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Significant HPC time

Blue Waters (USA) application workload analysis (2017 report)
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s it possible to create an accurate, reactive interatomic
potential for covalently bound materials?

® Separation of short and long range interactions

® True quantum mechanics is many-body and long range: charge
transfer, polarisable electrostatics, van der Waals dispersion

e Three possibilities to deal with long range interactions

- They are small enough to be ignored (beyond a cutoff of e.g. 5-6-8 A)
- We know their analytical form, subtract it before fitting

- We can try to fit parameters of the long range interactions

e How local is the remainder?

open structures dense structures
rich in sp/sp? carbon rich in sp® carbon

25gcm-3
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Limit on force field accuracy: for a given cutoff,
what force accuracy is achievable in principle?




A decade old promise. Where are we?
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Representation: atomic neighbour density

pOr) = ) Gr—ry feut(Iryl)
J

\ o(r)

Convolution kernel  G(r) = {

€—|1r|2/2(;2
cutoff: compact support

p is permutational invariant, smooth and continuous

ROtatiOI‘IaI invariance: Smooth overlap of atomic positions (SOAP)
2

— 2 p-p = [ dR [drp(r)p’(f%r)

P (l’) — Z Cnlmgn(r ) Ylm(r) ResSo,
nim SOAP kernel: K(R,R") = K(p,p') = |p - p'|C

— T

Prnt = Cnlmcn’lm
m

is the power spectrum, rotationally invariant



Density projections

We can think of the soap vector p as the rotational invariant
combination of projections of p(r) onto basis functions:

b,(r) = g,(NY,(t)  a=[nim]
(Ceriotti bra-ket notation: (nlm | y®))

Many other representations: ACSF of Behler, MBTR of Rupp,
von Lilienfeld’s histograms, Mallat’s scattering transformes,
Bispectrum in SNAP (Thompson) are all density projections
with some choice of basis and convolution kernel.

Which is the best basis to project onto?
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Other nice properties of the Y, . basis

e Natural extension to basis functions to expand non-scalar properties, vectors and tensors
(Grisafi, Wilkins, GC, Ceriotti PRL 2018)

2

kMp,p) = Idfe D4(R) D : Wigner matrix

Jdrp(r)p’(fer)

e Further invariants (Ralf Drautz, 2019)

ll 12 l3
Cnlomy CnolomyCnalam
my m, my 141 " Nylymy ~ N3Ny

ll l2 l3 l4
Co iy CnolomoCnalam-Crnylim
ml m2 WL3 m4 1411 " NplyMy ~N3i3iTs ~ gl My

e Variant to describe entire structures, rather than atomic neighbourhoods:

Cum = D, c\)  average over all atoms, no cutoff
i

Dot = Z Ejlzménlm or cutoff > periodic unit cell
m

(Other ways to construct kernels for entire structures: De, Bartok, GC, Ceriotti PCCP 2016)



Method matrix

SOAP/GAP SNAP BPNN MTP Drautz
Density Smoothed o(r) o(r) o(r) o(r)
Basis set Complete Complete Manual Manual Complete
Dimension High Medium Medium Low  Low
Regularised Yes No Yes No Yes
Regression Kernel Linear NN Linear Linear




Benchmarking



Metal alloys (with Gus Hart’s group)

e For configurational prediction, Cluster Expansion is the successful method, meV accuracy

e Off-lattice is a problem, many components are difficult
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Performance

Several are in LAMMPS now :
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Extrapolation: SOAP/GAP vs polynomials (MTP)
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Extrapolation: SOAP/GAP vs polynomials (MTP)

AgPd bcc crystal dataset (actively learned)
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Extrapolation: SOAP/GAP vs polynomials (MTP)

AgPd bcc crystal dataset (actively learned)
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The Silicon Challenge

PHYSICAL REVIEW X @fﬁogsMark Comparing molecules and solids across structural
and alchemical spacef
Highlights ~ Recent  Subjects  Accepted  Collections  Authors  Referees  Search Cite this: Phys. Chem. Chem. Phys.,
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%
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The

monster database

Structure type # atoms # structures # environ- # representa- Oenergy Oforce Ovirial
ments tive pts
default values:

0.001 0.1 0.05
isolated atom 1 1 1 1
2 104 208 6
diamond 16 220 3520 53
54 110 5940 58
128 55 7040 92
2 60 120 32
B-Sn 16 220 3520 51
54 110 5940 66
128 55 7040 157
1 110 110 13
. 8 30 240 15
simple hexagonal o7 30 810 49
64 53 3392 89
bee 2 49 392 40
bc8 8 49 88 66
fee 4 49 196 46
hcp 2 49 88 28
st12 12 49 588 94
A 64 69 4416 1114

liquid 128 - 896 393 0.003 0.15 0.2
64 31 1984 231

amorphous 216 128 27648 1719 001 02 04
diamond surface (001) 144 29 4176 514
decohesion 32 11 352 28
diamond surface (110) 108 26 2808 338
decohesion 16 11 176 8

diamond surface (111)

decohesion 24 11 264 10
unreconstructed 96 47 4512 573
adatom 146 11 1606 62
Pandey reconstruction 96 50 4800 632
DAS 3x3 unrelaxed 52 1 52 6
diamond vacancy 63 100 6300 168
215 111 23865 405
diamond divacancy 214 78 16692 416
diamond interstitial 217 115 24955 605
small (110) crack tip 200 7 1400 130
small (111) crack tip 192 10 1920 185
screw dislocation core 144 19 2736 124
sp” bonded 8 51 408 61

sp bonded 4 100 400 392 001 02 04

Total
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Summary of material properties

error (%)
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Stringent tests: crystal structure search and phases
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Stringent tests: crystal structure search and phases
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Predicted errors from equivalent Gaussian Process
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,@ Learning-Driven Molecular Dynamics

B ; | Volker L. Deringer,*’T’i‘D Noam Bemstein,§ Albert P. Barték," Matthew ]. Cliffe,Jt Rachel N. Kerber,i
iﬁ Lauren E. Marbella,"® Clare P. Grey."® Stephen R. Elliott,"® and Gabor Csanyi'

a MD timesteps
104 105 106 107
T T é T ] | 10" K/s
108} 0?‘ N 0.30F | 7 B 103 K/s
A o ; - 10"2K/s
2 = ! 1
o NS %‘06”._.. E 02s) : ] | W= 10"K/s
8 1061 1%\0(00 n © i
£ o\ ®-" 4k, GAP ~ i
2 2 ° o 020} 3 i}
o ~ ' o]
O 104 - : o
® Y i
Al 1 " ots = %o
O T : ¢
102 -"'6\’2«0@‘\9 - i
| | | | 010 L 1 1 o 1 a1 3 1 i | I T W T N |
104 10 102 10" 0 20 40 60 80 100 as-dep. annealed
> —
Quench rate (K/s) Progress of quench (%) Expt.
80 1o ks
3-0 T T T T I T T T T I T T T T l T T T T I T T T T 10 K/
3 401
0.70
I 0.60 § b 3 — '\6 1013K/s s “ €
240_ E »* St A ety ‘:
- 20 — # — - 3 | '\0\5«\(‘ ] :% /—\ . .‘ ,‘&\‘ _\4'}%‘1' N
57| A RN ° o i o R
S THEPZEY ool joe PR e e
045 _HVBsB g 2 n R 'L\(\\% 240 ‘ W N R T »s < “T‘,‘f oh ‘?!.' '“‘ ‘o ®
; SR 7N VN Sl d i an
& ER gs 0. o HE RO LSS A PO PORCH AN S
_ 5 S~ 101KIs g } oo s YL I TOeS 7 « . »
1.0 . @ A NS M . o A TS N o Floating bond” (N = 5)
: ordering upon - 401 _ﬁ{ \ bl T e w5
0.5 —egg 4 atoms ol anlnea,”ngl ) 0 S
UBSE 00K At v )
o Experiment o 5 6 7 8 -2 as- ; ?g’z‘gﬁ'g‘)’
0 coatd ol [ PR TNT SNT S IT SN T TR S NN ST S W Q(A_1) Lﬁg
0 2 4 6 8 10 e “
QA1) 100 0 -100 —200

