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Editorial.

It is a pleasure once again te thank the contributers to the
Newsletter for their efforts on our behalf. David Heyes has again
provided us with an excellent review of a CCP5> Meeting, Lthis time
for the Meeting that occured in Southampton on 1% th. and 20 th.
December. M. P. Allen and G. Marechal have provided an interesting
article on  nonequilibrium molecular dynamics with bondlength
constraints which is very much the sort of material that CCPY 1is
concerned with. D. Frenkel and T. Ladd have written an article on a
Mente Carlo method to determine absolukte free energy in solid
phases. Qavid ¥Fincham has provided further stimulation for those
contemplating the use of noncubic simulation <ells in molecular
dynamics, follewing the articles published in the previous issues
of the newsletter. He also airs his favourite topic of rotational
motion, a subject te which he has alveady contributed some vevry
useful algorithms. Lastly, Maurice Leslie, Richard Catlow and Mick
Sanders have presented something of interest to the lattice
simulators; a three ~ body potential model for Silicon dioxide.
Many thanks te them all for their conkributions !

Contributors:

M. P, Allen Physical Chemistrxy Laboratory, Socuth Parks Road,
Oxford.

C. R. A, Catlow Department of Chemistry, 20 Gordon Streek, London
M. Sanders WClL

D. Fincham D.A.P. Support Unit, Queen Mary College, Mile End
Road, London El 4dS.

D, Frenkel Fysisch TLaboratorium, Rijksuniversiteit Utrecht,
P. 0. Box 80000,2508 7Ta Utrecht, The ¥Netherlands,

D. M. Heyes Department of Chemistry, Royal Holloway College,
Egham, Surrey TW20 OEX

T. Ladd Pepartment of Applied Science, University of
California at Davis, Pavis, California 956.6,
U.5.4.. ’
M. Leslie S.E.R.C. Daresbury l.aboratory, Daresbury,

Warrington WA4 4AD.

G. Marechal Pool del Physique, Universite Libre de Bruxelles,
Campus del la Plaine CP223, Boulevard du Triomphe,
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General News.

a) The mnexrt CCP3 Meeting will be entitled 'Potential Models for
Computer Simulatien' and will take place at University College
London from Thursday 20 th. September to Friday 21 st. September
1984. Accommodation will be ak Passfield Hall on the nights of the
19 th. and 20 th. September and the cost will be in the rezion of

thirty pounds. & reduced fee will be charged ke postgraduate - .

students.
The Meeking will preovisionally consist of four sessions:

(1) Quantum Mechanical Potenkials. This will last all moruning
on the 20 th. September until mid-afterncon.

{ii) Pokentials in Molecular Beam Studies. This session will
occupy the late aiterncon of the 20 th. September.

(iiil) Effective Potentials. This session will occupy the whole
morning of 21 st. September.

(iv) CCP% Steering Committee Meeting. This will occur on the
aftexrnoon of September 21 st.

The speakers who have, at the time of writing, agrea=d to
participate are W. Busing (QOak Ridge), A. Stone and 8. Price
{Cambridge) and W.C. Mackrodt (I.C.I.). :

b) CCP5 participants may not be aware that Professor J. G. Powles
has resigned the post of chairman of CCP5 form January of this
year. In his place, the CCP5 Execukive Committee (set up by the
CCP3 Steering Committee last December) has asked Dr. J. H. R.
Clarke of the Department of Chemistry, U.M.I.5.T., toc be acting
chairman until the full Steering Committee Meeting in September
1984 (see above). Dr. Clarks has agreed to take on this
responsibility. Anyone wishing to contact the CCP5> Chairman must
henceforth get in touch with Dr. Clarke,

We thank Professor Powles for his work on behalf of CCP3 and
welcome his continuing interest in the Project.

¢} In an attempt to rationalise the membership of the CCP3 Steering
Committee, we publish Dbelow a 1list of persons, who may regard
themselves as recognised members of the Committee. This means,
among other things, that their advice and opinicns on all matters
related to CCP3 are considered to be rvepresentative of the whole



project and thus their presence at CCP3> Steering Commitkee Meetings
is particularly welcomed.

The membership of the Stearing Committee is intended to be’
representative of the simulation groups participating in CCP5,
particularly in the U.K. on the basis of one person per
institution. We would therefore be pleased to hear from any group
not adequately represented. Equally, anvone surprised and dismayed
to find themselves on the list and would prefer Lo withdraw should
let us know !

Please send your comments to Dr. W. Smith, S.E.R.C. Daresbury
Laboratory, Daresbury, Warrington Was4 4AD, U.K..

D. adams (Southampton)
M., allen (Oxford}

A. Bellemans {Brussels)
H. Berendsen (Groningen)
B.J. Berne {M.Y.)

K. Binder (Julich}

R, Catlow (U.C.L.)

J. Clarke (UMIST)

M. Evans (Wales)

D. Fincham (Q.M.C.)

J. Finney (Birkbeck)

M, Gillan {(Harwell)}.

K. Gubbins (N.Y.) -

D. Heyes (R.MH.C.)

R. Hockney (Reading)

G. Jacucci {Trenteo)

B. Jonssen {Lund)

M. Leslie (Daresbury)

R. Lynden-Bell {(Cambridge)
W, Mackrodt (I.C.L.) :
I. McDonald {(Cambridge)
D. Nicholson (Imperial) -
M. Parsonage (Imperial)-
. Pawley (Edinburgh)

J. Powles (Canterbury)
N. Quirk (N.Y¥.}

J. Rowlinson {Oxford)

J. Ryckaert (Brussels)
K. Singer (R.H.C.)

W. Smith (Daresbury)

D. Tildesley (Southampton)

d) Users of the Rutherford and Appleton Laboratory computing s¥stem
should nete that the Computing Division is about to wundertake a



rationalisation of their magnetic tape storage. Owners of magnetic
tapes that have not been accessed for five years should inform Lhe
tape librarian if they do not wish these tapes Lo be scrapped,.

e) The University of London Computing Centre has just seen the
departure of the CRC 6600 and CDC 7600 mainframes, the former after
thirteen years service and the latter after bten years service. The
surviving system consists of an Amdahl 470/V8, a CDC 6400 and the
Cray ls.

The IBM FORTRAN 77 compiler currently Lthe default on the
amdahl V8 (i.e., VS FORTRAN Version 2.0) will shortly be superceded
by Version 3.0. This new version has extended capabilities over
Version 2.0; in particular it will permit a symbolic dump at
abends. The new version 1is currently accessible for those bold
enough Lo try it ocut.

f} The University of Manchester Regional Computer Centre is still
in the throes of transfering from the ICL 1904s5+1906a / 2*%CDCY600
configuration to the new amdahl 470/V7 - 2% CDC7600 ~ CBC Cyber 205
configuration. Potential delays in the Loosely Coupled Network
degradation tests have been resolved f{ollowing discussions with CDC
te the advantage of UMRCC. as a result of these discussions the
UMRCC CDC7600s will be upgraded by 512k words in May 1984, the
Cyber 205 will be upgraded by Im werds by April 1985 and the Centre
is te receive an additional CDGC Cyber 176 by October 1984.
Meanwhile hoth the amdahl 470/¥7 and the Scope Remote Host Facility
have completed acceptance trials somewhat late. The good news is
that an amdahl 470/¥7 and Cyber 205 service began on March 3 th..

g) Erratum. In the footnote to the article by Professar J.G. Powles
on the fast square root method, which appeared in the lasgt issue of
"Informakion Quarterly', there is a typopraphical error. On page 4l
the eupression for the vaviable 2 should bae.

2= 25% (Y+X/ YD+ {YFRSY)

We are grateful to Professor Powles for pointing owt Chis error.
Our apelegies go Lo those readers who found oubk the hard way.

h} Anyone wishing to make use of the CCP53 Program Library is
welcome to do so. Documents and programs are avallable, free of
charge to academic centres upon application to Dr. M. Leslie {(*) at
Daresbury Laboratory. Listings of pregrams are availlable if
required but it is recommended that magnetic tapes (to be supplied



by the applicant} be used. Users wishing to send magnetic tapes are
requested to write to Dr. Leslie for information before sending the
tape. (A list of programs available follows in the next few pagas.)
* {Full address: $.FE.-R.C. Daresbury Laboratory, Daresbury,

Warrington Wad 4aD, U.K.}



List of Programs in the CCP3 Program Library. -

MDATOM by S. M. Thompson.

M.D. simulation of atomic fluids. Uses 12/6 Lennard - Jones
potential function and fifth order Gear integration algorithm.
Calculates system average configuration energy, kinetic energy,
vivial, mean square force and the associated R.M.S, deviations and.
also system pressure, bemperature, constant velume specific heat,
mean square displacement, quantum correckions and radial
diskribution function.

HMDIAT by S. M. Thompson.

M.D. simulakion of diatomic molecule fluids. Uses 12/6 Lennard -
Jones site «~ site potential functions and a fifth order Gear
algerithm for centre - of <~ mass motion. Angular mokion is
calculated by feurth prder Gear algorithm with quaternion
orientation parameters. Calculates system average configuration. .

energy, kinetic energy, wvirial, mean square force, mean square.
torgue and the associated R.M.8. deviations and also system.
pressure, tempeérature, constankt volume specific heat, mean square.

displacement and quantum corrections.

MOLIN by 5. M. Thompscn.

