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A Simulation is Only as Good as the Potential

» The predictive capability of an atomistic simulation is dependent on the fidelity of the
interatomic model (IM).

Example: Projectile impacting silicon plate

Tersoff Potential Stillinger-Weber Potential
exhibits brittle behavior exhibits ductile behavior

L

“All models are wrong but some are useful.” - George E. P. Box
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The Scream, Edvard Munch
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The Problems with Molecular Modeling

» The KIM effort addresses key problems faced by molecular modelers:

Problem |I:

Problem 2:

Problem 3:

Reproducibility. It is currently very difficult or even impossible for a
researcher to reproduce published results obtained using molecular
simulations with a given IM or to use the same IM in a different study.

Archival Storage @

Portability. It is very difficult to port IMs between simulation codes
that have different program architectures and may be written in
different computer languages. (Interoperable)

Re-inventing the wheel. A great deal of researcher time is spent
redeveloping methods for computing complex material properties (e.g.
melting temperature, thermal conductivity, phonon spectra, etc.).
(Accessible, Recyclable)

Ron Miller (Carleton University)



The Problems with Molecular Modeling

» The KIM effort addresses key problems faced by molecular modelers:

Problem 4:

Problem 5:

Problem 6:

Coding Errors. Programming errors in IM implementations can lead to
systematic errors that can go unnoticed, or result in strange behavior that
can be extremely difficult and time-consuming to debug.

KIM Verification Checks

Diffuse Knowledge. Researchers do not have a central location to
exchange information about specific IMs and share analysis and
visualization tools that they have developed related to molecular
simulation. (Findable,Accessible)

KIM Model Pages § Central Discussion Forum

Too many options. Researchers do not have a systematic way of
choosing an IM for a given application. (Recyclable)

RATE g Multitask Learning of Transferability

Ron Miller (Carleton University)



The Problems with Molecular Modeling

» The KIM effort addresses key problems faced by molecular modelers:

Problem 7: Uncertainty. Researchers rarely estimate the predictive uncertainty
of IMs, i.e. systematic errors due to the mathematical representation of
the IM (functional forms and parameters).

Model Ensembles UQ

Problem 8: Access. Researchers do not have easy and reliable access to predictions
of an IM for certain properties needed for problem setup or analysis, e.g. an
equilibrium lattice constant is required to build a crystal or a bulk cohesive
energy is required in a surface energy calculation. (Findable, Accessible)

KIM Queries

Ron Miller (Carleton University) 6



Knowledgebase of Interatomic Models

=

The Open Knowledgebase of Interatomic Models (KIM) is a cyberinfrastructure
funded by the U.S. National Science Foundation (NSF) with the following features:

e Curated repository interatomic models (IMs) (potentials and force fields) with
comprehensive provenance and version control.

e Application Programming Interface (APl) standards connecting molecular
simulation codes (“simulators”) with |Ms.

e Standardized testing framework for archived IMs including their predictions for
material properties and checks on their coding integrity.

e Source and binary distribution framework for easy installation and use of the KIM
APl and KIM IMs with conforming simulators.

e Rigorous transferability and uncertainty estimation for KIM IMs based on machine
learning approaches to select IMs for target application and providing error
bounds on their predictions. (under development)

Ron Miller (Carleton University) 7



KIM Community

» KIM is a collaborative effort.

It began with the KIM Inaugural meeting
in San Diego, Feb 26-27,201 |

* 63 participants from 7 countries

- Canada, Germany, Japan, South Korea,
Sweden, UK, USA

* Many key model developers present

* Major MD code developers present:
LAMMPS, IMD, GROMACS, SPaSM, DL_POLY

KIM Inaugural Meeting, San Diego, February 201 |

» KIM currently has 460 registered members in 43 countries (June 28,2019)

» The project actively collaborates with many researchers:

* Nikhil Admal (UIUC) ¢ Julian Gale (Curtin) * Jens Mortensen (DTU)
* Noam Bernstein (NRL) e Anton Gladky (Debian) * Brandon Runnels (U. Colorado)
* Richard Berger (Temple)  Ben Haley (nanoHUB) * Enrique Martinez Saez (LANL)