293j chemical shift (ppm)



THE JOURNAL OF

Ap p | I Cati ON: PHysicAL CHEMISTRY
L e t te r S @ Cite This: J. Phys. Chem. Lett. 2018, 9, 28792885 pubs.acs.org/JPCL

Realistic Atomistic Structure of Amorphous Silicon from Machine-
Learning-Driven Molecular Dynamics

o ™ Volker L. Deringer,*’T’i‘ 'Noam Bernstein,® Alber ~
iA Lauren E. Marbella,iIE Clare P. Grey.* ephen

— PRUST | I — SRS S— - e - sk

100,000 atom

a MD timesteps
104 105 106 107 D
— & ] : 1014 SR
2 0.30F E - e 1013 "‘."':,‘/' b
108} S B : R B G
A g , . 1072 SRR
S A E o025) : | w10 e £
3 105} '5\0‘0.-" 7 © i ey o
R 6\7’@_~ ‘4k, GAP ; : } |’k.“‘ .‘.'.‘\/
. ' _ 5 3 AR 2 B R A
o1 1 w .o T B A e
¥ ) i (1,500 K) ™ A TR SRR (T
o o < oas} E °°§ . G AR “‘3«"1{;/
102}- .-~""3,\¢a\°«\ | i : \__ slowquench e | 5y
1 —————— > i D
| | 1 | 0 10 | NN W N SN N T S S _— i | I T W T N | (1011 K_1) \\‘ \1/
104 10'® 102 1Q" ' 0O 20 40 60 80 100 as-dep. annealed
Quench rate (K/s) Progress of quench (%) Expt. »
Y quenched
3-0 T T T T I T T T T I T T T T l T T T T I T T T T 10 K/s (500 K)
0.70 § ) a 1 1 L ' 105 i !
° B T T T
25 ‘TI 060 E m ) ) 0 107 K/s — structure (a) — structure (a)
: S b [ LN S E e e e — — structure (b) — structure (b)
) RSN £ 40- 3 1.00 Wﬂ h
20+ X X X - B Q N © /\ ’
s | K 5833 P el o
5L AP =S gu 478, eE 2 1 10nkss
o Hp, 209 - 8 N o 5 a 2| 0.95 ' ' ' =
% 1.5 VBsE g . - S Q@\(x\ Z 40 4 10 15 20
5 A
2 g oA,
D40k & 1 1011 K/s : 1L P
_ ordering upon 407 % )
annealing
0 . 5 . Sggé 4:(0%t'(on:§ Ia) 1 1 | L L 1 1 0 ) | | |
- 3 at. g . ) N ¢
o Experiment 5 6 7 8 _a% f;; ?gggi‘g‘)’ 0 5 10 15 20
0 loseP® QA™ &2 y Distance (A3)
0 2 4 6 8 10 e .
QAT 100 0 -100 —-200

295i chemical shift (ppm)



THE JOURNAL OF

Ap p | | C a’[i ON: PHysicAL CHEMISTRY
L e t t e r S & Cite This: J. Phys. Chem. Lett. 2018, 9, 28792885 pubs.acs.org/JPCL

Realistic Atomistic Structure of Amorphous Silicon from Machine-
,g Learning-Driven Molecular Dynamics

Volker L. Dermger,*’lr’]IEH 'Noam Bernstein,® Albey ~ ~ ~ '~~~ T T - - =
Lauren E. Marbella,*® Clare P. Grey.*® Stephen

