¢ Computations! |
¥ Toois

Expernmental I
Tools Data /

Materials Innovation
Infrastructure

JARVIS

Computational Discovery of Two-Dimensional Materials, Evaluation of Force-Fields and
Machine Learning

By
Kamal Choudhary
Northwestern University, May 19, 2017

NIST Materials Genome Initiative

Gateway to Materials Genome Information




Acknowledgments

NIST NIST

\{

ing!
NIST GMU NIST NIST NIST Google NIST

Others : Richard Hennig (UF), Susan Sinnott (PSU), Tao Liang (PSU), Kiran Mathew (LBNL), Kristin Persson (LBNL)
Computational resources: CTCMS, RARITAN, XSEDE, NERSC
Software packages: VASP, LAMMPS, Pymatgen, ASE, Phonopy, Magpie, Matminer, Flask

2



Outline

1. JARVIS-FF

» Evaluation of elastic constants, convex hull

» Defects, surfaces, phonons

2. JARVIS-DFT:

» 2D or not 2D?

» Properties

3. JARVIS-ML:

» Generalized Material-descriptors/features (challenge?)

» Neural-Network+classical physics based hybrid force-field
4. Conclusions

Email: kamal.choudhary@nist.gov



Few basics

e Materials Science is all about: Structure-Property-Performance relationship and minimization of
free-energy

 Computationally: Structure = lattice constants (a,b,c), angles (alpha, beta, gamma) and basis
vectors ([Si,0, 0,0],[Si,0.5,0.0,0.5],.....)

* To calculate property: classical physics (e.g. classical force-fields), quantum physics (e.g. density
functional theory)

 MGI motivated current computational databases: Materials-project (MP), AFLOW, OQMD
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JARVIS-FF

1A Introduction to force-fields
1B Property evaluation: elastic constants, convex hull
1C Defects, surfaces, phonons

Email: kamal.choudhary@nist.gov



1A Intro Force-fields f\

* Coulomb potential V(a,(F) a,(F)) = E chqj‘ One parameter to fit/optimize
e Lennard-Jones potential V,, = 4e [(g)” B (g)‘?’] Repulsive and attractive terms, Two parameters to fit
* Morse-potential V(1) = D,(e28—e) _ ge-alr=ro)

These potentials lack anqular information hence not able to capture elastic constants well

¢ Stlllnger -Weber potentlal Vror = ZV? TEJ)JFZV& (rij, Tin, Bijk)  Uses angle but transferability problem

1,7,k

* EAM and MEAM potentlal Vror = ZE (ZP ?"z'.f)) +3 Z Va(rij)  Uses electron density, for metallic systems
1 1.7
¢ BOnd Order/Te rSOff/Brenner LU[:?J:J) - ir;mhnr[:?u) | h—i_,iF.'Tr’iif,f;rur.-f;irr:(?'-i_j)

Uses bond information, for covalent systems
These potentials lack charge information

* Fixed charge potentials: Coulomb-Buckingham

e Other FFs: ReaxFF, COMB, AMBER, CHARMM, OPLS etc.

dv d>r
i i 4 i iV, - =M
dr dt?

Email: kamal.choudhary@nist.gov
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JARVIS-FF-workflow

Obtain
TS ZEFESDT:d * Force-fields obtained from NIST’s interatomic potential repository
MP and LAMMPS-potential folder (e.g. Mishin-Ni-Al-2009.alloy)
* DFT relaxed structures obtained from materials-project
Relaksiruciurs with LAMMS (0 K for corresponding system (say Ni-Al system: Al, Ni, Ni3Al, NiAl etc. )
throughput setup) e Convert the files from DFT format to LAMMPS format
write corresponding input files from LAMMPS
 HT LAMMPS calculations

Calculation
Rerun, if needed successful

MongoDB
Database

JARVIS FF
webpage
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Public Webpage

Ni-Al-
[Refean
JARVIS for Force-fields

b)