* Tobias Brink (TU Darmstadt) e Christoph Junghans (LANL) ¢ Jakob Schigtz (DTU)
* David Cereceda (Villanova) e Axel Kohlmeyer (Temple) * Daniel Schopf (Cinemo GmbH)
e Lauren Dupuy (CEA) e Jim Madge (STFC) e Amit Singh (IIT Bombay)

Ron Miller (Carleton University) 8



KIM Governance

KIM Adyvisory Board

S

Pietro Asinari Laura Bartolo Michael Baskes Betsy Rice Sadasivan Shankar Aidan Thompson
(Politech di Torino) (Northwestern U.) (Mississippi State) (ARL) (Harvard) (Sandia)

KIM Management and Team Leaders

Ellad Tadmor Ryan Elliott Ronald Miller George Karypis Mark Transtrum Daniel Karls
(U. Minnesota) (U. Minnesota) (Carleton U.) (U. Minnesota) (BYU) (U, Minnesota)
KIM Director KIM Tech Lead KIM Editor KIM Co/PI KIM Co/PI KIM Research Assoc
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KIM Overview

Repository: A user-extendible database of
» interatomic Models
» standardized Tests (simulation codes)
» Predictions (results from Model-Test couplings)
» Reference Data (obtained from experiments
and first principles calculations)
» Verification Checks (coding integrity scripts)

Web portal: A web interface that facilitates:
» user upload and download of Tests, Models, and
Reference Data
» searching and querying the repository

Browser-based tcols
and web sarvices

External repositories

» comparing and visualizing Predictions and Reference Data

» recording user feedback

Processing pipeline: An automatic system for generating results by mating
Tests and Verification Checks with Models in the KIM Repository.

» puts the “knowledge” in “knowledgebase”

» employs OS virtualization and cloud-based computing

Ron Miller (Carleton University)
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KIM APl — Portable Models

» KIM Models employ the KIM Application Programming Interface (API).

= Portable Models (PMs) conform to the KIM API Portable Model Interface (PMI)

Any Simulator
(simulation code)

energy and force
calculation

standardized
packed
data objects

e Stand-alone simulation computer program

(MD, lattice dynamics, etc.)

e Can be written in any language supported
by the APl (Fortran, C, C++, Python)

e Autonomous code that given a set of atomic
positions, species, ... computes energy, forces, ...

OpenKIM Repository

PM Collection

MO_800509458712_002

MO 942551040047 005

MO_418978237058_005

the API (Fortran, C, C++)

e Can be written in any language supported by

Ron Miller (Carleton University)



KIM APl — Simulator Models

» KIM Models employ the KIM Application Programming Interface (API).
= Simulator Models (SMs) conform to the KIM API Simulator Model Interface (SMI)

Simulator
(simulation code)

OpenKIM Repository

interatomic model

internal eparam files
esetup instr.

especies, etc.

SM Collection

SM_667696763561_000

SM_ 666183636896 000

SM_566399258279_000

» The KIM API v2 is designed with simplicity in m|nd and adheres to APl best practlces

* Implementation hiding (pimpl idiom)
* Loose coupling
e Minimal-completeness

* Ease of use (discoverable,

consistent, orthogonal)
e Static factory methods

* Use of namespaces
e Const-correctness
e Avoid abbreviations

Ron Miller (Carleton University)
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Example: Using KIM PMs or SMs with LAMMPS

» Every KIM PM and SM is uniquely identified by a KIM ID:

EAM_Dynamo_ErcolessiAdams 1994 Al MO 123629422045 005

| | l
human-readable prefix Unique identifier (12 digit + 3 digit version)

» Using KIM PMs or SMs with LAMMPS is straightforward:

e |nstall the KIM API from source or binary (packages available for Ubuntu, CentOS, Fedora,
OpenSUSE, Homebrew).

e Add the KIM Models that you want to use. (Binary packages have option to add all models.)

e Replace native potential with kim commands to select a model based on its KIM ID:*

pair style eam/alloy
( pair coeff * * Al ercolessiAdams.alloy Al

kim init kim EAM Dynamo ErcolessiAdams 1994 Al MO 123629422045 005 metal
kim interactions Al

Ron Miller (Carleton University) | 4



Citing KIM Models (PMs and SMs)

DataCite

on openkim.org, which can be cited in publications: FIND. ACCESS. AND REUSE AT

» KIM is a member of DataCite and issues DOls to content

...the potential employed was Johnson’s nearest-neighbor EAM potential [1]
archived in OpenKIM [2-3].