.. simulation of linear molecule fluids. Uses 12/6 Lennard -
Jones site - site potential functions and a fifth order Gear .
algorithm for centre - of - mass motion. Angular moktion is
calculated by fourth ovder Gear algorithm with quaternion -
erientation parameters. List of calculated properties is the same
as HMDIAT.

MDLINQ by S. M. Thompson.

M.D, simulation of linear molecule fluids. Uses 12/6 Lennard -
Jones site - site potential functions plus a peint electrostatic
quadrupcle., Uses a [ifth order Gear algerithm for cencre - of -
mass motion, Angular motien is calculated by fourth order Gear
algorithm wikh quaternion orientation parameters. List of
calculated properties is the same as HMDYAT.

MDTETRA by S. M. Thempscn.



M.D. simulation of tebtrahedral molecule fluids. Uses 12/6 Lenwvtard -

Jones sike - site potential functions and a fifth order Gear
algovrithm for centre - of -~ mass mokion. angular motion is
calculated by Fourth ovder Gear algorithm with quaternion

orientation parameters. List of calculated properties is the same
as HMDIAT.

MDPOLY by S. M. Thompson.

M.D. simulation of polyatomic molecule fluids. Uses 12/6 Lennard =
Jones site ~ site potential functions and a fifth order Gear’
algeorichm for centre -~ of - mass mobtion. Angular motion is
calculated by fourth order Gear algorithm with quaternion
orientation parameters. List of calculated properties is the sames
as HMDIAT.

ADMIXT by W. Smith.

M.D. simulation of monatomic molecule miktures. Uses 1276 Lennard - _
Jones atom = atom potential functions and a Verlet leapfrog

algorithm for centre — of - mass motion. Calculates system average

configuration energy, kinetic energy and vivrial and associated

R.M.S. deviations and also pressure, temperature, mean square

displacements and radial distribution functions.

MDMIXT by W. Smith.

M.D. simulation of polyatomic molecule mixtures., Uses 12/6 Lennard
- Jones site - site potential functions and a Verlet leapfrog
algorithm for centre - of -~ mass motion. Angular mobion is
calculated by the Fincham leapfrog algorithm using quaternion
orientation parameters. Calculaktes system average configuration
energy, kinetic energy and virial and associated R.M.5. deviations
and also pressure and temperature,

MDMULP by W. Smith.

M.D. simulation of polyatomic molecule mixtures, Uses 12/6 Lénnard
- Jones site - site potential functions and point electrostatic
multipeoles {charge, dipole and quadrupole). Long range
electrostatic effects are calculated using the Ewald summation
method. Uses a Verlet leapfrog algorithm for centre - of - mass
motion., Angular motion is calculated by the Fincham leapfrog
algorithm using quaternion orientation parameters. Calculates
system average configuration energy, kinetic energy and virial and



associated R.M.5. deviations and also préssuré and temperature.

MDMPOL by W. Smith & D. Fincham.

M.D. simulation of polyatomic molecule mixtures. Uses 12/6 Lennard
- Jones sikte - site potenktial functions and fractional charges to

represent elactrostatic multipoles. Long range electrostakic

effects are calculated using the Ewald summation method. Uses a
Verlet leapfrog algorithm for centre - of - mass motion. Angular
motion is calculated by the Fincham leapfreg algorithm using.
quaternion orientation parvamecers. Calculates system average
configuration energy, kinetiec energy and virial and associated
R.M.5. deviations and also pressure and temperature.

DENCOR by W. Smith.

Calculation of densikty correlation functions. Processes aktomic M.D..

data to produce the Fourier transform of the particle density, the

intermediate scattering functions and the dynamic gtructure
factors. '

CURDEN by W. Smith.

Caleculation of current density correlation functions. Processes
atomic M.D. data to produce the Fourier transform of the current.
density, the current density correlation functions and their
temporal Fourier transforms.

HLJ1 by D. M. Heyes.

M.D. simulation of atomic fluids. Uses 12/6 Lennard - Jones site -
site potential function and a Verlet leapfrog algorithm for centre
- of -~ mass motjon. Calculates system average ceonfiguration energy
and kinetic energy and associated R.M.S5. deviations and also,
pressure, temperature, mean square displacements and radial
distribution function.

HLJ2 by D. M. Heyes.

M.D. simulation of atomic fluids. Uses 12/6 Lennard - Jones site -
site potential funcbtion and a Verlet leapfrog algorithm for centre
- of ~ mass motion. Calculates system average configuration energy
and kinetic energy and associated R.M.S. deviations and also
pressure, Lemperature, mean square displacements, radial



distribution function and velocity autocorrelation function.

HLJ3 by D. M. Heyes.

M.D. simulation of atomic fluids. Uses 12/6 Lennard ~ Jones site -
site potential function and a Verlet leapfrog algorithm for centre
- of - mass motion. The link - cell method is employed to enable

large simulations. Calculates system average configuration energy

and kinetic energy and associated R.M.5. deviations and also
pressure, temperature, mean square displacements and radial
distribution function.

HLJ4 by D. M. Heves.

M.D, simulation of atomic fluids. Uses 12/6 Lennard - Jones site =
site potential function and a Verlet leapfrog algorithm for centre
- of - mass motion. The algorithm allows either the temperature or

the pressure te be constrained. Calculates system average
configuration energy and kinektic energy and associated R.M.S.
deviations and also pressure, temperakture, mean square

displacements and radial distribution funcktion.

HLJ3 by D. M. Heves.

M.D. simulation of atomic Fluids. Uses 12/6 Lennard - Jones site ~
site shifted pokential function and a Verlet leapfrdg algorithm for
centre ~ of ~ mass motion. This method removes the discontinuities

at the potential cutoff radius. Calculates system average
configuration energy and Winetic energy and associated R.M.S.
deviations and also pregsure, temperature, mean square

displacements and radial distribution funckion.

HLJIG by D. M. Heyes,

M.D. simulation of atomic fluids. Uses 12/6 Tennard - Jones site -
site shifted potential function and Lthe Toxvaerd algorithm for
centre - of - mass motion, This algorithm is more accurate than the
Verlet algorithm., Calculates system average configuration energy
and kinetic energy and associated B&.M.5. deviations and also
pressure, temperakture, mean square displacements and radial
distribution function.

MCREM by D. M. Heyes.

=
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M.C. simulation of electrolytes. Monte Carlo program  using
restricted primitive wmodel of an electrolyte. The potential is
regarded as infinite for r d and Coulombic for ¢ d. The
properties calculated are the average configuration energy and its
R.M.S. deviation, the pair radial distribution function and the
melting factor.

SURF by D. M. Heyes.

M.D. simulation of model alkalai halide Jamina. Molecular dynamics
simulation for ionic laminae using the Tosi-Fumi I
Born-Mayver-Huggins potential and the Evjen method for evaluating
the lattice sums. The integration algerithm used is the Verlet

method. The program calculates the system poetential and kinetic '
energias, the pressure and the final averages and R.M.5.
fluctuations. The program also calculates density profiles such as
number density, temperature, energy and pressure.

HSTOCH by W. F. van Gunsteren & D. M. Heyes.

$.D. or M.D. simulation of molecules in vacuo or in a rectangular

cell with solvent or lattice - atoms (i.e. Langevin or Brownian o

dynamics of large molecules).

MDATOM by D.. Fincham.

M.D., simulation - of  atomic ~fluids. Uses 12/6 Lennard '< Jories

potential function and Verlet leapfrog integration algorithm.

Calculates system average configuration energy, kinetic energy,
virial and the associated R.M.S5. deviaticns and also system
pressure, temperature, mean square displacement and radial
distribution function.

MODIAT by D. Fincham.

M.D. simulation of diatomic molecula Fluids. Uses 12/6 Lennard ?_
Jones site -~ site potential functions and the Verlet leapfrog
alporithm for centre - of ~ mass motion. Angular motion is is

calculated wusing the constraint algorithm. Calculates system
average configuration energy, kinetic energy, virial and the
associated R.M.5. deviations and also system pressure, temperature

and mean square displacement.

MDDIATQ by D. Fincham.
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M.D. simulation of diatomic fluids. Uses |2/6 Lennard - Jones site
- =site potential functions and a point gquadrupole electrostatic
term. Employs the Verlet leapfrog algorithm for centre ~ of - mass
mation, Angular motion is calculated wusing the constraint

algorithm. Calculates system average configuration energy, kinetic
energy, virial and the associated R.M.5. deviations and alsc system

pressure, temperature and mean square diasplacement.

MDIONS by D. Fincham & N. Anastasiou.

M.0. simulation of electrolytes. Uses exp/6/8 potential functien

and the Coulomb electrostatic potential. Lomg range interactions
are calculated using the Ewald summation method. Uses the Verlet

leapfrog algorithm fer particle motion. Calculatgs system average -

configuration energy, kinetic energy, virial and the associaked

R.M.5. deviations and also system pressure, Lemperature, radial
distribution functions, static structure factors and mean square .

displacements.

MDMANY by D. Fincham & W. Smith.

M-D. simulation of polyatomic molecules. Uses 12/6_Lennard - Jones

sikte - site potential functions and fractional charges to represent

electrostatic wultipeles. TLong range electrostatic effects are
calculated using the Ewald summation method., Uses a Verlet leapfrog

algorithm for centre -~ of =~ mass motion. Angular motion is:

calculated by the Fincham leapfrog algorithm using guaternion

orientdtion parameters. Calculaktes system average configuration . -

energy, kinetic enervgy and virial and associated R.M.5. deviations
and also pressure and temperature. FORTRAN 77 standard program,.

