows down computations?

Lo Dy

Input generation =prTT o
(parameter choice) submission/  handling
monitoring

Submit!

Dynamic workflows can be programmed

[=
<
[ Branches / Additions

o |
I ‘* (based on result, modify or add to the workflow)

Detours
(based on result, insert a new step before resuming)

b

A

//D\:O . . . .
FireWorkgn nimble hierarchical design

WORKFLOW CODE

CHEMISTRY CODE

http://pythonhosted.org/FireWorks

Community can write any
workflow in FireWorks

XAFS
9

N spectra
charge

structure

We can automate it over the
d’s most powerful Band I DOS S

structure
S

Optical
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ICSD Other experimental databases User submissions

[ Input processing & transformations ]

StructureNotationalLanguage (SNL)

How to Build Robust Software that Lasts?

Does anyone
remember how to run
‘GoBabyMonte.c’ ???

Nah — Bob left in
1996....

ICSD Other experimental databases User submissions

StructureNotationalLanguage (SNL)

’7 * Robust materials analysis ’ §
F o Self-healing error recovery

Fireworks

* Smart workflow management

Supercomputing Resources
= & =
-

Software Management Philosophies

pymatgen

¢ Open-source
— More eyes => robustness

— Contributions from all over the
world

L CircleCi

* Bent¢ Latest builds for your projects Invke Collberstors
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World Wide Usage < 18,000 registered users
.
i

Launched Sept 2015

¢ Motivation: new compounds supplied
directly by community

* Users suggest structures; MP checks
for uniqueness and runs full suite of
calculations.

* Ensures user-relevant materials with
consistent provenance

Poweredby XS E

Extreme Science and Engineering @ MP-Complete:
Discovery Envirorwment Crowd-sourcing MP Compounds

40 We are proud to announce the pubic beta release of MP-Complete, a new
L initiative for users to recommend new crystals for calculation

srials Project performed nearly 100,000 calculations. In

MP user submission %%

Show JSON History | Show BibTex Citation |ded many new compounds and signifcantl expanded
20 vaiable. W have also received many valuzble
/,_/ Soaieaty _— ike yourselves on new structures to include in our
10 3t such user foedback i criical 0 ensuring that e
S Up-to-date and relevant, and MP-Complete s our
User remarks:

MP Going Interactive

oP -

US Professor: “/ was wondering if you ever
considered a way for the community to contribute
to the Materials Project? ... | really like the approach
and | think that this is exactly where (especially
computational) materials science has to go. “

MPComplete usage; every day

#mpcomplete -

January 19th

ibf mp-complete 1
1 new user-submitted crystal structure!

January 20th

ib:’ mp-complete
1 new user-submitted crystal structure!

iﬁf mp-complete
1 new user-submitted crystal structure!

January 21st

iﬁ-j mp-complete =0 1

1new user-submitted crystal structure!

A2 mp-complete <0 :
1 new user-submitted crystal structure!

}'1’ mp-complete =0 M
1 new user-submitted crystal structure!

SR mp-complete

4/13/16
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MPComplete Use Cases

¢ One-at-a-time, or bulk:

0 One user contributed four new
lead halide PV compounds, one
at a time. (design)

oOne user submitted 64 ABN, 2
perovskites, associating with frR—
publication. (data sharing) Tt ot

other user submitted 131

o check for stability

FireWorks ™

112 completed Workflows for
submission_group_id=88359
.

Submitted by
Felix Faber Alexander Lindmaa O. Anatole von Lilienfeld

World-Wide Resource

Haynes International:
“The correlation between
softening temperature
and your calculated data
Is high - can we add
novel alloy
compositions ?

Toyota: “Materials Project
is a wonderful project.
Please accept my
appreciation to you to
release it free and easy to
access.”

Micron: Your project is inspirational. Please
come to Boise and educate our technical
community”

18,000 -
16,000
14,000 -

12,000

Materials Project Growth

Past year: > 18,000 users
%~ 19 new users/day

%~ 7,000 new users

of Pourbaix App

and new Web interface

From single entities...

4/13/16
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