References

1. R. A. Johnson, ”Analytic nearest-neighbor model for fcc metals”, Phys.
Rev. B, 37, 3924-3931, 1988.

2. R. S. Elliott, "EAM Potential (analytical nearest-neighbor) for Cu devel-
oped by Johnson (1988) v002”, https://doi.org/10.25950/3ccd9f3b.

3. E. B. Tadmor, R. S. Elliott, J. P. Sethna, R. E. Miller and C. A. Becker,
”The potential of automatic simulations and the Knowledgebase of Inter-
atomic Models”, JOM, 63, 17, 2011.

The ability to cite a DOI and have access to the archived KIM PMs and SMs makes it

possible to reproduce atomistic simulations.

Ron Miller (Carleton University) |5



CUMBEND

Test: A computer program that when coupled with a suitable Model generates one or
more Predictions, each of which is associated with a specific KIM Property.

* Jest Iypes
- Test (stand-alone test limited to a single case, or a parameter set to a driver)
- Test Driver + Parameter Set (can work with multiple conditions)

A Test can be a program or an input file to an installed Simulator (e.g. ASE, LAMMPS, ...)

* What constitutes a KIM Property!?

- An “ideal” physical property without reference to the algorithmic details of how it is
computed (e.g.“melting temperature” as opposed to a specific approach for getting it).

- A%canonical property”, i.e. a basic atomistic property to which Models are often fitted
and from which larger-scale behavior might be inferred.

Bulk - surface energy - dislocation core energy

- lattice constants - surface structure - Peierls barrier

- cohesive energy - gamma surface - ..

- elastic constants - grain boundary structure Point

- phonon spectrum - .. - vacancy formation energy
- .. Line - vacancy migration barrier
Wall - dislocation core structure - ..

Ron Miller (Carleton University) |16



KIM Property Definition Format

» A Property Definition is stored in a subset of EDN format and contains an unordered
set of three required key-value pairs followed by an arbitrary number of key-map pairs:

required

one or
more keys

{

“property-id” “<unique ID in Tag URI scheme>"

“property-title” *“<one-line title of property>"

“property-description” “<brief description of property>"

“<key name>" {

“type” “string | float | int | bool”
“has-unit” “true false”

“extent” “<bounds specification>"
“required” “true false”

“description”

“<brief description of the key>"

Ron Miller (Carleton University)

|7



Property Definition Example

mohnovacancy-formation-free-energy-crystal-npt

host-short-name

host-a

host-b

host-c

host-alpha

host-beta

host-gamma
host-space-group
host-wyckoff-multiplicity
host-wyckoff-coordinates
host-wyckoff-species

host-temperature
host-cauchy-stress

host-removed-atom

reservoir-short-name
reservoir-a

reservoir-b

reservoir-c

reservoir-alpha
reservoir-beta
reservoir-gamma
reservoir-space-group
reservoir-wyckoff-multiplicity
reservoir-wyckoff-coordinates
reservoir-wyckoff-species

reservoir-temperature
reservoir-cauchy-stress

reservoir-cohesive-free-energy

formation-free-energy

HOST CRYSTAL

RESERVOIR CRYSTAL

Ron Miller (Carleton University)
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Example of a Property Definition

mohnovacancy-formation-free-energy-crystal-npt

{
"property-id" "tag:staff@noreply.openkim.org,2014-08-2 | :property/monovacancy-formation-..."

"property-title" "Formation free energy of a monovacancy in a crystal at finite temperature and ...
"property-description” "Gibbs free energy of formation a monovacancy in a ..."