http://www.ctcms.nist.gov/~knc6/periodic.html

http://www.ctcms.nist.gov/~knc6/ILAMMPS.html

JLMP-165 [AINi3  |[Pm-3m  |-4.631478 2382 1664  [1664  [1302  [1903 (925  [Mishin-Ni-Al-2009 eam alloy
JLMP-166 |AINi  |Pm-3m  |-4.510871 1909 [1429 [1429 [1215 [1589 (825  [Mishin-Ni-Al-2009 eam alloy
JLMP-167 |AI3Ni5 |Cmmm  |-4582119875 |188.1 [1785 [179.7 [86.7 201.0 [95.0  |Mishin-Ni-Al-2009 eam alloy
JLMP-168 |AI3Ni  |Pnma 387520775 |2085  [105.8  [93.0 43.1 1193 [366  |[Mishin-Ni-Al-2009 eam alloy
JLMP-169 |AI4Ni3 [Ta-3d 426581160714 [187.6 [117.8 (1178 [774 1411 [604  |[Mishin-Ni-Al-2009 eam alloy
JLMP-170 |AINi3 |Fm-3m  |-4.59878825  [1973  [180.7 [1807 |1389 1862 (867  |Mishin-Ni-Al-2009 eam alloy
JLMP-171 |AI3N2 |[P-3ml -4.1589292 2040 1123 [741 46.1 1286 [527  |[Mishin-Ni-Al-2009 eam alloy
JLMP-179 |AINi3 |[Pm-3m  |-4.631478 2382 1664 [1664  [1302  [1903 (925  |[Mishin-Ni-Al-Co-2013 eam alloy
C) JLMP-180 |AINi  |Pm-3m  |-4.510871 1908 [1429 [1429 [1215 [1589 [825  [Mishin-Ni-Al-Co-2013 eam alloy
I —— e e T [ i A —_ JLMP-181 |AI3Ni5 |Cmmm  |-4582119875 [188.1 [1785 [179.8 [86.7 2011 [95.0  |Mishin-Ni-Al-Co-2013 eam alloy
Cugze ﬁr@g\iﬁ 50 S5 R 5T 1 2 7 4 4 0 el o NAIO JLMP-182 [AI3Ni  |Pnma 387520775  |2085  [105.8  [93.0 43.1 1193 [366  |[Mishin-Ni-Al-Co-2013 eam alloy
G ND e 1057 N0AD | s hirs s Jies sto Jsio i i s nrs lsi Joo = d) JLMP-183 |AI4Ni3 |Ta-3d 426581160714 [187.6  [117.8 [117.8 [774 1411 [604  |[Mishin-Ni-Al-Co-2013 eam alloy
Cale-1%96lmp-1057 [Ni2A13 123 |41 |41 461 61 Jso 1287 [s27  |oo KT . JLMP-184 |AIN13 |Fm-3m -4, 59878825 1973 180.7 180.7 138.9 1862 |86.7 Mishin-Ni-Al-Co-2013 eam allov
— JLMP-185 |AI3Ni2 |[P-3ml -4.1589292 2041 1123 [741 46.1 1287 [527  [Mishin-Ni-Al-Co-2013 eam alloy
Ldata Ay mei0s7  taansaiero [ e * JLMP-209 |AINi3 [Pm-3m  |-4.631478 2382|1664  |1664 (1302 (1903 925 ﬁm—‘—‘w
[ in.elastic ) Mishin-Ni-AI-2009.eam alloy 2013 eam.alloy
o JLMP210 AINi  [Pm-3m  |-4.510871 1908 (1429 [1429 |1215 1589 [g25  [Mhshin updatedNi-AlCo:
=] log 2013 eam allov
|| potential
|| restart.equil

Old version

Structure Type: Comvestionsl Standard | Primewe  Refined

space Filling  Poiynedra

Email: kamal.choudhary@nist.gov

Development version

=% Choudhary et al., Nature:Scientific Data 4, 160125 (2017)



http://www.ctcms.nist.gov/~knc6/periodic.html
http://www.ctcms.nist.gov/~knc6/JLAMMPS.html

1B Convex-hull plot

Ni Al N Al
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e Comparison of DFT convex-hull plot with LAMMPS
* Some points shown unstable for FF, because they are not fit to it !

Choudhary et al., Nature:Scientific Data 4, 160125 (2017)
Choudhary et al.,, Computational Materials Science 113, 80 (2016)
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1B Bulk modulus

600

500} « Comparison of DFT bulk modulus with LAMMPS, ~500

. points in common
& 400 o . ’  Some FFs are not fit for elastic properties

0 100 200 300 400 500 600
Bv-MP (GPa)

Choudhary et al, Nature:Scientific Data 4, 160125 (2017)
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1C Vacancy formation energies

Vacancy-formation energy (eV)

Vacancy formation energies were calculated by deleting the symmterically distinct atoms m the system. In the table, vacancy forming element. 1ts multiplicity, and defect-formation energy are given. The reference element cohesive energies were calculated with the most stable structure for the
element found on materials project database. The defect structures were generated with Pvdii at 0 K. Defect structures were constructed with the fully-relaxed bulk system as input. For defect-structures energetics calculations. constant volume ensemble was used. We impose the defect
structures to be at least 1.5 nm large in all directions.