CARLOS by B. Jonsson & S, Romano.

4.C. simulation of a polyatomic solute molecule 1in an aqueous

cluster. {(i.e. a molecule surrounded by water molecules). The water -

- wabtey potential is calculated using an analytical fit to an ab

inicic potential energy surface due te Matsuoka et al. The’

solute-scelvent potential is optional. The program provides an
energy and coordinate 'history' of the M.C, simulation. An analysis
propram CARLAN for processing the data produced by CaRLOS is  also
available.

MCN by N. Corbin.

M.C. simulation of atomic fluids. Standard (Metropolis) Monte Carlo



program fovr abtomic fluids.

SCN by N. Corbin.

M.C. simulaticon of atomic fluids. Standard (Rossky,Friedman and
Doll}) Monte Carlo program for atomic fluids.

SMF by N. Corbin.

M.C. simulation of atomic fluids. Standard (path integral method)
Monte Carlo program for atomic fluids. )

j
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REVIEW OF THE CCP5 MEETING ON PHASE TRANSITIONS
HELD AT SOUTHAMPTON UNIVERSITY ON 19/20 DECEMBER 1983.

By D. M, Heyes

Yet another successful CCP5 conference was held recently at
Southampton University., The organisers, Drs. D.J. Adams and
D. J. Tildesley are to be congratulated on the smoothness with which
the proceedings took place. There were over 70 participants which
included visitoers from Italy, France, W.Germany, U. 5 A. and
Canada.,

The timely entry of the Lattice Simulation group into CCP5
has coinclded with increased interest in the application of MD to solids,
spurred by the development of the Parrinello and Rahman technique which
enables a time varying MD cell shape to be incorporated in the model,
Their contribution has provided a welcome stimulus and 1 look forward
to continued collaboration between these groups in the future,

The talks were of a very high standard and were started by
PROFESSOR G. R, LUCKHURST (Southampton University) who talked
about liquid crystals. These contain shaped molecules which show
many liguld properties but can order orientationally over long distances.
An electric field will constrain the molecules to align along a particular
direction so that they are technologically useful in displays which use
the resulting birefringence properties of the orientationally ordered
liguid. He revealed in an entertaining manner the types of liguid crystals
available. All anisotropic molecules, it was revealed, should exhibit
liguid crystal behaviour {a degree of rotational and perhaps translational
order) just prior to freezing. But in fact most liquids freeze too readily
s0 that this phase is of little importance. However, long thin needle-
like molecules form easily into a stable phase which has long range
orientational order; being only slightly disturbed by some librational
motion about the preferred direction {called the director}. This as
discussed already can be fixed by an externally imposed field. Such
a nernatic phase is formed by, for example, the molecule.

A ¢N
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These exhibit translational disorder which is shown in the centre of
mass pair radial distribution function. There are classes of liguid
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crystal which also have varying degrees of translational order., They
are called smectic phases and come in a variety of forms which are
distinguished by letter appendages ranging from A to H (so far/).
Disc and rodlike molecules produce these phases.

Analysis of the melting of liquid crystals show them to have
blurred transitions, exhibiting only small changes in thermodynamic
guantities such as volume and entropy. Pre-transition effects are
prevalent. The 2nd order Legendre polynomial of the absolute molecular
orientation with respect to some space fixed direction is a convenient
means of characterising the orientational changes which take place on
melting, In contrast, this shows a sharp drop from about 0. 3 to ¢ at
the phase transition. Interestingly many at first sight disparate molecules
which ferm liquid crystals can be fitted on to a universal curve of the
order parameter when plofted against a reduced temperature: T :T/TNT
where Ty is an experimentally determined temperature at which o
the nematic to isotropic phase change takes place. This suggests that
a well defined but simple potential could account for the main features
of ligquid c¢rystal behaviour, There have been approximately 20 papers
on the computer simulation of liquid crystals which have looked atl such
properties as surface tension, effect of solutes and field effects. They
have not been very successful because of the slow relaxation times and
strong size dependencies inhérent in these systems. These show up in
 hysteresis effects, There is little difficulty in producing a "morno-
dormain'' as the inherent correlation length i$ rmuch larger than a typical
gimulation cell size. The direction of the director within a MD cell
is obtained from the diagonalisation of an ordeér parameter tensor called
the g tensor, an eigenvalue of which gives the order parameter. As in

 any sirulation much thought must be expended in choosing the pair

potential. Although real liguid crystals are described by quite complex
potential surfaces it is believed that the features which confer liguid
crystal behaviour on many dissimilar meolecules are found in quite simple
shapes, The BPX potential was chosen by the speaker's group in an
attempt to produce liquid crystal behaviour, This is a Lennard-Jones
potential with an orientation dependent sigma and well-depth. It was
discovered that any initial ordering eventually disappears and was there-
fore found not to produce a stable nematic phase, This led to even
further simplifications in the model for which analytic approximate
solutions are also available. A cubic lattice model which had a 20x20x20
array of model molecules was established. Nearest neighbour inter-
actions were only allowed, The order parameter and potential enexrgy
show strong changes at the phase transition. The entropy change at this
peint is small and agrees approximately with the prediction of Mean
Field Theory. The constant pressure specific heat diverges on the
approach of the phase transition. The potential energy can be obtained
from the short range order parameter, which the Mean Field Theory
unfortunately underestimates. The speaker expressed his opinion that
the days of this lattice model are coming to an end and thought that
improved pair potentials are needed in order to restart a full dynamical
MD programme.

i
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Another system for which liquid crystal behaviour was sought
was discussed by Dr. 5. DE LEEUW (University of Oxford) who presented
results of Moate Carlo simulations of hard ellipsoidal systems. Both
oblate and prolate sphercids were considered, He summarised the
developments in this area which go back about 10 years, Two dimensional
calculations of hard ellipses were carried out early on but suffered from
the disadvantage that the pressure was not calculated, due to a lack of
an available expression for this quantity. The speaker solved this
problem and presented an expression for the pressure which was derived
from the partition function and which looked similar to the comparable
hard sphere formula written in terms of the pair radial distribution
function at contact of the spheres, The Monte Carlo method performed,
on 256 spheroids, involved solving a quintic equation. Two different
eccentricities were considered. Small eccentricities produced no evidence
of orientational order throughout the fluid range. The pressure was
inbetween those of hard spheres with diameters equal to the maximum
and minimum dimensions of the spheroids. The pair radial distribution
function has a first peak which is less sharp than that of the hard sphere
at the comparable state point, As the spheroids are anisotropic, harmonic
components of the pair radial distribution function can be calculated,

The g, 4g(r) function was mostly negative at the point of closest contact.
Used with gzoo{r) {which tends to be more positive) evidence for parallel
and "T" packing at short and long range was given, Calculations at a
higher elongation were made on 288 spherocids, Again no orientational
order was discovered up to a reduced density of 0. 7.  However the order
parameter rose markedly'at-/c:* = 0,9, but was then found to decrease
with length of the computation, leaving the éxisténce of a nematic phase
again in some disputé,  Under all circumistances long range orientational
order dies away within a féw sphercid diameters. There was postulated
the existance of an orientational order/disorder transition in the solid
phase, '

In keeping with a strong emphasis on second order solid-solid
phase changes at the conference, Dr. D, McCONNELL (University of
Cambridge) discussed the characterisation of incommensurate structures
in insulators such as NaNO,. Incommensurate structures exist as
modulations of component species on a wavelength which is not that of the
overall periodicity, 1. e, is incommensurate with that of the basic lattice
repeat distance. Incommensurate phases can be observed by diffraction
techniques in which they produce side spots close to the usual Bragg
maxima. The origins of these sub-structures in insulators are obscure
and cannot be attributed to electron-phonon interactions as for metals.

It appears that the two interweaving incommensurate structures collaborate
to produce a phase change. Symmetry analysis in terms of space group
theory is useful in characterising these structures, which are mapped

on to a sine or cosine wave so that structural resonance is possible with
both coexisting. Shear properties and enthalpy changes are influential
factors in determining the position of the phase charnge. Systems exhibiting
such behaviour are Cu-Fe-S and KyCuPN,Oq. In the following discussion
Dr. Lynden-Bell asked if theory could be used to predict when the phase




change will occur, Dr. McConnell said that our understanding was

not 50 far developed but it could give a reasonable estimate. Solid-
solid phase changes were also discussed by Dr. S. C. PARKER
(University of Cambridge), He talked about phase changes in minerals
from the point of view of the energy required for them to fake place,

In particular Alumino/Magnesium Silicate was considered which can
exist as olivine, which has a hexagonal structure and spinel, which
exists in a cubic close packed form, This phase transition is very
important as it is thought to power the plate movements in the earth,
The choice of potential used to model this phase change was discussed
in some detail. The parameters were taken {rom MgQ, alumina and
quartz {5i0,) work. Im the latter case a Saunders 3-body potential,
which gives good agreement with the experimental phonon spectrum

in a Lattice Dynamics calculation, was used. A variable ionic charge
and a Morse potential were also used to include covalency in the model,
The PV term in the enthalpy was found to be the most important factor
in driving the phase change; for which the bulk rmoduli were needed
from the model., The energy change between these two solid forms

is only about 20 kJ mol'l. There are a number of intermediate phases
such as B-olivine which is cubic close packed; « and y phases also
exist and are separated by approxlmately 3kJ mol ~ from one another.