"host-short-name"

"type" "String"
"has-unit" false
"extent" [":"]

"required” false
"description” "Short name describing the host crystal type (e.g. fcc, bcc, diamond)."

}

"host-a"
"type" "float"
"has-unit"  true
"extent” []

"required"  true
"description” "The average length of the host crystal unit cell vector <a>. The associated ..."

}

Ron Miller (Carleton University) 19
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Property Instance

» A Property Instance is either a Prediction or Reference Data conforming to the
specification in the associated Property Definition:

{

“property-id” “<unique ID in Tag URI scheme>"

required : - : i
q “instance-id” <ID for multiple instances>

“<key name>" {
“source-value” <value of the variable>
one or “source-unit” “<physical units>"
more keys “source-unit-uncert-value” <value of uncertainty>

Uncertainty measures conforming to the ISO standard.

“digits” <number of reported digits>

Ron Miller (Carleton University) 20



Example of a Property Instance

mohnovacancy-formation-free-energy-crystal-npt

{
"property-id" "tag:staff@noreply.openkim.org,2014-08-2 | :property/monovacancy-formation-..."

"instance-id" |

"host-short-name"
"source-value" [ "fcc" ]

}

"host-a"
"source-value" 4.032
"source-unit" “angstrom”
"digits" 5

}

"host-b" {
"source-value" 4.032
"source-unit" “angstrom”
"digits" 5

}

"host-c"
"source-value" 4.032

}

Ron Miller (Carleton University)
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KIM Processing Pipeline: Test/VC-PM/SM Coupling

Processing pipeline: An automatic cloud-based system for generating results due to
new Test/VC or Portable/Simulator Model upload or changes in the OpenKIM Repository:

e Detect viable Test—PM/SM couplings (VCs run with all PMs and SMs)

Test Model
* Species * Species
e Provided/Required Data H e Provided/Required Data
e Units e Units

e Uses Celery (an asynchronous queuing system based on message passing)
to assign tasks to virtual machine workers.

e Handles dependencies between Tests
e Coordinates with WebApp to Store Test and VC Results in the OpenKIM Repository

e Written in Python

Ron Miller (Carleton University) 22



KIM Visualization

» KIM Visualizers are designed to display/analyze Test results (i.e. Property Instances) and
are displayed on Model pages.

Cohesive energy curve FCC Lattice Constant
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KIM Visualizers work by

e querying openkim.org to obtain desired Test results (see https://query.openkim.org/)

e plotting the results using Javascript libraries and templates developed in KIM

Follow the tutorials to adapt a visualizer to your own needs

Ron Miller (Carleton University) 23
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Models on openkim.org

Welcome to the Knowledgebase of Interatomic Models!

OpanKIM is an online framework for making molecular simulatians reliable, reproducible, and partabla. Computer “All models are virong but
implementations of interatomic models are archived in CpenrKIM, verified for coding integrity, and testad by computing S0me &S tsalil!

their predictions for a variety cf material properties. Models conforming to the KIM epplication programming interface (AP1) — Gecrge L. 2 Lox

work seamlessly wilth major simulation codes that have adopted the KIM API starndard.

Modek: Tasts &3 Contribute a Model or Data

Models

Click on an 2lamen: te find int2ratomic models for that species. You cen narrow the 3alectior ¢ madels that sLpaert mu tisla spec s after you click.

H Sp
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on openkim.org

Extended KIM ID Title

EAM Dynarmo_ AckandTictWiek 1987 Cu NO 179025020738 008 Firnis-Sirdair potantia (LAMMPS cub ¢ hernite Lakdation) for Cu deweloced by Addand ot al, (1987) vI05

FAM_Trynamn_AcxiandTinnyWitek_ 19872 _Cal_MO_7TRATZAGTTASE_N00 Finnis-Sirciair paramia (| AMMPS cubic hasmite rzhudation) 1nr Gu develaned hy Ackiand &1 al 1"957), varsinn 7 r=timed for
rad ation stud es w000