Element Mult. Value
Al 1 2.027
MNi 1 2845

 Real materials are VERY defective !

* Vacancy structures based on unique Wyckoff positions
* Delete symmetrically distinct sites only

11
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1C Phonons
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1C Surface energies

Surface energy (J/m2)

YYYYY
Surface energies were calculated for symmterically distinct crystal surfaces obtained with Pvmatgen. In the table, (hkl) indices and surface YYYYYY

enegies are given. For surface-structure energetics, constant volume ensemble was used. We impose the slab thickness to be at least 2 nm and YYYYYYY
YYYYYYYY

vaccum size of 2.5 nm. The maximum miller index is taken as 3.
YYYYYYYYY

YYYYYYYYYY

YYYYYYYYYYY
Surface Value YYYYYYYYYYYY
111) 0.875 Y Y Y YYYYYYYYYY
( ) Y Y Y YYYYYYYYYYY

(100)0.9-59 .vavvvvvvvvvvvv

(332) 0.952 .o.vvvvvvvvvvvvvv'.
(322) 0.977 .u.'vvvvvvvvvvvv','
(211) 0.999 T YYYYYYYYYYY Yy ¥
(33 1) 1.006 (100) "¢ SEEEEE Forts A
(110) 1.013 i~ 2

(311) 1.019

(321) 1.033

(310) 1.042

(320) 1.05

(210) 1.053

(221) 1.058

Wulff construction: Used in predicting equilibrium
shape of materials

Mathew et al., Computational Materials Science, 122 183 (201¢
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Summary Part-1

* New website for FF calculation data
* Enable user to select FF before doing any calculations

e Can be complement to DFT where computational cost is too high,
such as phonons, defects, grain boundaries etc.

* Genetic algorithm based evaluation, melting point, thermal expansion
coefficient, thermal conductivity, Grineisen parameter calculations
on the way

e Outreach: thousands of website hits in few months, JARVIS-FF listed
as a post-processing tools for LAMMPS

Email: kamal.choudhary@nist.gov



PART 2 JARVIS-DFT

2A Introduction to Density functional theory

2B 2D Materials
» Applications: Sub-micron electronics, Flexible and
tunable electronics, photo-voltaics, energy-storage

Email: kamal.choudhary@nist.gov



2A Density Functional Theory ...

derivative wrt X Wave-function

* Classical Newton’s laws not applicable for electrons (very fast, very tiny); N 2

* Schrodinger equation: mathematical equation that describes the evolution 2):[2/ + 8”2m (E-V)y =0
over time of a physical system in which quantum effects, such as wave—particle duality, f \

are significant (such as electrons) . Position Energy Potential Energy

Schrodinger equation of a fictitious system (the "Kohn—Sham system") of non-interacting particles (typically electrons) that
generate the same density as any given system of interacting particles

Uses density (scalar) vs wavefunction (vector) quantity

Exchange-correlation

v
2
Hy =Ey {_h—vz +Veq (r)i|Wi (r): E, (I’)l//i (I’) VEff =T +V|\1e +Vee +VXC

2m
Different functionals: LDA, GGA (PBE, PW91), HSEQ6 etc.

LDA: developed for homogenous systems (Thomas-Fermi model), such as metals

GGA: uses density gradient information on top of GGA Walter Kohn
vdW-DF2: uses exchange from GGA, correlation from LDA, quantum-Monte-Carlo

based non-local corrections, optB88 used here mainly
Hohenberg, Pierre; Walter Kohn (1964). "Inhomogeneous electron gas". Physical Review. 136 (3B): B864—B871

https://en.wikipedia.org/wiki/Classical _mechanics 16

http://www.psi-k.org/Update3.shtml

http://www.physlink.com/Education/AskExperts/ae329.cfm Email: kamal.choudha ry@ nist.gov



https://en.wikipedia.org/wiki/Classical_mechanics
http://www.psi-k.org/Update3.shtml
http://www.physlink.com/Education/AskExperts/ae329.cfm

2B Two-dimensional materials

¢ Vander-Waal bonding in z-direction, covalent bonding in x, y-directions, e.g. Graphene,MoS,
DIMENSIONALITY ==PERIODICITY

* Easily exfoliated, scotch-tape type, potential candidate for sub-nanometer technology,

Si-replacement, flexible electronics, and other applications

* For DFT calculation on 2D materials: position of atoms (r) obtained from XRD and other

experiments, ICSD database and other DFT databases

* DFT databases (Materials Project, AFLOW, OQMD) took structures from ICSD

and used PBE functionals consistently for all structures, JARVIS-DFT took from them