. These static lattice calculations are now being supplemented
by full dynamical treatments of solid-solid phase changes. Dr. M. L. KLEIN
(N.R. C. C. Canada) introduced the Parrinello-Rahman technique which
. allows changes in crystallographic form determined by the thermodynamic
. state and the interaction potential surface, to be followed..

’I‘he symmetry and dlmensmns of the MD: cell are allowed to

_ change in line with these internal demands. . As an application he looked
at 96 atoms of model He" in the GPa pressure range and observed phase
transitions between bec and fcc close to the melting line which are similar
to those previously assigned. NH; also has a very complicated solid
phase diagram, In addition to HCP, and FCC phases a BCC structure
was also generated for which there is no experimental evidence. He
commented on the need for better potentials, an oft-repeated remark at
the conference. Dr, R.W,IMPEY (N. R.C,C,, Canada) continued this
theme by reporting results from a very general program, which he
applied to KCN, here represented by a four site charge model. KCN

is believed to exhibit a plastic ¢crystal phase (i. e. one which has
translational order but rotational disorder). The FCC crystal was heated
and expanded with temperature (a natural result from a constant pressure
scheme}, Unfortunately it exhibits hysteresis effects in molar volume
on ceoling so that the original density is never recovered i. e, an
"orientation glass' was perhaps formed, Elastic oduli and compliances
were evaluated and showed anomalous effects near the plastic phase change;
in that some increased and some decreased, The calculations were
performed for abaout 45, 000 time steps, Dr. G.S PAWLEY (University
of Edinburgh) reported the results of constant pressure MD calculations
of the plastic phase of SFg. A 2 Mbyte DAP computer was used and
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described. A 3 dimensional lattice was mapped on to the 40963 ! bit
grid in the DAP. FHis results agreed with others in the conference who
showed that the energy differences between orientationally ordered and
random phases are small. In particular solid SFy finds it difficult to
accommodate the relative molecular orientaticns so that two S-F
bonds on adjacent molecules are not pointing towards each other, He
showed some very informative models to illustrate his ideas. His
group is now working on butane, which is believed to have three
coexisting solid phases. '

There were a number of talks on the solid-liquid transition,
Professor R, M, J. COTTERILL ({Technical University of Denmark)
reported work performed with Dr, J. U. Madsen on the Molecular
Dynamics Simulation of the isochoric liquid-glass and melting transitions.
An analysis of experimental data was made which revealed a linear
relationship between entropy and fractional volume change on melting,

He reviewed the semi-empirical theories of melting such as one which
postulates that melting takes place when 50% of the solid molecules can
jump into interstitial vacancies, A 335 LJ particle system was heated
well above the estimated melting temperature from other work of

T# = 0, 64 but which eventually did melt., Emphasis was then changed

to consider the effect of cooling a liquid through the glass transition,

The trend observed was that the entropy of the liquid and crystal tend

to the same value at low enough temperature, He also introduced the
fascinating concept of a crystal melting directly into a glass. Dr. Clarke
was reassuring in stating that in his experience the entropy of the glass
can approach that of the crystal. Dr, N. QUIRKE (Cornell University
U, 5. A.) discussed the melting transition of microcrystals in a hard
sphere cavity; work supported by EXXON. Small clusters of order

15 1T atoms were melted over 2, 5 million attempted MC moves in the
temperature range T# = 0. 3 to 0, The phase transition also showed
in a peak in the constant pressure specific neat, Evaporation was found
to be a problem, which was reduced by the cluster being embedded in &
spherical cavity. The solid-liguid transition was found to be a function
of the number of particles. Triangles of atoms weve found to be
particularly prominent in the melting transition to form, in one case,

a defective icosohedron, The crystal structure is not that of the bulk
for small systems. For systems of over 200 particules the melting
transition is sharp, Professor K. SINGER {Royal Holloway College)
reported the results of calculations performed with Drs. N. Anastasiou,
K.¥. Carter and D. Fincham into the mechanism of crystal dissolution
in water. He revealed that the mechanism depends strongly on the
equilibration procedure. When crystal and water are equilibrated
separately and then positioned adjacent to each other the Na’™ come off
into the water, the water penetrates to the third crystal layer and the
crystal film splits in two - all within 2 psec. {which requires about 9
hours of CRAY time), In contrast, if the crystal and water are equilibrated
in close proximity but separated by an impenetrable barrier for rnolecule
crossings then a quite different result was obtained. The Cl™ dissolved
first and the water showed little sign of penetration within the simulation
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time. A velocity scaling scheme was employed in this latter calculation
to suppress the large temperature rises in the interface (but with the
result that the centre of the crystal approaches DK for a period, as an
unwanted side-effect), Pressure adjustment, by altering the dimension
of the cell in the direction perpendicular to the surfaces, was made

in order to keep the density of the water furthest from the crystal at

a realistic value, Nevertheless the water next to the crystal had a
density which was fifty percent greater than in the bulk. The water
molecules were also strongly orientated with respect to the surface.
These manipulations delay but do not prevent crystal splitting, The
ease with which the crystal splits was rationalised in terms of the
small difference in potential energy between a surface and bulk ion,
{only about 4%) which was established by Parry. Dr, Parsonage gave

a plausible explanation for the reason for crystal splitting, He said
that the build-up of water on the crystal recessarily produced a negative
pressure in the bulk region spanned by the periodic boundary conditions
on either side of the crystal and which consequently pulled the crystal
apart,

There were two stimulating talks on the methodology for fixing phase
boundaries, Dr, D. FRENKEL (University of Utrecht, The NMetherlands)
developed in cooperation with Dr, A, J. C. Ladd {University of California,
at Davis, U.5.4A,)a new method designed to compute absolute free
energies of arbitrary solid phases, These are needed to determine the

- temperatures of solid-solid and solid-liquid phase boundaries.. To
obtain the absolute free energy a reference state of known absolute

free energy is needed, such as the ideal gas or the '"Hoover-Ree'' lattice
gas. A path from the: gas to the solid is then undergone with simulations
carried out at intermediate points, These tend to be expensive calcula-
tions and there can be complications due to a second or even first order
phase transition taking place at the point where the self-confinement of
the crystal lattice takes over from the artificial imposed lattice contain-
ment. The Frenkel/Ladd method is claimed to be more cormputationally
efficient and involves going from the Einstein crystal (whose absolute
free energy is known) to the desired crystal using a switching function

to 'turn-on' the desired potential, The change in free energy during

this process can apparently be related simply to the mean square
amplitudes of vibration at points in this process,

Dr. §, NOSE (N,R,C,C,, Canada) described a new method
for producing a canonical ensemble in MD simulations, Although there
have been a number of constant temperature schemes proposed (e. g,
those by Andersen, Hoover, Evans and Haile and Gupta), none {except
that of Andersen) claims with proof to generate a canonical ensemble
The Andersen method is very severe on the dynamics of selected molecules,
Dr. Nose has made a valuable contribution to this field by providing a
link between essentially mechanical methods for maintaining constant
inetic energy and the true canonical ensemble which is ideally required.
Dr. Nose's method bears some resemblances to Andersen's constant
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pressure method., There is a "piston mass' which drives a kinetic
energy acceleration. If the piston is to0 heavy it produces long
periods of semi-microcanonical ensermble behaviour, He claimed
that the thermodynamic {but possibly not dynamical) properties
produced by this method are those of a canonical ensemble, The talk
produced much lively discussion. Professor Powles warned against
the indiscriminate use of momentum scaling as a means of producing
constant kinetic energy dynamics, He said that each application
should be considered carefully to determine if the perturbations to
the dynamics are seriously going to affect the property of interest,

Gases adsorbed on solid surfaces undergo phase transitions
which are being increasinygly investigated by computer simulation,
Quasi-two-dimensional models are revealing that there is a disappoint-
ingly large number and time dependence associated with these phase
changes which make it a dangerous area to be working in with limited
computer resources, Professor D, LANDAU (University of Georgia,
U. S. A) introduced this area by discussing critical behaviour ina tri-
angular lattice gas Ising model, The pattern of adsorbed gases on
graphite can be'mapped"” on to a triangular lattice., The critical
behaviour of these systems was discussed for periodic finite systems
using finite scaling analysis. He introduced the concept of a "critical
surface' which has a so-called tricritical point of special interest.
These dimensional systems such as ethanol-carbon dioxide water mix -
tures have a tricritical point, Symmetry appears to influence strongly
the characteristics of these phase changes, Dz, M, ALLEN (University
of Oxford) considered a lattice of linear guadrupoles on a triangular
lattice. Thisis a simple model of, for example, nitrogen on graphite.
Calculations performed with 16, 000 quadrupoles using the DAP produced
contiguous domains of similar quadrupcle orientations which were
charmingly described as forming a "herring-bone'' pattern. Fhase
changes were observed to coincide with peaks in the specific heat with
termnperature {the potential energy per molecule was in contrast more
smoothly changing), The changes in orientation can be correlated with
alternations in symmetry between C3y, to Dy, These domain {fluctuations
were on a time-scale of the same order as the simulation itself, so the
speaker warned against making any definite conclusions at the present,

Dr, T.J. SLUCKIN (University of Southampton) spoke on
behalf of his fellow authors, Drs, H. Evans and D.J. Tildesley, on the
subject of boundary effects on the orientational ordering of nitrogen
adsorbed on graphite. Simulations were conducted to elucidate the role
of ledges and walls in a stepped surface on the adsorption characteristics,
Nitrogen molecules were found to adsorb preferentially along the bottom
of a wall, presumably to maximise the number of close carbon neighbours,
Order parameters again showed the sharpest change near phase transitions.