LANM _Uyname Acdandites =20 _Tu_ MO 42743370224 100 Fimnis-Sirciair potamia (LAMMI'S cub e hermite tzeuation) 1or Cu devalozed by Ack and and V 12k [1990; vOOU

EAM _Dynarmo_AdarrsFolles 18389Universz8_ Cu VO 145873821897 000 EAL potentizl (LAV MPS cubic henmite wabulation; for Cu Universals devsloped by Acams and Fuoilzs [1889) v00C

°

°

°

°

EAM _Cynaimo_ZhouWadleyJolmscn 2001 CuTz MO 54774419382€_000 EAM potantal \LAMIMPS cubic hernite zbuation for Lz Cu-Tz syster devslopsd by Zhou, Wadley and Joh - son 12021) w200

”””” = limlie 1 13553000 FAM neenT Al (L AMMPS manin hasmite “=hdation; for Ca develaped hry 7heu, 'Nadisy and Ichnsan (7001 vica

EAM Potentizl (anaytiza ~earsst-ne ghbor! for Cu developed by _chnson (1983] vI(2

Wy MO 226059238215 001 EMT cotential for Cu-Ng retalic glassss dave cped Ly Bailey, Sthiolz, a-¢ Jacobsan (2004] vIC0
FPAT_Asep _MmalGless Culin?r MO _BSS725647557 007 Fifective Mecium Thecry porenral I Mg ana CuzZr /oy, npaRimailiar meallic glassas.
BT _Aszp MelalGlzse Pad ararukKe oufi3ailey 2007 CuZr MC 967541074339 CO1 ENMT potential for Cu-Zr metsllic g asses devalopsd by Fadararu e: al, 12007, v200

FMT_Asop_Stondar ncobsmSinreaNnsekon 1096 _AAGALITINIPARPT MO _T1RIGTEERS_ 001 FMT pomntial far Al NI, G, Pd, A0, F1ana M develeped Ry aeonaen, Sialrre, tnd Norkow (7956) WK
EPAT_Aszp_Stz~dad_Jacobsen3toitzeMNorskoy 1996 C_ WO 3966762457121 201 EMIT potential tor Cu devecped 2y Jacodsen Stoltze, and Nors<ow | 19390) vi0D

BEMT _Aszp Stzdad Jacobewn Stcltas Morekou AIAGAUC.N FdF1__MC - 18428186217 _C02 Standard EFzctive Medium Theory potenial ur face-vesred cubic medle @ mplemsznted in ASE/Assp.

L. _Rliotrfnrenn 206 Liniversn MO 965249795837 (3 Fificia ‘universal shifted annard Joces modn tor all IV AFLS ppoaten spreins dowlnped by Fllint and feaon (F016)
Vo3

MEAN_ZN_Fa_tn_(a_ MO_145522777939_001 Mocel narametanizatian of 7NN MTAV maaal

Morse_Shiftec_CirifzlcoWeizer_1959H ghCutoff Cu__MC_1510028960¢0_C02 Morse potentizl [shi‘tzd) for Cu bv Girfalco anc Weizer (1958) usind a high-accuracy cutoff d stance 002

Morse_Shiftec_CGirifzlcoWeizer_1958LowCutofl Cu_ MO _€T377T0788°2 002 Morse potential [ghi‘ted) for Cu by Girfalve anc Welzer (1958) using a low-accuracy cutofl distance w022

Marse_Shifrer_Crifeleaweaizer 1953MeadSurn™_ G MO _173TR728551° _07? Morsa natential Bhi‘rad) far G by Giffalnn anc Véeizer (1955) uaind a media™-geniracy curmi diatance Ve

Par_Morse Modi‘led MazDonalcMacDonadd Cu_ MO 0348235475734 000 Mocified Morse pair potantia for copper cue to MazDoralc and MacDondd
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KIM lterns

Models on openkim.org

Models © EAVM_NN_Johnson_1888_Cu__MO_887833271505_002

Jump to; Tests | Visualizers | Files | Wik

@ EAM_NN_Johnson_1988_Cu__MQ_8387833271505_002

Title® LAM Potertial (analytical nearest-neigrhor) for Gl develaped by Jonnson (7 S8E) W07 g