» Catch: PBE functionals overestimate lattice constants ( the r’s in PBE-DFT are not correct)
* JARVIS-DFT: Using REST API at Materials-project got all the crystal structures with

ICSD and PBE data and calculated relative error 5o loee —licso|

IICSD

* Ifthe erroris more than 5%, we predict them to be 2D materials; at least 1356 such materials

Found, recalculate with better optB88 functionals, tigcht DFT convergence

http://ammcttwtht.tumblr.com/post/101405895438/a-miracle-material-can-take-the-world-to-the

17

Email: kamal.choudhary@nist.gov


http://ammcttwtht.tumblr.com/post/101405895438/a-miracle-material-can-take-the-world-to-the

Crystal structure from
databases [Cpagf/Cicsp ratio),
Layered materials created

U ELUELLY

Proceed
to Make JSON

storage file
next step

Elastic constants with
conventional cells
{using space-group
library)

ing from
¢ constants
calculations

(Irreducible
representation, PDOS,
and phonon band-
structure phonon
vibration animation)

Calculation
successful

Local and non-local
xc-functional based
spin polarized
Electronic Band-
structure

Band-structure and
sity of states

Email: kamal.choudhary@nist.gov

Converge K-points to 0.001eV

Check for errors,
rerun

Relax structure with
spin polarization on,
energy and force-
convergence

BTE and electrostatic
potential as post-

processing

JARVIS-DFT workflow

e Written in python language

* Separate calculation for mono-layer
and bulk materials

 Mono-layer created by adding additional
vacuum (20 Angstrom) in z-direction

e c-lattice constant not-optimized for mono-
layer (custom compilation of VASP)

e Example:
Buikémp 48
1.00000000000000
1.2325005105744926
1.2325005105744926
0.0000000000000000

-2.1347529506398626
2.134752950638860286
0.0000000000000000

0.0000000000000000
0. 0000
6.6%9626801249061742

C
4
Direct
0.0000000000000000 O0.0000000000000000 ©.2500000000000000
0.0000000000000000 O0.0000000000000000 O.7500000000000000
0.3333330000000032 0.6666669959599588968 0.2500000000000000
0.666666995999598968 0.3333330000000032 O0.7500000000000000
Burt-mp-48

1.00000000000000
1.2320971008984454
1.2320971008984494
0.0000000000000000

c
2

Direct

-2.1340542301747005
2.134054230174T005
0.0000000000000000

0.0000000000000000 ©.0000000000000000
0.3333330000000032 O0.60660606699999595968

0.0000000000000000

0.0633300003 00006
0.083330000

00086



Webpage

http://www.ctcms.nist.gov/~knc6/JVASP.html

* Click on elements, click search, click JARVIS-ID

Mo-Te-

Search

Refresh

JARVIS for DFT

Email: kamal.choudhary@nist.gov

[Formula IC ion type (eV) & nature HSE [B, (GPa) [G,(GPa) [space group [Energy per atom (eV)
[Te8 Mod  [[DA [Eull: 01 ma 63511 [32.607 P2 Lim |-6.86747197333
[Te8 Mod4  [FEE [Eull: 01 ma [33.989 19.293 P2 Lim |-3.99087833083
|T=8 Mod  [PBEBO [Bull .01 ma {011 [23.467 P2 Lim |-3.69536699417
[Te2Mol  [PBE 1L L.128D 15111 2.8 11.52 [P-6m2 [-6.00001043333
[Te2Mol [[DA 1L IL181 ma 23978 13.527 [P-6m2 |-6.83157936667
[Ted Mo2 [PBEBO 1L jna na jua jua na

[Te4 Mo2  [PBEBO 1L .01 na [26.133 10.84 [P2_Lim |-3.608496305
[Te4 Mo2  |PEE L .01 & [23.611 10.307 [P2_Lm |-3.98622232667
[Ted Mo2 [[DA 1L 01 ma [29.511 11.427 P2 Lim |-6.81637419167
[Te4 Mo2 [FEE 1L 01 ma [25.633 102 P2 Lim [-5.98630158
[Te4Mo2 [[DA 1L .01 ma [28.544 11.267 [P2_Lam [-6.81640233
[Te2Mol  [PBEBO L IL.107 D 1.484D [23.767 11.7 [P-6m2 |-3.61617248667
[Te8 Mod4  [LDA [Bull .01 na 63256 32433 [Pom2_1 |6.86714281083
|Te8 Mo4  |PEE [Bull .01 na |33.889 19.293 [Pom2_1 |-3.99092602333
[Ted Mo2 |PEE [Bull: L8701 a 31.133 [22.68 IP6_3mme [6.005211005
[Ted Mo2 [[DA [Eull: 6311 1.0531 50.889 [38.973 [P6_3mme |-6.886117685
[Te4 o2 [PBEBO [Bull: 7541 ma [29.847 [P6_3/mme [3.707153305

* Kpoint, Energy cut-off and force convergence
(N/A in other DFT databases, but very important!)