A recurring theme of the conference was the desire for
better or at least better substantiated potentials, Professor S, ROMANO
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(University of Pavia, Italy) examined a number of pair potentials for
nitrogen from the view point of assigning the solid-liquid phase transition.
Somewhat surprisingly he argued that the more recent potentials which
include a2 quadrupole and dispersion terms are not an improvement on

the older ones without these terms,

The conference finished with an excellent talk by Dr., Q, BEYER
(Ruhr- Universitat Bochum, W. Germany) who with C. Hoheisel simulated
the glass-transition of binary metallic mixtures; adopting a MD model
and Lennard~Jones 12:6 potentials, In 6rder to create a reproducible
glass the calculations were performed at high pressure and temperature
og T 2~ 1 andpt=1.4. A system of 2048 particles was considered.
A nickel/boron mixture was simulated and the partial pair radial dis-
tribution functions were evaluated. The {first peak in the BB pair radial
distribution function was greater than the B atomic diameter so that
Boron-Boron contact was largely eliminated within the Ni "lattice',
The general features of experimental and calculated structure factors
were in agreerment, in the discussion Professor Powles said he was
not surprised at this as he was doubtful about the relevance of a "humped"
metal effective potential in determining liquid structure,




NONEQUILIBRIUM MOLECULAR DYNAMICS OF MOLLCULES WITH BOND LENGTH CONSTRAINTS
M.P. Allen and G. Marécha%_

Noneguilibrium methods of simulating tfﬁnéﬁort coefficients have
become very populax in recent years, due te the potemtial statistical
advantages in measuring the response of a system to an applied
perturbatiorn over the conventional <route via equilibrium time
correlation functions. The shear viscosities of atomie liquids, and
liquids of small rigid molecules, for example, have been investigated in
this way. The extension of the technique to large, pessibly flexible,
polyatomic molecules brings up ome or two interestimg questions, Shonld
the perturbation be applied to individunal atoms, to the centres of mass
of entire molecules, or to molecular fragments of intermediate size?
Does this choice affect the technical difficulty of the simmlation? Can
we handle, for example, bond length constraints in a polyvatomic
molecunle, in a way consistent with applying a perturbation? This last
question is important, since both time-dependent perturbations and the
application of bond length constraints seem to involve a degree of
'meddling ' with the equations of motion; it is guite conceivable that
some of the techniques currently ewployed might be incompatible with

each other,

In this paper, we describe a techunigque developed at a CECAM
workshop last summer [1] to simulate homogenscous shear flows in
molecular liguids., The aim was to develop a program which would handle
the fixed bond lengths im a system of polyatomic molecules, using the
method of constraints [2,3], together with modified eguations of moticn
to generate a time-dependent shear [4,5,6], without introducing any
clash between the two technigues. This turned out to be easily
achieved, wusing equations of motion in which the applied velocity
gradient appears explicitly [4] (rather than an appreach which involves
least—squares fitting of velocities to the desired profile) and by using
& constraint methed built around an algorithm in which the velocities
appear [3]. We tested the program, using a small system of diatomic
molecules, and, as well as demonstrating the feasibility of the
approach, we compared the conseguences of applying a time-dependent

shear to the molecular centres of mass, with an atomic perturbation,

The wodified cquations of motion for atoms inm an imposed, time-
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dependent, homogeneous shear flow & = (3v /3y) may be written [7]

. . /m, ! g . 1, = P, .

ia ja’ ia ia ia ia’ Tia ia ia' ia
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Here we are using a double index iz {(atom a in molecule i) to identify
the atoms; P is the atomic mass, fia etc. are the force components due
to all interatomic interactions, pia etec, the momenta and qia etc. the
coordinates. These equations are almost, but not quite, the equations
resulting from a qp-{Doll’s)~tensor perturbation to the equilibrium
Hamiltonian [4]; the distinction is discussed eisewherxe [7]. Equation
(1) is particularly convenient for us, since the momenta may be

eliminated to yield

r oz g ey e
.= I , 4 o= £ . ., = £ /m.
9ia fxa;mla ® 9a 93a 1a/mla 942 fla/ ia (2)
Thus, if we concentrate on q. , 4, and g¢q . , the perturbation
ia “ia UL Tia
simply appears as an extra force m, 8 qia dependent explicitly
on coordinates g and the time, through ¢ . These equations would

be implemented in conjuncition with modified periodic boundary conditions
[8]; for steady shear, apart from an imitial kick, the modified

boundaries alone will be sufficient, since & = §.

The momenta P need not appear in the integration procedure, but
may he calculated from equation (1), and are useful, since off~diagonal

elements of the pressure temsor

t _ ¥ X ¥y X
PPy = 3 o7 o5 /m, + T o . fF . (3)
¥x 14 taia ia iajb iajbiajdb
and the energy
E = £ p> /2m, + Ul P!
ia ia ia

will be of interest to us. Here, q is the force

Lagb T Y42 T Yy fiage
orn atom ia due to atom jb, with the sum being over distinct pairs of
atoms, and U(q} is the potential energy. A key check om the correctuess
of the simulation algorithm, and the size of the time step employed, 1is

that the first law of thermodynamics shall be obeyed
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E = - #pily (s)
yx
This follows from (1) — (4). Becanse the momenta are needed, it is most

convenient to use an integration algorithm which uses dia as well as Q.

and q ia®

Equations (1) ~ ({4) have their counterparts in the molecular

representation., We may write a different set of equations of motion [7]

% X . ¥ Y ¥ .z _ %
= + = =
Lia pia;mia 893 9ia pialmia 9ia pia/mia
x "ia, ¥y ¥ ¥ z z o
Pia N fia B ;;_Epi Pia 7 fia Pia = fia (6)
or
.nx - < " _y . auy - y alz - z .
Cia = Fia/me * 2y 93, 8, 45, T, N
o oY o Tk ¥ ¥y _ v - .
wvhere 4 m. E mea9iar P - YRR Now every atom in molecule i 1is
subjected to the same extra acceleration, i.e. to a force proportiomal
to me based on the value of the centre—of-mass coordinate q{. In
place of (3) we have
PRy = s YR m vz o fT o (8)
¥x i"71 C, tijTij '
1]
¥ : = & £, . T P : i i
where fi 2 flagb and 9y q; qJ The encrgy is still defined
through (4), but note that the momenta are mow given by (6); the enexgy

mol

conservation law (5} again follows directly, with Pyx

in place of P;;.

Now we are vready t¢ describe the simulation program, and the
algorithm used to solve the equatioms of motion (2) or (7). It will
beceme apparent that the addition of bond length constraints does not

introduce any further complications.

Assume that qia(o) and dia(o) are available at time t = 0. The
forces f are calculated in a guite stendard FORCE subroutine, except for
the modified periodic boundary conditions which affect the calculation
of minimom image separations. In (hopefully} am obvious notation, this

can be accomplished by statements of the kind:



DX=RX (ATOMA, MOLECI)-RX (ATOMB, MOLECY ).
DY=RY (ATOMA, MOLECY } -RY (ATOMB, MOLECT)
DZ=RZ(ATOMA,MOLECI) -RZ(ATOMB, MOLECT}
DX=DX-AINT{DY/BOX+SIGN(0.5,DY})*0FFSET
DX=DX~AINT(DX/BOX+SIGN(0.5,DX})*BOX
DY=DY-AINT(DY/BOX+SIGN(0,5,DY))*BOX -
DZ=DZ~AINT(DZ/BOX+SIGN{0,5,DZ) )*BOX

where OFFSET is the curremt value of the strain s.ﬁultiﬁiied by the
boxlength BOX., (Note that we are not sticking to the FORTRAN initial
letter convention!)., The additiomal force, due to the perturbation, is
calculated in a separate routine FEXTRA, and within this routine a

switch, ATOMIC, selects an atomic or molecular type of perturbation:

IF (ATOMIC) THEN

DO 100 MOLLECY=1,NMOLEC
DO 100 ATOMA =1, NATOM
ACCN=EPSDD*RY (ATOMA, MOLECT)
FX{ATOMA, MOLECY ) =FX{ ATOMA, MOLECT ) +ACCN*MASS (ATOMA)
100 CONTINUE

ELSE

DO 200 MOLECI=1,NMOLEC
RYCM=0.

DO 150 ATOMA=L,NATOM |
RYCM=RYCM+MASS ( ATOMA) *RY (ATOMA, MOLECT)
156 CONTINUE

RYCM=RYCM/TMASS
ACCN=EPSDD*RYCM

DO 160 ATOMA=I,NATOM
FX(ATOMA, MOLECI)‘FX(ATOHA,MOLECI)+ACCV*“ASS(ATOMA)
160 CONTINTE '

200  CONTINUE

ENDIF

Here EPSDD is ¢, and TMASS is the total molecular mass m. .