Description © Analytical nearesi-neighbor EAM model for Cu by Johnson =

Species © Cu

Contributor Ryan

Maintainer Ayan

Author Ryan S. Ellott ]

Publication Year 2008

Source Citations @ Johnson HA (196d) Anzlyt ¢ nearest-neighbor Tadel far fon metals. Fhystzal Heview 1 5 7(5):3924-39:4"
©oi:10.7103/PhysRevB.37.3324 (&

Item Citation Click he-e to downlcad 2 cization in BibTeX format

Short KIM 1D @
Extended KIM ID @

DOl

Cimable Link
KIM Item Type @

KIM API Version

Pragramming Language(s) ©@

MO_887833271505_002

EAM NN Jchnson 1988 Cu  MC 887933271505 002
1022095150004 13h

hitps./cci.ow/10.25950/3ccdSi3b

htpaffaearch. datacta.om/woka/10). 25001V 3ecddrin
hitps.//cpenkim org/cite/MO_BE79332713505_002
Stand-a cne Mode

2.0

100.00% C
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Further down the model page for
EAM NN _Johnson 1988 Cu_ MO 887933271505 002

< -

“ Verification Check Dashboard

(Click hera ta learn mere about Varificaton Chacks)

Grade Name Category Briel Description Full Aux
Results  File(s)
Peg Yospecies ‘ . . .. . . .
Sinpeasdes Numerical differentiation check of forces using Richardson extrapolation
Peo ve-periodicity- ndaiory  Pericdic boundary conditions are hendled comectly; see ful description. Results  Files
support
Pe ve-permutation- mandaory  Total enerqy and fcrees are unchanged when swapping atems of the same Results Flles
symmetry spacies; see full description.
Ag ve-forces- «rsse1 Cutoff smoothness and discontinuity detection
numerical- . .
derivativo using 5th order local difference formula
r o ve-dimer- infg ional  The erargy varsus saparation relation of a nair of atams is C1 continuous (i.a. tha Results Files
cantinuity-c1 funclion and its first dervative are continuous); sea full descripticn,
Pe ve-objectivity infcrmation

Memory leak check using the valgrind memory debugging tool

P 7} ve-inversion-
symmetry

nal Tote! energy is unchanged and foroes change sion when inverting a configuration  Results Files
through tha origin; sea full descriotion.

Pe ve-memory-leak infermational  The madal cade daas nat have menory leaks (i.a, It relaassas all allccated memory Results Flles

. |Python-based verification releasing the Global Interpreter Lock (GIL)
e T __— "lto test thread parallelism.
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Further down the model page for
EAM NN _Johnson 1988 Cu_ MO 887933271505 002

<«

Cubic Crystal Basic Properties Table

Soecies: Cu
Model®@ Lattice Constant | Cohesive Energy c11 [GPa]@ c12 [GPa)@ c44 [GPa]@
[A10 [eVI©
EAM_NN_Jchnscn | 2.85939610749000 | 3.5083831577047% | 146.260887382000 137.952181442 | 91.6367E17649000
_1988_Cu__MC_8 03 47 02 2
| 87933271505_002
EAM_NN_Jchnscn | 5.45042160153000 | 2.42418324907400 N NiA N/A
1888 _Cu__MO_8 1 16

87933271505 002
EAM_NN_Johnsen | 5.61472985148 | 3.54000012338123€ | 184.172808464 115.324864335 88.8519693205

1088 Cu MO 8 8
| 87933271505_002
_6 EAM_NN_Jchnson | 2.372449871527000 | 3.26347357706984 | 270.847253148 24.49965165814 17.5854303931
1 1888_Cu__ MO _8 04 1

87933271505_002

EANV_Dynamo_Ack 2.41274794936 2.83498774533736 296.901845605 90.86334172026000 54.1961445C89

andTichyVitsk 198 6 1

/_Cu__MQO_1/202
5880738_005

EAN Duynama Aokl 2396716815300 1 2 ol 76 /035382600 | J8E NOREIR/50N00 1 81 2775700379000 | 24 08 72224840010
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Further down the model page for
EAM NN _Johnson 1988 Cu_ MO 887933271505 002

< -

° Tests

ElesticConstantsCubic_ TD_011862047401_004 Full results page.

y

Comoutes the cubic elastic corstants for some comman crystal types (foc, bec, s3) by calculat ng the hessizn of the eglergy density wth respect to sfrain. An
estimate ot the error asscelatec with the numer cal ditterentiation pertormed IS reported.