* Both bulk and single-layer materials available
* Makes ~5 times slower, but much reliable

HOME JARVIS-DFT JARVIF-FF DOCUMENTATION
MIST Disclauner

'OTHER RESOURCES CONTACT

Structural formula: Te8 Mod4
Functional: PBEBO

Space group : Pmn2 1
Calculation type: Bulk
JARVIS ID: JVASP-8

Dovenload input files

e 1

B
“|
{

N
"J
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BELEEE

Ll e
!

T
Y
1
> &

bsd

Convergence

Caleulstionssce done eing VASP softwars, Comverganse ou KPOINTS aad ENCUT is e withrespacttottal enerey o the sstems wikin 001 &V tleranss. Please e comargancs o KPOLNTS and ENCUT is
‘generally done for targat properties, but here we £y comvergence with 0.001 eV should be sufficient for ofher properties also. The points on the curves are obtained with single-point caleulation (miber of ionic
SSepeNSWE]). Howwaer fox very aoeucate caleatations, NSW might be pewded.

Converged at 500ev

< o Conyerged at 23x13x5 Automatic Mesh 80
a0 _so|
|- \\ sl
S -44.4166 \ -
> \ A |z
) ) =
> b / . 736
o P E
g sl \ J 238 )
b / & -a0
~44.4170 . —az|
\ /
"u‘ -44| Lm
“W4HT5y 550 600 650 700 750 800, YO0 20 40 60 B0 100 120

Increment in ENCUT Increment in K point

e >1280 hits in <émonths

. ol . 19
* Soon will be part of Citrine database


http://www.ctcms.nist.gov/~knc6/JVASP.html

Exfoliation energy calculations

e Exfoliation energy:

E1L _ Ebulk

I\Ibulk

E, =

Number

0
0

cd

LI L
100 200 300 400 500 600

m nS p 9 '  stuvw

@ =

Exfoliation energy(meVv/atom)

700 800

e 1012 bulk, 430 Single layer, 371 common, calculations

still running (thousands of processors needed)

Choudhary et al., (Submitted)

Email: kamal.choudhary@nist.gov

Energy Materials
range
(meV)
a) 0-40 TiNCI, SiHa, HIBIN, Mg(AlSe,),
b) 40-60 GaSe, CrSy, ZrSs, NiOy, Gas, ZrSesz, NdTes, USs, TiSs, PrlO, DySlI, Sc,CCly, ThIN, TiBrN,
InClO, LuSBr, SrHI, BilO, BiBrO, KMnP, TilN, ScoNCly, TISbOs, ZrCl, SmTes, PrTes,
As;03, Nb,CS;,, RbMnAs, SiH, Bi;Tel, ScCl, TbBr, Ge(BiTe2),, GaS
c) 60-80 WSe,, WS;, MoS;, C, SnO,, PtO,, CdBr,, ReSe,, CrSe, MgCl,, CoBr,, ZrCl,, MgBr,, TcS,,
FeCl, MnCl,, MnBr», InSe, CrBrs, VCls, USes, IrCls, ScCls, RhCls, Tal,O, DySBr, ErSel,
ErSCI, BiClO, OsCl,0, CdCl;, BN, Nb(SCl),, Bi,Te,S, ThBrN, HfCl, Bi;Te;Se, MgPSes,
CdPS;, ScPS., PPdS, TmAg(PSG3)z, SCAg(PS€3)2, ErAg(PSeg)z, SCAg(P83)2, NbsCls,
Nb3T6C|7, |nAg(PSG3)z, Hngez, SNC', Sr38i2, TiC'z, Hﬂ:eC|e, GaTe, CSz, Nb(SEC')z, CFC|3,
Bil, TiBr,, GaAdg(PSe3),, CdPSs, TiS,
d) 80-100 Nsz, MOSGz, NbSEz, WTez, MOTez, VSGz, ZI’Sz, Hsz, HfSez, MOSz, PtOZ, PtSz, SnSz, SnSez,
TiOQ, TiSz, TiSeg, erez, TaSZ, SiTEz, TaSE‘2, VSz, TaSez, Mg|2, Sb|3, Pb|2, Ge|2, SiSz, Mn|2,
Caly, RhBr3, Bils, MoBrs, RuBrs, PCls, Aul, BPSy, IrBrs, Re(AgCls),, AIPS4, AlSiTes, PPdSe,
CrSiTes, Nb3TE|7, Nd|2, A|2T83, SsNe, AITeI7, AlSEBh, Cd|2, PSE, Ta3T6|7, Tm|2, SbBrs, P455
E) 100-120 HfTez, PtSe,, TiTez, WO,, SnO, BC|3, TesBr, Teal, PBrs, Ti|3, BiTeCI, BiTE|, TlPtzSg, AIBr3,
BiSBr, CaN, Mn;Bi, Hgl,, SrThBrg, P
f) 120-140 BBI’3, A||3, TlTesptz, SbSBr, TIszSeg, stes
g) 140-160 | PdS,, Te,Pt, Bls, Ta(ICl),
h) 160-180 | PdSey, NiTep, Nbls
i) 180-200 | ZrS, Pl;, BaBrCl
) 200-220 | Te,Pd, Te,lr, BiSe,
k) 220-240 | ShSel, BiSI
) 240-260 | BisTes
m) 260-300 | VS,
n) 300-340 | CaSn, KAuSe
0) 340-360 | KAuS, RbAuUS, RbAuSe
p) 360-440 | Sc.C
q) 440-500 | GaN, TiSe;
r) 500-560 Sr2H3, Casz
s) 560-640 | AIN
t) 640-660 | TiTe,
u) 660-680 | CrSe;
V) 680-700 | ZrTe, N
w) 700-720 | CoAs; -
X) 720-960 | Ti,O