These routines are crlled at the start of a simmlation, after qia
and qia have been read in, In practice, we find it most convenient to
start (and end) each simulation with a condition of zero strain, so that
the molecular coordinates =are consistent with mnormal periodic
boundarics. For an oscilliatory strain e(t) = A sinwt this means that,

for convenience one oscillation period, 2n/w, should be an integral
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number of time steps, and the full simulation zum should consist of many
(perhaps several hundred) complete cyecles. In priseiple, whenever the
strain rate § is changed abruptly (for example, when starting 2 series
of rums at a new frequency) the oparticle velocities should be
instantanecusly adjusted, according to egns. (2},(7). In practice, ws
found this unnecessary, since, in any case, several (10-20) cycles are
allotted for ‘'equilibration' of the system, Dbefore accumulating
averages, whenever the conditions are altered, Memory of the change is

expected to be lost in this time,

With a properly initialized system, we are ready to implément the
integration algorithm, We adopted the RAITLE constraint method [31,
which 1is built around a velogity version of the Verlet algorithm, a

two-part process. The first part can be written

. 127"
qia(h) - qia(O) * hqiaio) * Zh qia(O)....
a (Lh) = (. {o) + Lh}{ (o} S :"": ' (9}
ia 2 ia 2 ia o
where h is the time—-step, The accelerations a4, include the normal

forces fia(o)fm and the extra terms in (2} ,{7).

In our program, this move takes place in a subroutime MOVEA, which
is quite standard. For each molecule, éftér making the méve, the new
and old coordinates of all the atoms in that molecule are fed into the
first part of the constraint procedure, a routine RATLA. This routine
calculates from these c¢oordinates and the molecular geometry, as

described by Andersen [3], 2 set of constraint forces f;a(o), and hence

accelerations g za(o) = fza(o)fmia, needed to guarantee that the new
cocrdinates qia(h) satisfy the bond length constraints, The details of
the routine obviously depend on the molecules under study; the forces

consist of individual components directed along the bonds a; (o).

2ib
These forces are retrospectively included in eguation (9), i.e. qia(h)
is replaced by g, (h) + lhglic (o) and ¢ (;h) is replaced by
ia 2 ia ia 2 ’
1 1., ¢
&ia(zh) + th ia(o).

Mow the forces fia(h) are calculated in FORCE, and the additional
perturbation forces are computed in FLXTRA, The second part of the

algorithm is now implemented. This is written



Gb) +3ha, ) (10)
This is ¢arried ont in subroutine MOVEB.: 'Oﬁcg.'agdiﬁ;  there is a
constraint correction to make, this time fo guaiantee_that the time
dexivatives of the constraimed bond leﬁgths are-_zefg. The second
constraint routine, RATLB, takéé the .vdlueé of éig(h)' and qia(h),
together with the molecular geometry information, and returns a set of

constraint forces fia {h), with compenents directed dlong the bornds

qiaib(h)' Hernce the additional accelerations ¢ za (h) are computed, and
added into equation (10).

Finglly, we come to the calculatibn '0f. brdbéﬁties of interest,
before looping around to MOVEA ‘once more, The calealation of
configurational preperties is carried out in the. ﬁormal way: the
potential energy and potential contributions te the pressure temsor are
caleculated in the inner loop of TORCE. Either equation (3) or (8) can
be used for the atomic or molecular pressure tensor as desired; in
practice, if atom—atom intermolecﬁlér.fCrceéfarc used,-it is easiest to
calculate the atomic pressuré tensor wifﬁin'tﬁé'forﬁé loop, and then
apply a correction of the form (9] I .

PPlipoty = P*ipoty - % (¢ - DX . an

X ¥x ia ia 1" "ia

Note that the perturbation forces do not appear in equatioms (3) and
(8); they are externally appiied,.and de not contribute to thé pressure
tensor, The intramolecular constraint forces, however, do contribute,
Their contribution to P;;, {and to the hydrostatiq ﬁressure? may be
calculated in RATLA or in RATLE, where they are evaluated; remember that
fc'(h) in RATLR, and £%(n) calculated in the.foilowing call to RATLA,

are both approximations to the same gunantity,

For the kimetic contributions to the enérgy amd the pressure
tensor, different expressions again apply for atomic— and molecular-
based gquantities, because of the different definitions of momenta.
These gquantities are evaluated in a separate routime XINET, which

contains the code



DO 100 MOLECI=1,NMOLEC

DO 100 ATOMA=1,NATOM
PX=MASS({ATOMA)* (VX{ATOMA, MOLECT } ~EPSD*RY { ATOMA, MOLECI) )
PY=MASS(ATOMA) *VY (ATOMA, MOLECT)
PZ=MASS (ATOMA) *VZ(ATOMA, MOLECT)
EXATOM=ERATOM+ ( PX*#2+PY**2+P2%*2) /MASS{ATOMA) /2.
PRATOM=PEATOM+PY*PX/MASS (ATOMA)

106G CONTINUE

DO 200 MOLECI—I,NHOLTC
RYCM=0Q .
PECM=C,
PYCM=0.

DO 150 ATOMA=1,NATOM
RYCM=RYCM+MASS (ATOMA) *RY (ATOMA, MOLECT)
PLCM=PXCM+MASS{ATOMA) *VX (ATOMA, MOLECI)
PYCM=PYCM+MASS{ATOMA) *VY (ATOMA, MOLECI }

130 CONTINUE

RY CM=RYCM/TMASS

DO 160 ATOMA=1,NATOM T
PX=MASS (ATOMA) * (VX (ATOMA, MOLECI) ~EPSD*RYCM)
PY=MASS(ATOMA)*VY { ATOMA, MOLECT)
PZ=MASS(ATOMA) *VZ( ATOMA, MOLECI) :
o EXMOL= EKHOL+(PX**2+PY**2+PZ**2)XHASS(ATOMA)KZ.
160 CONTINYVE

PXCH=PECHU-TMASS*EPSD*RYCM
PKMOL= PKMOL+PYCH*PXC“{T“AS% :
200 CONTINTUE

Here, EPSD is &, the strain rafe, BKATOM and EKMOL are the atomic and
molecular kinetic energies, and PEATOM and PEMOL are atomic and
molecular pressure tensor components. In cheéking the energy
conservation relation, egn. (5), the kinetic emergy and Qressure tensor
appropriate to the chosen perturbatidn afe;'bf course, selected. In the
course of a simulation, energy is abstracted from the s?sfem to prevent
continual heating. This may be carried out by a further modification of
the equations of motion, but in our case we simply scale the momenta at
the end of each oscillation cycle, to yield the desired {fixed) total
energy. Note, again, that it is the momenta which appear here; in the
scaling routine, they must be calculated from the velocities, scaled,
and then used to recalculate the velocities.——The magnitude of lheating
effects in these oscillatory simulabions may be kept down by restricting
the amplitude of the shear strain (maximum strains of 10-15% are
typical), To summarise, the basic organization of the main loop of the

program 1is



¥
MOVEA (RATLA)
FORCE
FEXTRA _
MOVEB (RATLRE)
KINET

H

with momentum scaling to fix the enérgy at the end of each complete

oscillation of the applied shesar.

To test the program, we ran osc¢illatory shear calculations on a
small system of 27 diatomic molecules. Intermolecular interactions were
atom-atom Lennard~Jones 12~6 potentials w(r) = 4e{(a/2)>? - (Gfr)s),
truncated at the well-bottom and shifted up so that both potential and
force vanish at the cutoff. The bond length was fixed at o. We chose a
reduced atomic density pa3 = 0.6 and a reduced energy per atom E/Ns = 2.
This corresponds to & re@pced temperature kBT!g ~1.3. Simulations
using atomic and molecular perturbations were carried out, and in each
case the atomic and molecular siress responses, and other microscopic
quantities, were measured. With a reduced ti.me-step a/t = x/1000
(12 = mczfe) the eneiéf ccnéervafion iéw was obcyed fb'foﬁghly 1 ﬁart in
10_3. For low frequencies wtv { 5 the stress responses followed the

expected wlfz

law. The differences between atomic and molecular stress
responses in each kind eof experiment were small at low frequency, less
than 6% for wr 3, and so within the typiczl statistical errors for the
absolute values of these quantities, Detailed =results of these

simulations will be published elsewhere.

The main result of this article has been to show that a program
combining time-dependent shear perturbations with molecular constraint
dynamics may be written, and that this program performs satisfactorily.
The simplicity of the program zests on the fact that the shear
perturbation takes the form of an additional force term in the chosen
modified eguations of motion, and that the method of constraints also
involves the calculation of force terms; no inconsistencies between the
two technigues need arise. It makes no difference, in terms of
technical diffieculty, whether the perturbaticn is applied to atoms or
molecular centres of mass: this is a purely physical choice, 1i.e. the
decision should be based on what is thought to happen in the case of a
real-life perturbation, if comparisor with a rcal experiment is
contemplated. The program was tested on a diatomic system, but there is

no reascon why a more complex system should not be investigated; the
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simunlation of a Iiguid of flexible chains is currently contemplated,

In the lengthy discussions of nonequilibrinm simulation techriques
which preceded the development of this program, we grecatly benefitted
from the advice of Dr. A.J.C, Ladd, Dr, D. Frenkel, Dr. J.P. Ryckaert
and Professor H.C, Andersen., We are also grateful to the CECAM Workshop
Organiser, Professor A. Bellemans, and to Professor C, Moser for his

hospitality at CECAM.
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NEW MONTE CARLO METHOD TO DETERMINE THE ABSOLUTE FREE ENERGY OF