Test Test Results Link to Test Rgsults page Benchmark time @

BasticConstantsCubic_bcc_Cu_TE (9160C8415C0_004 <" expand Q view 2602

BasticConstantsCubic_‘cc Cu_ TE * 83557531540 _0C4 <" expand Q view 3665

BasticConstantsCubic_sc_Cu__TE_3183533C<686_004 <" expand Q view 307¢

T A

X Expand a property synopsis.

. Usertime muliplied by the Whetstone Benchmark. This number can be
used (approximately) to compare the performance of different models
independently of the architecture on which the test was run.
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Further down the model page for
EAM NN _Johnson 1988 Cu_ MO 887933271505 002

< -

° Tests

BasticConstentaCublc__TD_011862047401_004

Computes the cubic elastic eonstants for same commen crystal types (fec, hee, sc) by cale.lating the hessian of the ere-gy densty with respeact ta strain. An
estimate ct the error associated wit™ t~e numer cal difterent ation perormed S reported.
Test Test Results Link to Test Results page Denchmarktime @
ElasucConstamsCubic_bce _Cu_ TE 0916033241600 _004 « oxpand Q Visw 2E02Z
ElasticConstamsCubic_fec_Cu_TE_18855753130_0C4  Bxpand Q visw 3E65

ElactcLonstantsUubie_s5c_Cu_ TE 519383364685 _U04 Q view 309

instance id: -
Isothermal elastic constants for a cublc crystal at constant temperature and stress
(or moe infrrmation, see tha property definition elastic-corstants-iaathermal-cubin-rysta -npt)

Crvszal wvp2 = ["sc’]
a = 2,3/724438 027 arqgsirom

Specizs = ["Cu)
Rasis #tam nordinates = [[0.0 0.0 0.0]

Tempereture - 0 K
Cazuchy stress =[D 0000 0] GPa

611 =270 8472731475441 GPa Elastic constants (note that c44 is negative

c12 = &7 #93961558139509 GPa (

Gt st indicating the sc structure is unstable).
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Further down the model page for
EAM NN _Johnson 1988 Cu_ MO 887933271505 002

< -

© Visualizers (in-page)
Cohesive Energy Graph

This grapn shows the cchaz va anergy versUs voluma-per-atom for the current mode for tour mono-atemic cubls phasas mody-cememd cuble (bee),
facae-centared cubir (fce), simpla cubic (85], and diamanc). The curva with the Ioweast minimum is the gmund state of the cryatal if stable. (Tha cryatal
structure is enforced in these ca'culations, 5o the phase may nut be stable.) Graphs are generated for each species supported by the model.

Cohzahsp Engegy [oV]

n AN
Click on any thumbnail to giit a full size image.

Diamond Lattice Constant

Th® ber chant plot shows the mono-atamic fece-centered diemond lattice constant pred cted by the current moded (shown in the unigue color)
curnpared with the precictiors for all other medels in the OpenkIM Repository that support the speces. The vertical bars show the averzge and
standard deviation (one sigma) beunds for all model precicticns. Graphs are generated for each species supperted by the model.