100 000 atoms

a MD timesteps
104 105 108 107

T T é T 1
3 . i 1014
0.30 | = -
108}- oK - : — 107
\96‘5 o : . 102
° = ! 1
o NS 6‘063‘,. E 02s) : ] |mm10
3 10° 200 1 & E
< g\ 4k, GAP < :
> * . > 020} : i
S 108 o i 1o . B
© XA - i °s (1,500 K) *,
. ‘ 015l : o 5 S S
102} .-'.‘c'D'\’La\o‘(\ - i slow quench \(“,7 3 s /
] \ > Py Sl
| | | | 0 10 1 1 1 1 L | 1 | 1 | i | I N T T .| (1011 K—1) \1/
104 10 102 10 ' 0O 20 40 60 80 100 as-dep. annealed
> e
Quench rate (K/s) Progress of quench (%) Expt.
80 4o
3-0 T T T T I T T T T I T T T T l T T T T I T T T T 10 K/S
0.70 3 1 d N - ; . ,
' 3 1.
251 - E _ 0 . — structure (a)
I 0.60 g b 3 T T T T T T T ” — structure (b)
201 X e 1 7 \O\N\\%— £ i u i
S | H ssyx & | o \© 5 o] et e ;
:8 ....... GAP___ ; N < w g 2k \Q\?’\(\ é 1 1012K/s L
(2] =1 (
g15_H\/BbB g T n % 0\(\\9 = E 2+ 0
B = AQ
£ g 0 ~ ‘
ZN = 1 10" K/s & 1L e -
: ordennglupon 401 _ﬁf’ \
0.5 —\C/Sé\g 4k atomis " L ":"ﬂ'lne""l'ngl . o GERN-.
“UVBSE 00Kk At Y ) . I ; L - I -
° Experimenta S 6 7 8 =7 fop. /] a(]gg((-;‘?’l(%()’ 0 5 10 15 20
0 :_-.,.-.".‘"A‘” P TN S T TN N TR SN N SO AN SO S N SO SO Q(A—1) Lﬁg D|Stance (A3)
0 2 4 6 8 10 o "
QA1) 100 0 -100 —200

295i chemical shift (ppm)



Fluid methane

¢ Dominated by weak dispersion interactions e
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¢ Dominated by weak dispersion interactions
e 2-body enough or need many-body effects?

e What level of quantum mechanics is required?
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¢ Dominated by weak dispersion interactions

e 2-body enough or need many-body effects?

Fluid methane
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Medium-range physics
e Best many-body QM we can do: Hybrid DFT + VdW
e VdW is long range : ~ 1/r°
® Hierarchy of models:
- Tkatchenko-Scheffler pair potential with fixed coefficient: TS*

- TS correction with on-the-fly-dft-computed coefficients

- MBD (many-body dispersion also by Tkatchenko et al), also needs DFT-computed coefficients

,_ {:\/



Many-body SOAP-GAP model

E

potential — N ECH4+ES T EVdW([\/\B D-T5 *)+EVdW(TS *)

hort—range
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Many-body SOAP-GAP model

Epotential =N ECH4+Eshort—range T EVdW([\/\BD_TS *)+EVdW(TS *)
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Many-body SOAP-GAP model

GAP energy / (eV/CHy)

= *) (15%)
Epotentlal =N ECH4+ Eshort_range + By qw(MBD-T5%)4+Eyyqw (TS
Density prediction
500 >
o -0 8]
0.02 - 0.03 o480 o S o
PBE0 SOAP-GAP MBD(PBE0) SOAP-GAP ¢ 3 g g :
0.015 - 0.0250 &£460 1 PR
> N e 2
v 2440 - PEEL T =
0.01 - -0.02 = z o=
CV RMSEs: CV RMSEs: > 8 a0 7 3
& _
0.005 - - train [ 0:015 & Quantum nuclear effect
200 + 5 peV/CHy 83 + 2 peV/CHy Sj 400 : : . N
0.0 test interpolation: test interpolation: | 0.01 é 0 100 200 300 400
360 + 80 peV/CH, 160 + 40 peV/CH, Pressure / bar
-0.005 A . . [0.005
= test extrapolation: test extrapolation: - A
an 990 + 150 peV/CH, 696 + 18 peV/CH, s T=188K ¢
< 75, 1070 ~400 7 3
> . > g . i
3 10_3 3 . ° '8 ® i 3 ED L b g <
=~ ¢ R 2N PAR Y g o ° ¢ [ 10-4 > = -8
5 o N F 1075 =300 - b4 4
10 4 o % Po o ° [
: 4:3 $.,.‘,.3.& = i . . SOAP-GAP
> a® : . L1075 2 = ~-@®- Experiment
- s ® o o ¢ E Q p
5107 ; *s S e & 200 - 4 B COMPASS
= ° . =
D) ] D)
A~ 107 . ’ : e ° 1076 A~ T - . .
S -001  0.00 001 002 000 001 0.02 0.03 5 0 100 200 300 400