Classification of database

(
AB
12.8%

e 2D materials are not just AB2

* More than 2H (P6m2) and 1T (P3m1) prototype
Other * Venn diagram

* Majority of 2D materials are binary

a)
Other
P3m1
34.8% H

AB;

AB,
ABC

P6m?2
lelm P4/nmm

(c) (d)

Chalcogenide Unary Quaternary

Halide

Ternary

18
89 51

11
26 14
Binary
10
Pnictide

Choudhary et al., (Submitted)
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Computational X-Ray diffraction

(a) Exp . . . .
(2)Bulk Ex e Computational X-ray diffraction:
= ‘k B '
3 . ‘ . - ragg's Law
_ . ‘ , . g o
ngh .
E 1,-1,0,3) 4] (b) optB88 plane wave
] =
8 5 | | |
" g l | L s . 2d sin 6
8 (b)Bulk DFT 1108 £ | '
= 1.-1,0.0) o Constructive interference
wvy
g 0,0,0,2) (c) LDA when
E | Io,n.o.a ',1"1|'0'1) 1100 ) e @ e o @ ® nA =2dsin 6
0,0,01) . | | |I . u | e o o o o Bragg’s Law
When x-rays are scattered from a crystal lattice. peaks of scattered intensity

(c) Single Iayer DFT (d) PBE are observed which correspond to the following conditions:

0.0,0,2) 1. The angle of mecidence = angle of scattermg.

I {£003) I I I 2. The pathlength difference 1s equal to an integer number of

> ’ L = L . 1 PR - wavelengths.
0 10 20 30 40 5( 0 10 20 30 40 50
20(°) 26 (%)

* Experimental data from Irina Kalish (MoTe,-2H)

 Computational XRD implemented in pymatgen

* Excellent agreement of optB88 and experiments

* PBE gives erroneous peaks

* Single-layer XRD also available Choudhary et al., (Submitted)

22
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Email: kamal.choudhary@nlst.gov Read WARNINGS. http://faculty.gvsu.edu/majumdak/public_html/OnlineMaterials/XRay.pdf

http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/bragg.html



http://faculty.gvsu.edu/majumdak/public_html/OnlineMaterials/XRay.pdf
http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/bragg.html

Computational band-structure

v of q 4 _ * 0ptB88 bandgaps
Density of states and Band-structures: + Few LDA, PBE and HSE06 bandgaps

Bandgap (eV): 0.754 1
20
15
> 10

DOS (arb. unit.)
L%m
E — Ef (eV)

-10
-15
-20 HEX path: I'-M-K-T"-A-L-H-A|L-M|K-H
-4 -2 0 2 4 6 8 10 s & Curtarolo, DOI: 10.1016/) .2010.05.010
Energies {EV] Wave Vector [Setyawan urtarolo, 1 10. /j.commatsci. .05.010]
| Total DOS || Orbital DOS || Element DOS |
/ X \ Brillouin zone for hexagonal system

