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UKCP – 12 [=>16] research groups + 1.5 CCLRC

30m aus on HPCx in last grant

Founded in ~ 1989   as a   “Grand Challenge”

=> ab initio simulation of  condensed phase

Why simulate?:
interpretation/visualization 
provide data not obtainable by expt.



MD simulation:

Follow trajectory of 
nteracting atoms

r1 

But, this only works if the electrons 
are moving “trivially” with nucleii



Interatomic interactions mediated by local electron density

generally, this depends on instantaneous coordination  
environment

Electron density for a
self-interstitial in Aluminium 



Interatomic interactions mediated by local electron density

generally, this depends on instantaneous coordination  
environment

Electron density for a
self-interstitial in Aluminium 

Need to obtain the forces
direct from an electronic 
structure calculation

Side benefit: obtain the
electronic structure



E.g: mechanism of oxidation of a silicon 
surface (Ciacchi & M. Payne)



The electronic structure – “Density Functional Theory”
Electron density

Kohn-Sham orbitals



Condensed-phase
calculations use
periodic boundary 
conditions



Condensed-phase
calculations use
periodic boundary 
conditions

“Natural” to expand 
orbitals in planewaves

But very large number needed > 104
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Algorithmic (and other) advantages:
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Realised in “planewave DFT codes”
e.g. CASTEP, CPMD, VASP……

Algorithm scales with (number electrons)3

CASTEP is developed within UKCP and is 
distributed and supported free to UK academics

~ CASTEP is one of the top 5 codes on HPCx

How efficiently is the algorithm realised in the
Parallel architecture?? – 3-d FFTs



3-d FFT uses MPI_AlltoAll_V
– initially poor performance

M. Plummer (HPCx and CCLRC) has developed algorithm to
use fast inside-SMP-node comms. and (slower) between 

SMP-node comms
heirarchically.

+ other CASTEP
developers work
on basic algorithm



Why simulate?:
interpretation/visualization 
provide data not obtainable by expt.

Some applications:

i.e. quantitative, realistic modelling



Phase diagram of H2O  -- or is it??



Mineralogy of the earth’s interior



The stable phase is the one with the lowest free-energy



Test the methods – melting Aluminium (Gillan, Alfè)



Direct coexistence simulation



Size Matters:



Melting line of iron (Gillan, Alfè)



Inhibition of Cyclin Dependent Kinases (CDKs)

CDK2

ATP binding pocket

CDK2 is involved in DNA replication

It is overexpressed in cancer cells,
=> Find  inhibitors



Inhibition of Cyclin Dependent Kinases (CDKs)

NU2058

NU6027

9d-NU6027

ATP

NU6102

StaurosporineSU9516



Ab initio study by M.Payne, C. Skylaris..

1. Concentrate on the differences between free 
energies of binding for the 5 inhibitors.
Exploits cancellation of errors, we also assume 
differences between entropy changes to be small.

2. Calculate binding energies using first principles
calculations optimising atomic positions starting from 
crystal structures.

3. Calculate solvation energies classically using 
generalised Born surface area model (GBSA).



Binding 
Energy

(1) Perform castep calculations on fragments at active site



Binding 
Energy (eV)

Must go out to large distances to get convergence



1. Perform classical molecular dynamics simulations 
using Amber

- water molecules in active site
- simulations reveal importance of dynamical effects
- variety of bonding configurations not revealed by 

crystal structures.
2. Use ONETEP to calculate the energies of these new 

configurations.
3. Calculate binding energies by weighting binding 

energies by the fraction of time configuration present 
in classical simulation.

4. New insight into selectivity wrt CDK2/CDK4 .

Heirarchical approach



Inhibition of Cyclin Dependent Kinases (CDKs)

ONETEP + solvation + configuration sampling
Experiment



ONETEP –
order N algorithm 
derived from CASTEP

exploits the fact that in
some problems the 
orbitals are localised
=> domain decomposition

Total energy calculations for
very large molecular problems



Other developments:

many applications (e.g. path integral QM,
transition path sampling…..) are realised thru’
several concurrent, weakly-interacting CASTEP
jobs => “farming strategy” (to fill the machine!) 



Other approach to simulation of large systems

Use ab initio information to refine interaction potentials

(Madden group)



Electron Density in an AlF3 Crystal

F-

Al 3+

F-

Lindsay Foy

Ions are not
spherical – they
are deformed in this
environment



Flexible potentials which mirror the  
response of electron density

• induction of multipole moments 

• soft ions in size and shape 

• additional degrees of freedom 
(variational)

• Physically motivated “Electronic Cartoon”

Seek ab initio accuracy, cheaply!



Ab initio potentials procedure

• Set of ab initio forces, dipoles, quadrupoles
and stress tensors for different static 
configurations

• Optimize the potential against ab initio data.



Ab initio potentials procedure

• Set of ab initio forces, dipoles, quadrupoles and stress 
tensors for different static configurations

• Minimize objective functions by variation of a set of 
parameters X and calculation of the AIM forces etc.

A(X)=1/N Sj (Yj(X)-Yj
AI)2 / (Yj

AI)2

• First fit to multipoles (polarizable ion part), then 
to forces and stress (aspherical ion part)

BeF2

1 72



Can systematically increase the “physics” in the
potential and test against the ab initio data



Molten LiF:BeF2 mixtures Cladding for fusion-breeder 
reactors, molten-salt reactor etc

Prediction of the viscosity, EOS etc.
-- from first-principles!!



Summary:

only sampled the work of 12 groups

VERY grateful for the aus, and support
of HPCx staff





Grain-boundary
migration in metals

Calculations often require large simulation cells



Pressure-driven
phase transitions 
in nanocrystals

Before After

New materials



Simulations of the electrochemical interface

Walls of atoms carrying a charge

Periodic BC 

-ve+ve

Long run times come with large system sizes
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e.g. Concentration fluctuations
relax very slowly in large systems



Electron Density in an AlF3 Crystal

F-

Al 3+

F-

Lindsay Foy

Ions are not
spherical – they
are deformed in this
environment



Spinel forms at the interface between Al2O3 & MgO

Oxygen is in a different coordination environment in
each phase



Electron Density in an AlF3 Crystal

F-

Al 3+

F-

Lindsay Foy

Ions are not
spherical – they
are deformed in this
environment

We would like
an ab initio
approach (explicit
electrons) – but 
too expensive



Flexible potentials which mirror the  
response of electron density

• induction of multipole moments 

• soft ions in size and shape 

• additional degrees of freedom

• Physically motivated “Electronic Cartoon”

Seek ab initio accuracy, cheaply!



Ab initio potentials procedure

• Set of ab initio forces, dipoles, quadrupoles
and stress tensors for different static 
configurations

• Optimize the potential against ab initio data.



Computing Issues

• Not ideal for massively parallel environment

• Developing “task-farming” strategies – based on 
spawning and sampling many trajectories which 
run simultaneously

• Need to “professionalize” code development –
for portable, optimized, sustainable codes

• Formalize the “computer science” aspects of 
Ph.D. in this area



Superionic conductors
(Cryolite – Na3AlF6)
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Simulations of “real ” materials at
high temperature & pressure