ARBITRARY 3S0OLID PHASES

Daan Frenkel and Tony Ladd

In this paper we present a computer simulation method to determine Lhe
domain of thermodynamic stability of solid phases in model systems, The
recent development by Parrinelle and Rahman (1) of a new Malecular Dynamics
simulaktion technique has greatly stimulated the use of computer simulations
in investigating sclid-solid phase transitions in model systems. The basic
idea upon which the Parrinello-Rahman method is hased 1s that the fixed
Periocdic Boundary Conditions (PBC's) employed in conventional MD simula-
tions all but exclude the diract ocbservation of solid-~solid phase transi-
tions, as boundary conditions chosen to ke compatible with the solid phase
are, in general, incompatible with the other. Hence fixed PBC's tend to
stabilize one solid phase well beyond its range of thermodynamic stabllity.
Simulations involving fixed PBC's may easily overlock the existence of
other, more stable phases altogether, 1In the Parrinello-Rahman method the
shape of the periodic box is no longer fixed; shape and size of the perio-
dic box are asxpressed in terms of variables which play the role of genera-~
lized coordinates in an extended Hamiltonian.. The resulting equations of
motion describe the "hatural" time evolution of the shape and size of the
pericdic nox under constant applied external pressure and zero applied
stress. Note that if only the size of the box is treated as a variable the
Parrinello-Rahman method raduces to Andersen'’s constant pressure MD {2}.
The P-~R method provides a "reaction path" Erom one sclid phase to the cother
as the boundary conditions adjust themselves to the favoured solid struc-
ture., TFor this reason the P~R method is now being used to map phase dia-
grams involving several solid phases (3). It should be noted, howaver,
that the P-R method does not provide a reversible route from one phase to
the other; the solid-solid ghase transformation takes place when the
initial s0lid phase hecomes mechanically unstable. The actual thermody=
namlic phase transition is bracketed by the width of the hysteresis reglon,
In order to locate the thermodynamic phase transition one needs information

on the free energy of both solid phasas.

Two methods have kraditionally been used bo obtain such information.

Both methods rely on constructing a reversible path from a stakte of known
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free energy to the solid ghase under consideration. The first method is
the Single Occupancy Cell (SOC) method introducted by Hoover & Ree (4). 1In
this method one starts with a lattice gas with one particle per lattice
cell, At high densities the centres of the lattice cells coincide with the
average atomic positions in the unconstrained solid. Expanding this lat-
tice uniformly one approaches a dillute gas which has the same pressure as
an ideal gas at the same density, and a free energy that can be evaluated
exactly, The free energy of the lattice gas at nigh densities coincides
with the free energy of the corresponding uncenstrained seolid, if the den-
sity is sufficiently high to ensure that the artificilal cell walls have
negligible effect on the particle displacements. The free energy of the

solid ls then obtained by computing:

v
- = - 2 . . .
“lattice qas{vl) fvi PV} 4av (1)

(vy}

Esolid

at constant temperature.

This method was used by Hoover & Ree to obtain the free enargy of the
hard-sphere and 2D hard-disk solid (5,4), The actual numerical integration
of eqn.{1) may require evaluating the pressure at many state poinks because
lattice gas isotherms exhibit a cusp at the point where nearest-neighbour
interactions take over from the cell walls in constraining the particles.
There is even some evidence thakbk a weak first order transition takes place
at this peint {6}, in which case the supposedly reversible path linking the

solid to the dilute lattice gas may, after all, be nob guite reversible,

A second method to compute the free energy of a solid phase is to
start from the low-temperature harmonic solid, the free ensrgy of which can
be computed exractly, This method was first used by Hoovar, Gray & Johnson
(7). There are two factors limiting the applicability of the latter method.
The first is that it only works for seolids that are harmonic at low temper-
atures {and/or high densities). This excludes all systems with discontin-
uous intermolecular forces, e.,g. the hard-sphere solid. Moreover, solid
phases that are mechanically unstable at low tewmperatures cannot be inves-
igated by %his method. A practical problem with the harmonic-lattice
method is that for anything but the simplast solids, and in particular for

molecular solids, evaluating the harmonic lattice free energy involves some



non-trivial computaticn.

Below we preset a method to compute the free energy of an arbitrary
so0lid in a way that we belisve is easy, rellable and efficient. Our ap-
proach i1s once again based on the construction of a reversible path to a
state of known free energy. In this case the reference state is an Ein-
stein crystal with the same structure as the solid under consideration.
This reference state can bes reached frowm the real solid by slowly switching
on harmonic springs which bind the atoms bto their lattice sites. as the
Einstein solid is structurally identical to the initial solid, it is very
likely that such a path will be free of phase transitions and then resversi-
ble. The simplest way to transform a sclid to an Einstein crystal is to
add a term AV to the unperturbed Hamiltonian Hy, such that

N > .
H(A) = Hy + AV = Hg + X I (r, - D2 (2
where ;E is the lattice position of particle i. The derivative of the free

energy of this system with respect to the coupling constant A is given by:

ar

B .0

! e} .
= 53 4n (forf exp(~B{H, + AW))dg ) = <>, (3}

A
from wnich it follows that the free energy of the real c¢rystal is related

to the free energy of a crystal with spring constant A by:

PO0) = B - [N sy, an . - (4)
0
At sufficiently high X the free energy of the system reduces to that of an

Einstein crystal;

T (3/2)N
F(A) = ¢5 - XT 2n (T) + ciTy + c(1/A) {5)

where ¢, is the potential energy of a system with all atoms at their lat-
tice sites., C{T) is the kinetic conkribution to the free energy which
depends only on the temperature, 0Of course, a rather high value of A may be
required befors the terms of order O(1/X} in eqn.(3) become negligible., 1In

practice there is no need to go to very high values of X\ as it is rather



simple to evaluate the lesading corrections to the frae energy at finite A,
In some cases these corrections can be evaluated analytically {as in the
case of hard spheres, to be dizcussed balow), but in the most general case
the free energy difference betwaen the ideal Einstein crystal and the Ein-
stein crystal «with intermeolecular interactions can be found numerically by
performing a Monte Carlo simulation on the ideal Einstein crystal, and
deriving the free energy of the interacting Binstein e¢rystal by umbrella

sampling (8},

In order to investigate the usefulness of the methed described above,
we used it to compute the free energy of the hard sphere solid. We chose
this particular system because reliable numerical results on the Hard-
Sphere {(HS) solid are available (3), yet the calculations on which thess
tasults are based are by no means trivial (it involves computing a complete
isotherm of the single-occupancy cell system), ©Of course, for hard spheres
the harmonic approximation cannct be used. In the present study we compu-
ted the free energy of the hard sphere solid at the fluid-solid coexistence
point (reduced density o/pg = +736). The simulation consisted of 10 runs,
each of 10% sweeps (i.e, 10" attempted moves/particle) excluding equilibra-
tion {typically 103 sweeps). Fach run was carried out for a different
value of the spring constant A. The values of X at which the different
runs were performed were chosen as follows. For A > 600 the free energy of
the interacting Finstein crystal could be accurately approximated by an
analytical expression based on a "virial" expansion to ke described below.
Hence the numerical simulations were limited to the interval O € A < 600.
At high values of A, <r2y ~ 1/A whereas <r? +c as A » 0, where < is the
mean—square displacement of an atom around its lattice site in the normal
hard-sphere solid. In the simulation we have kept the centre of mass of
the system fixed; we correct for the =ffect of this constraint on the free
energy. Clearly then the function (k+c)<r2>A varies little over the inter-
val O < X\ < 800, Hence to compute the desired free energy difference we

evaluated the integral:

2 S
{x+c) ~ I ine

En( ) +c)
f ma

<r2>\(k+c))d 2l dc) . (6)

A
AF = - f max

2 ,
. <r >;\{ At+c})

Here the integrand is a vary smooth function of A, and the integral could

be evaluated using a 10-point Gauss-Legendre gquadrabture. Later tests indi-



cated that no dignificant less of accuracy resulted if a S~point quadrature

was used. Each simulation took about 2 minutes on the IBM 192 computer.

The free energy of the interacting Binstein crystal at Amax was evalu-
ated in the following way., The configuraticonal part of the partition funec-

tion of the interacting Einsteln crystal is of the following form:

g
S A) = - Ar )2 - N
ot A = [... [ expl BAZ(4r,)7) exp(-8 i§j U(rij)} arcs {7)
> Fpon . : . .
where ari=ri— i(ri is the lattice site of particle 1), 8 = 1/kT and U(rij)
i1s the value of the palr potential of particles i and j. Egn.{7) can be

rewritten as:
L) = . - 2 - N .
o(T; A) QE(T,A)(I...I expl Skgéri) axp Bigj U(rij)) dr /QE(T,K)) y (8)

where QE(T} is the partition function of the non-interacting Einstein
crystal. Hence:

Here the subscript E stands for averaging over all configurations of the
non-interacting Einstein crystal, This average can of course be carried
out by Monte Carlo {umbrella sampling)} but in the presant case we use an

expansion in cluster functions fij = exp(—ﬂU(rijJ)—l '

<axp(=-8 . L, T, . =<1 + 5, E.. + .%., & ‘. + oeae>
p(-8 1<3 ut lJJ)>E idj flj 1%3 k<2 fljfkﬂ E (10)
i3 cae . A C

Note that —<£ .> = < h I\
N a 138 » >overlap’ the probablility that particles i and j in
the non~interacting Einskeiln crystal are separated by a distance rij <O
At nigh values of A all <fij> for i and j not nearest neighbours become
negligible, while (fij>n'n' << 1 {n.n. stands Ffor “nearest nelghbour"),

In this limit we approximate egn.(7) by:

n.n, Nn/2
- r = N
<exp(-R L& U(rij))>E (1 + <fij> ) {11)

In egn.{11}) n stands for the number of nearest neighbours of a particle i



: . 3 Ta -
{in the pregent case: n=12}, To the same level of approximation, <fij> n

¢an be evaluated by computing the probahility of overlap of 2 isolated,

harmonically bound penetrating spheres at an average separation

- >
a = Ir? - f}. This prooapility can be evaluated analytically; the result
is:
172 1/2
TleTle 1 forse Br. 272 2
=3 A + + -l _
overlap’ = 7 (SFE(ZR) (o4a)) + erf({Z®) (o a)) ]

{12)

(8M/2)(0-a)?  ~(8r/2)(g+a)?