Snecies: Cu

:

Click on any thumbnail to get a full size image.
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L Orenkim
Model: EAM NN Johnson 1988 Cu MO 887933271505 002
Species: Cu

This ¢rash shows the cohesive anerqy versus volume-pe~atom for the currert mocel far four mone-atemic cubic phases (bedy-centerec cubic (bes), face-cenme2d cubic [fee), sirple

stable.] The curves delow ars for the species specified above.

cubic (g¢]. and damonc). The curve with the lowest mir mum is the greund stzte of the arysta f stable. (The oryslal structure is enforced in these calaulaticns, so the phase may not be
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Further down the model page for
EAM NN _Johnson 1988 Cu_ MO 887933271505 002

° Wiki

< -

Description

This Model implements the potertial developes by RA. Johnseon for fas metals as described in the reference abave (sec Saurse Citations), |n part cular
this model i3 appied to coppar (Cu)

Parameters

Symbols (match ng tha raference)
Fer “t’t-'fv,';vpn Ec. Gy e

Correspond ng variables in code:
JEAM_RO, JEAM_FPHID, JEAM_GAM, JEAM_GO, JEAM_BET, JEAM_EC. JEAM_ALF, JEAM_RH0DO0, whera the prefix JEAM amphasizes the fact that each
varable corresponds to the *Johnson Embeddead Atam Fotential”,

Warming: The mace! uses cther paremelers DIM, SPZCCOLDE anc MODEL CUTORF denolng the dimensionality of the spaca (3 by cefault), the number
of spacias (1. by dafaut) and tha cut-off radine (1.5 Angstram by dafault) raspactivaly. Dafault values hava haan hardeoded and, in principle, thay
should not be rmodifed.

Details

Tha fotal potential anergy of a systam of N ators is aseumed to 1ake the form £ = S F;, such that
N 1 m
Ei= Fip:) 4 ilrsl |
; 21: o)+ 5 2:, i)

and
= Zf(r_:.).
Je=l

were B denoles bw errrgy per alern &, F{pp) is Ue embedding Tunction contributicn, % Z,: ;) s the leo - body vorlrizution {o the energy,
stands for the electron density t atem i and f(ry ) s the atom ¢ electron density of atom j ae a funct.on of the distance from its canter 1y, while f is one
of the m neighars of the atom §.
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Current Status (June 28,2019)

* Interface to explore content

Saiiainiieiiie e bk * Content upload by members

* Forums and Wikis for member input

\ 4
e 388 Models e Automatic cloud-based computations
* 2588 Tests e Downloadable User Docker container
* 53 property definitions e Handling of dependencies
* |0 Verification Checks

¢ 9 visualizers

Software supporting KiIM API:

ASAP, ASE, DL POLY, GULP, LAMMPS, libAtoms/QUIP, nanoHUB, Potfit,
Quasicontinuum, MDStressLab
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OpenKlIM.org

|—! QpenkKIM Qetting Started About ~ Downicad/Upload ~

DWSe - SUupport « MemDbDer Login

Welcome to the Knowledgebase of Interatomic Model

OpenKIM Is an onlire frame gliable, reproducible, an§ portable. Computer

implemenrtations of interato U P I Oad CO nte nt erified for coding integrity and tested by computing their
predictions for a variely of n o the KIN . ; face (AP} work

seamlessly vitn malor smuil gl Start here Become a merﬁber
if you are

to get updates and
Models new to KIM vote on KIM policy

Click on an eement to find interatemic mocels for that species. You can narow the se ection 1o medels that susport mult

*All mogais are wrong but sgme
are useful.'

Models = Tests &» Contributs a Mode! or Data

https://openkim.org
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Summary

KIM provides archival permanent storage of interatomic models,
tests, and reference data with known provenance.

MO_394669891912_001 . o . o . .
MO_ 1427997175 16 001 All KIM content is citable using issued DOls. This makes it
MO_748534961139_001 . . . .

MO 212700056563 001 possible to reproduce simulation results in the future.
MO_104891429740_001

MO_179025990738_001

MO_977363131043_001

KIM Portable Models stored in the OpenKIM Repository
i Mod conform to an API that allows them to run seamlessly with any
KIM-compliant simulation code.

Models are tested against a user-extendible set of calculations
for well-defined material properties and verified for coding
integrity using an automated processing pipeline.

Machine learning based tools for assessing interatomic model
transferability and topology based uncertainty quantification
tools are in development.
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