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Significant HPC time 

UK national HPC  
(Hector) 2012

Blue Waters (USA) application workload analysis (2017 report) 

Interatomic potentials Electronic structure
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Is 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

• Three possibilities to deal with long range interactions 

- They are small enough to be ignored (beyond a cutoff of e.g. 5-6-8 Å) 

- We know their analytical form, subtract it before fitting 

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

• How local is the remainder?
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The “locality test”

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



A decade old promise. Where are we? 

Claim: short range QM regression problem is solved. 
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ρ(r) = ∑
nlm
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c†
nlmcn′ �lm

p ⋅ p′� = ∫R̂∈SO3

dR̂ ∫ drρ(r)ρ′�(R̂r)
2

Smooth overlap of atomic positions (SOAP)

SOAP kernel:  K(R, R′�) ≡ K(ρ, ρ′�) = |p ⋅ p′�|ζ



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

bα(r) = gn(r)Ylm( ̂r) α = [nlm]

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

Which is the best basis to project onto? 

(Ceriotti bra-ket notation:  )⟨nlm |χ(2)⟩
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(Grisafi, Wilkins, GC, Ceriotti PRL 2018)  
 
 

• Further invariants (Ralf Drautz, 2019)  
 
 
 
 
 
 

• Variant to describe entire structures, rather than atomic neighbourhoods:  
 
 
 
 
 
(Other ways to construct kernels for entire structures: De, Bartók, GC, Ceriotti PCCP 2016)

c̄nlm = ∑
i

c(i)
nlm average over all atoms, no cutoff

p̄nn′�l = ∑
m

c̄†
nlmc̄nlm or cutoff > periodic unit cell

∑ ( l1 l2 l3
m1 m2 m3) cn1l1m1

cn2l2m2
cn3l3m3
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Method matrix

SOAP/GAP SNAP BPNN MTP

Density

Regression

Basis set

Smoothed  δ(r)  δ(r)  δ(r)

Kernel Linear NN Linear

Complete Complete Manual Manual

Dimension High Medium Medium Low

Regularised Yes No Yes No

Drautz

 δ(r)

Complete

Low

Yes

Linear



Benchmarking



Metal alloys

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

• Off-lattice is a problem, many components are difficult

(with Gus Hart’s group)

Alex Shapeev’s Moment Tensor Potentials 
(body order expansion+polynomial fit)

All 2-8 atom 
hcp cells

...



dynamics



Performance

Several are in LAMMPS now : 

Mo deformations, surfaces, MD (arXiv, S Ping Ong et al)
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order in the phase 
change material 
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With Volker Deringer 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Fe

Screw dislocation 
glide in bcc iron



Can we cover all relevant configurations? 

The Silicon Challenge



The monster database
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Stringent tests: crystal structure search and phases

DFT : Many months on a supercomputer 
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Medium-range physics
• Best many-body QM we can do: Hybrid DFT + VdW 

• VdW is long range :   

• 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

∼ 1/r6
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Many-body SOAP-GAP model

Epotential = N ECH4
+Eshort−range + EVdW(MBD-TS*)+EVdW(TS*)

Density prediction

Pressure / bar

SOAP-GAP

Quantum nuclear effect



Molecular successes (of others, mostly)
QM9 (local minima)

(Courtesy of O. A von Lilienfeld)

(s)GDML custom force fields 
of Tkatchenko et al.  

(KRR model on interatomic distances)

ANI-CC model 
of Isayev, Roitberg and 

coworkers for arbitrary molecules 
(2-3b descriptors, 3-layer ANN)



Go back to doing physics and materials modelling

Short range QM 
fitting tool

Magnetism, explicit 
spin interactions

Fit parameters of long 
range electrostatics

Electronic entropy at 
high temperature 

New universal organic 
force field

Accelerate DFT-MD by 
fitting on the fly

Structure discovery 
and phase diagrams

Active learning to 
explore materials 

and molecules

Long range charge 
transfer, spin 

transitions ? ? ?



Challenge: rigorous approximation 

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

• How do we give global accuracy guarantees? 

• Inverse problem: what fitting database do we need to 
predict a given  property ? 

50 Å(a)

(b)

> 0.005 eV

5 Å

< 0.001 eV

???