* DOS can be used to approximately calculate magnetic property such as Orbital magnetic moment
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Elastic constants, -point phonons

DFT Phonon DFT 1x1x1 Experimental Experimental  DFT Phonon modes DFT 2

mode 1x1x1  Representation modes Representation  for 2x2x2 cell Represe
cell (cm™)
-0.13 Bul -0.58 Bl
-0.06 Aul -0.04 Bl
. -0.04 Bu l 0.06 Al
Elastic Tensor Cij GPa Pont group 7.36 Bul 6.08 Bl
25.80 Aul 24.65 Al
. e 31.04 Bu l 26.09 Bl
pomnt_group_type: 6/mmm 76.66 AgR 74.09 Ac
84.86 AgR 80.56 AgR 81.54 Ac
1195328 11300 00 00  VNisualize Phonons h:re . gggg Egs g;gg gg
328 119511300 00 00 Phonon mode (cm™) Representation 103.28 BgR 96.54 BgR 102.36 Bg
104.17 BgR 108.32 BgR 102.95 Bg
11.3 113 41200 00 00 -0.0465217481 None 107 55 Aul 106.61 A
00 00 00 43300 00 -0.0362848079 None 108.54 AgR 107.12 Ac
109.91 Aul 108.66 Al
00 00 00 00 153500 0.0136711726 Aul 112.03 AgR 112.8 AgR 111.10 Ac
114.06 Bu l 115.46 Bl
0.0 00 00 00 00 155 221183439199 E2g R 12227 Bul 12119 Bl
353915249465 B2g 124.29 AgR 121.90 Ac
112721031921 E2u o2 248 1282 29 R 2558 &
114212804132 ElgR 134.19 Bul 130.53 Bl
151.35 AgR 150.19 Ac
166789595244 Blu 156.27 AgR 163.32 AgR 153.05 Ac
175.28 Aul 176.42 Al
170.535305026 AlgR 175.04 AU 176.93 Al
226.002625615 Elul 184.24 BgR 181.76 Bg
186.30 BgR 191.64 BgR 185.04 Bg
226.037033636 ElgR 190.81 Bu l 189.22 Bl
190.93 Bu 189.61 Bl
275946925877 AZ2ul 23652 AgR 234.90 Ac
279963912554 B2g 239.60 AgR 248.45 AgR 239.42 Ac
252.88 AgR 258.61 AgR 250.04 Ac
253.04 AgR 263.34 AgR 252.26 Ac
264.26 Bu l 264.26 Bl
265.13 Bu l 264.73 Bl
* Experimental data from Ryan Beams, NIST 24

Email: kamal.choudhary@nist.gov Read WARNINGS! e <9% error, Beams et al.. ACS Nano. 10 (10). 9626 (2016)




Thermoelectric properties

Electron mass tensor (m, unit) o BO ItZTra p COde | ] pym atge 1]

0.579472673637  -1.9247905275¢-18 8.58074633074e-20 e Constant re | axation time a PP roximation

-1.9247905275¢-18 0.579471339037  6.18803965953e-20 . . . .

8 58074633074e-20 6 18803963953¢-20 0.315280035074 * Only electronic contribution to thermal conductivity
Hole mass tensor (m, unit) e Perturbation in Fermi-distribution

1.18849079687 1.90402904433e-17 -6.32134631695¢-19 folr, k)= _im_ f=fo+fi.

1.90402904433e-17 1.18848809009 7.02149023383e-18
-6.32134631695e-19 7.02149023383e-18 1.90003598009

14 ¢ &t

1500 i : ; = 16 =7 For a stationary near-equilibrium distribution, the Bolizmann equation is
— 14 —m
1000 df &f dk @f
. a0 T T
S 500
x__‘:-: 1.0 S2
85 o ZT——T K=K, +k,
&g K
3 -500
. * Doping dependent properties for:
- : i | _ : : Hall tensor, thermal conductivity,
15005 G55~ o5 o electronic conductivity tensor, Seebeck tensor

E-E; (eV) E-E; (eV)
Temp-100 K || Temp-300 K || Temp-600 K

(UNDER CONSTRUCTION)

25
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http://www.diss.fu-berlin.de/diss/servlets/MCRFileNodeServlet/FUDISS_derivate_000000017259/Lukas_Hammerschmidt.Thesis.pdf



Providing References to other databases

Reference

mp-134
[C5D-ID: 150692
AFLOW link

MP link

Email: kamal.choudhary@nist.gov

IFLOW

FLOW for Materials Discovery

HOME | CONSORTIUM | PUBLICATIONS

Aly (ICSD# 150692)

entry=AIT_IC

Spacegroup = Fm-3m
o

Al mp-134 10.17188/1189564

Material Details

Final Magnetic Moment

-0.000 ug

Magnetic Ordering
Unknown

Formation Energy / Atom

0.000 eV

Energy Above Hull | Atom
0.000 eV

Density
2.72 glem?