PBEO b1b energy / (eV/CHy,) (MBD - T-S) energy / (eV/CHy)

Pressure / bar



Molecular successes (of others, mostly)

QM9 (local minima)

04 QM9
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(Courtesy of O. A von Lilienfeld)

(s)GDML custom force fields
of Tkatchenko et al.
(KRR model on interatomic distances)

1 kcal/mol/A
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ANI-CC model
of Isayev, Roitberg and

coworkers for arbitrary molecules
(2-3b descriptors, 3-layer ANN)
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Go back to doing physics and materials modelling

Active learning to
Magnetism, explicit explore materials
spin interactions and molecules

Electronic entropy at Short range QM
high temperature fitting tool

Fit parameters of long
range electrostatics

Long range charge
transfer, spin
transitions ¢ ¢ ¢

Accelerate DFT-MD by
fitting on the fly

Structure discovery
and phase diagrams

New universal organic
force field




Challenge: rigorous approximation

ow do we characterise relationship between fitting
database and accuracy of predicted results?

How do we give global accuracy guarantees?

nverse problem: what fitting database do we need to
oredict a given property ¢

1800
Structure type ## atoms # structures  # environ- # representa- Genergy Oforce Ovirial --- GAP
ments tive pts 1600+ —e— DFT
default values: '\ L
0.001 0.1 0.5 14001 “~o_ liquid — Expt.
~
isolated atom 1 1 1 1 < | SO
2 104 208 6 o 1200 RN auid
. 16 220 3520 53 5 | ~Jiqui 1
diamond 54 110 5940 58 % 1000 S _o--F-F -
128 55 7040 92 @ 8004 S sh
2 60 120 32 g- \“ .
16 220 3520 51 i dia < |B-Sn\ Imma
A-5n 54 110 5940 66 @ 600 \ [\3\ \ ‘
128 55 7040 157 400 dia. ‘\ ANERN
1 110 110 13 \ ‘\\‘
5
simple hexagonal 23 gg g‘;g i; 200 \ B-Sn \\\
64 53 3392 89 0 . . . T
bee 2 49 392 40 0.0 25 5.0 7.5 10.0 12.5 15.0
be8 8 49 88 66 Pressure (GPa)
fee 4 49 196 46
hep 2 49 88 28
st12 12 49 588 94
- 64 69 4416 1114
liquid 128 7 896 323 0.003 0.15 0.2
amorphous 2?2 lgé 2;23; 13?; 001 02 04 >
diamond surface (001) 144 29 4176 514
decohesion 32 11 352 28
diamond surface (110) 108 26 2808 338
decohesion 16 11 176 8
diamond surface (111)
decohesion 24 11 264 10
unreconstructed 96 47 4512 573
adatom 146 11 1606 62
Pandey reconstruction 96 50 4800 632
DAS 3x3 unrelaxed 52 1 52 6
diamond vacancy 63 100 6300 168
215 111 23865 405
diamond divacancy 214 78 16692 416
diamond interstitial 217 115 24955 605
small (110) crack tip 200 7 1400 130
small (111) crack tip 192 10 1920 185
screw dislocation core 144 19 2736 124
sp? bonded 8 51 408 61
sp bonded 4 100 400 392 0.01 02 04

Total
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