Dacomposes To

Stable
Band Gap
0.000 eV
Structure Type: Conventional SIandard  Primitive | Refined
Space Filling + Polyhedra Space Group

Hermann Mauguin

Fmidm [225]

Zoom infout
Rotate along the center axis

Visualizer options:

Ball & Stick Spacett
Rotation On | | Rotation Off
Label On Label Off

[Relaxed structure:

As calculsted
standard conventional | [fo}

Standara primitive | [mfo)

Supercell

BULD REsET

Crystaliographic planes:

Lattice Parameters

omputed st
2856 A 1) 60.000
2856 A 60.000°
2856 A 60,000
16.472 A7

Final Structure
Fractional Coordinates

Al

SEARCH



Summary Part-2

* New publicly available database specially dedicated to 2D materials (both
bulk and single layer )

* Simple criteria to identify 2D materials, Nanowires and Quantum dots?
e 2D-2L, piezoelectric properties, defects and interface properties on the way

* Largest dataset for optical materials, easy screening of materials,
characterizing nature of optical transitions

* Many-body effects (GW,BSE), Nonlinear optical properties on the way
* JARVIS-DFT data will be available in Citrine database soon
 We welcome your experimental data for validation |

Email: kamal.choudhary@nist.gov



JARVIS-ML

* 3A Introduction

* 3B Implementation using current methods
* 3C New hybrid ML + FF

Email: kamal.choudhary@nist.gov



3A Intro Machine Learning

e Learning == Dimensionality reduction
* No one knows the Potential Energy Surface (PES) : Need of ML

e Similarly, for materials == linear combination of features
* Very simple examples for feature selection:
X: input data, say NaCl: [mean of atomic radii of constituents, electronegativity, atomic mass,....]
Y: target data: [heat of formation, bulk modulus, bandgap,......]
Machine-Learning packages : Scikit-learn (Google), Tensor-flow (Google), Theano (Université de Montréal ,Canada)
Train a machine learning model with Neural network, linear regression, random-forest etc.
For new material say (KCl), convet in the format of X, then query the model

29
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3B Example using JARVIS-DFT data

€ @ 127.001 € @©/127.001
. .. Bandgap (eV)||1.49800568727
Enter Material Composition | Material |AISHLIOZn
| n 3.47446745993
(Get predicted properties) | C11 (GPa) |[193.258274274
AlSHLIOZn Send

Email: kamal.choudhary@nist.gov

Bandgap, refractive index elastic constant for example
Currently running on my computer, testing and debugging may take several months

30



3C Artificial Neural network + FF

* Present trend: Thousands of DFT calculation, structure-property(energy) relationship, parametrize force-
fields, limited to what we train—wrong extrapolation features! (E-V curve)

* Attempt to make new force-field: Machine-learning+FF-contribution (LJ, EAM, COMB and so on), Machine

learning for interpolation, Physics for extrapolation

e ~500 DFT calculations for training database

-28

29

30}

=31

Energy (eV)

32}

=33}

—e DFT
*—& NN

-34
50
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160 léO 260 250
Increment Volumen (Ang”™ 3)

300

For any atom 7, we define the parameter

(O) . J— - 2__11' 2 . .
. — ; ZE TIJ . f((f?‘])_

i

1

where f.(r) is a truncation function defined by

(r=1.)"
d* + (r —r.)?
0, r>

ft(r) =

*Notes Yuri Mishin
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DEMO |
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Conclusions and Future work

* New publicly available databases!

e Simply Google “JARVIS-DFT”, “JARVIS-FF” or browse
http://www.ctcms.nist.gov/~knc6/JARVIS.html

* |dentification and characterization of new/existing materials using classical and
guantum methods

* Flexible python framework to accommodate other models as well: CALPHAD, FEM, PF;
golden time for Multi-scale modelling

* Need of your Experimental data for validation!
* Soon JARVIS will be available on smart-phones
with voice-recognition apps!
* JARVIS-Wiki for documentation, and Hands-on tutorials will be
available soon

THANKS FOR YOUR ATTENTION ! JARVIS for YOU !

Email: kamal.choudhary@nist.gov
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