- ) / (2183 1/ 2a)

The expression for the free energy of the interacting Einstein crystal then

bacomes:

Nn NeTis

F(T; A) = E‘E(T;A) - 5 KT in{1 - <Poverlap>}\) . (13)
From this eupression for F(T,A) we can obtain an esktimate for <r2>A = _;22,
Viz,:
3ing
2 . 5
{r )A = _EEX_
) {14)
- a=a)?,. _ _ - S .
_n f(e (83/2)(a-a) {cla-0) - 1/A) + = {3*/2’(a+9) {olatog) - 1/A}§
2 Nt )

La{2mg0 % (1 - <P >)

overlap '

This exprassion can be compared with the Monte Carlo results for the inter-
acting Eilnstein crystal at high values of A. Fig.1 shows such a compari-
son, Actually we found a very small difference between the Monte Carlo
<r2>A and the corresponding virial result. This difference decreased rapid-
ly with increasing A; we observed it fitted well to an exprzasion of the
form: A = a exp{-A/8) with w ~ 10> and § » 130. We took this correction
into account in evaluating the free energy but it had no significant effect
orr the final result. Finally, as mentioned above, we corrected For the fact
that we were constraining the centre of mass of the system to be fixed.

The partition function of an Einstein crystal with fixed centre of mass is

given by:



Op{Ti A) = y-3/2 (I, (3/2) (1)

3 {15)

The partitioh function of the unconstrained hard'sﬁhere salid differs from
the partition function of the constrained sclid by a factor V. In table I
we have collected all different contributions to the free energy of the
hard-sphere solid, referred to the ideal gas at the same density. The table
contains the results obtained for a 32,108 and 256 particle system. Flg.2
shows the N-~dependence of the computed free energy {(or actually, the en-
tropyl. To obtain the result at N=¢, two different extrapolation methods
were employed. In one it was assumed that the leading M-dependence of the
free energy is of the form In{N}/N, in the second we assumed a simple 1/¥
dependence. In the present case the latker assumption 1is more realistic as
the eplicit in{N)/N dependence both on the ideal gas side and on the Ein-
stein crystal side were taken into account {(see table I). In fact we find
that the MC data f£it a 1/N dependence far better than In(N!/N. The entropy
difference between the hard-sphers solid at 903 = 1,041 and an ideal gas at

the same density was thus estimated to be:

AS =5,930 * 0.004 (1/4 ~ extrapolation},

AS

[}

-5.936 * 0,005 {An{N} /N-extrapolation),

The error bars guoted correspond te 2 standard deviations. TFor thne sake of
comparison we give the Hoover-Ree results using the single occupancy cell

method:

AS = 5.924 % 0.015

Clearly, our results agres very well with the Hoover & Ree result.

In summary, we have developed a simple, efficlent and accurate method
to obtain absolute free energles of arbitrary solid phases. For hard
sphneres our results agree well with the results obtained bv Hoover & Ree
using a different appreach. We are currently applying the present tech-
nigue to a number of unsolved problems concerning the thermodynamic stabi-

lity of solid phases in model systems.
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Table I,

Centributions Lo the free energy differsnce (= -{entropy difference}} ba-
tween hard-sphere solid and ideal gas at same density, N: number of parti-
cles, FE(Amax): estimated free energy of interacting Einstein crystal (egn.
13), FCM: free energy difference bhetween "floating" and fixed center of
mass Einstein orystals, 4F: free energy difference along reversible path
(egn.&), AF : estimated correction to P_(A )
COYYX . B max
free energy of W-particle ideal gas. AS estimated enktreopy difference

{(see helow eqgn.i14), FIG:

tot'
betwaen N-particle hard-sphere solid and ideal gas at the same density. The
bottom rows show the estimated results for N=«. OQur best estimate Ffor the

free energy difference is F = 5.930. All frae energiess guoted are per par-

ticle; X = 632,026,
masL

i
N FE(Amax) Fou aF A orr. g 85 ot ;
32 7.8885 -0.,1071 ~2.7933 -0, (008 ~0.8771 -5.8644 .
; 108 79660 -0.0430 -2.9403 ~0.0007 -0.,5298 ~5.9117 g
| 256 7.9761 -0.0215 -2.9778% -0.,0017 ~0.9455 -5.,9208 :
© 1/N extrapolation ~5.930(4)
© In{N¥) /N extrapolation _ -5.936(5)
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FIGURE CAPTIONS

Fig.?

Mean squars displacement of atoms in an intaracting Einstein

crystal as a function of the "spring" constant A. ({1 : MC data,

: "virial" approximation {equn.td4), ----- : Einstein crystal
(N » =}, - - = = : Einstein crystal (fixed center of mass:

N = 108). All results apply to the case: Amax = 632,026 and,
unless stated otherwise, ¥ = 108. To improve the legibllity of
this Ffigure, all mean square displacements have been multiplied

by (X + ¢), with ¢ = 33.115,

N-dependence of the free energy diffarance between a hard sphere
solid and 903 = 1.041 and an ideal gas at the same density. As

can be seen from the Ffigure, the relation between 4&F and 1/4 is

very nearly linear. The intercept at 1/¥ = ¢ vields an estimate
for AP at N== : AF = 5.930. For the same of comparisecn, the

Hoover & Ree value AF = 5.924 is also shown (@),
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PARALLEL CCMPUTERS AND NON-CUBIC BOUNDARY COND ITIONS

David Fincham

Several previous articles [1,2] have discussed the use of non-cubic periodic
boundary conditions in simulaticon. The advantages claimed ars that a more nearly
spherical shape of computional box enables longer range correlations to be studied
for a given rnumber of particles, and that tha anisotropy between Interactions of

a non-spherical molecule and its diffevent images is reduced. The purpose of this
note is to point out that the converse of the first argument is also true - a
given range of correlations can be studied using a smaller number of particles -
and that the resultant saving in computer time is particularly significant in the

case of the parallel computer,

Let us 1llustrate this with a simple example. Suppose we perform a coaventilonal

MD simulation with 256 molecules in a cubic box of side 2L, so that the maximum
cut-off radius, and the range te which correlations can be measured, is L. The
number density Lf 256/8L3. Mow congsider a similar simulation performed in truncated
octahedron (TO) boundary conditions. The TO is obtained, in the manner described

by Adams [lj, by cutting off the corners of 2 cube of side 24 until half its volume
(half of 8A3 = 4A3) remains. The maximum cut-off distance is then the radius of

the inscribed sphers, which is A/3/2. 1f we wish this to be the same as in the

first simulation we tequire:
a = 2L//3
The volume of the TO is:
Vol = 447 = 32L3/3J3

and the number of particles logide the TQO 1is:

u

aumber (volg(number density)
(3217/343) (256/8L°)

197

H

3

A similar argument for rhombic dodecahedron boundaries shows that the number of

particles required in this case is only 181,

On a serial camputer the saving in computer time may not be very great. Only part

of the code is executed for all pairs in the systen, namely the nearest Image



transformation and calculation of the pair separation squared distance. Pair forces
are not evaluated for pairs whose separation is greater than the cut-off radius.
The situatlon with the parallel camputer is different in that it is not possible
to jump over sane interactions; the pair force is evaluated for all pairs in the
system (unless neighbour lists are used., However, these are hardly advantageous
for systems of up to 256 molecules because of the extra overheads involved [3} ).
Thus the execution time is roughly proportional to the square of the number of
particles, and so non-cubic boundaries can lead to a considerable reduction in
the expense of computation, providing that the extra complication of applying the
nearest image transformation does not slow things down too much. To confirm this
I will give code and timings for the DAP. I would expect similar results to be
applicable to the Cray. Adams Eﬁ states that TOQ boundaries 2re 'very slow’

on the Cray; I do not understand this, and perhaps the problem could be overcome.

It is worth-while discussing first how cubic bourdaries are programmed. A favourite
trick, I think originally due to Konrad Singer, is to have the internal co-ordinates
lie between -1 and +1, when the nearest image tansformation for the x-co-ordinate

(with similar expressions for y and z) Lis:
RY = RX -~ 2*TNT(RX)

Two comments may be made 1n passing. First, an alternative approach 1s to have

internal co-ordinates between -0.35 and +0.5 when the expression becomes:
RX = RX - INT(2.0%RX)

Computationally the difference is that the second expression involves a floating
point rather than integer multiplication. The particular computer being used will
determine which is better. It may be possible to exploit the fact that integer
multiplication by two is simply a left shift along the binary word {4}. Second,
identical code may be used in putting particles back into the computational box

after the dynamic update. & word of warning however: 1f any particle is ever more
than half a box length outside the box it will never be put back in!., This situation
can arise all too easily 1f a slight mistake is made in specifying the density of the
simulation, because of the strong hard core repulsion of the molecules. It is

wise to check your configurations for this srror to avoid all your simulations having
lower density than you think because some particles are permanently outside the

conputational box.



The Z#INT method works well on the DAP which is very good atf short word fixed voint

arithmetic. The code is:

REAL  RK(,)
INTEGER*YT  IX(,)

IFIX (RY)
RX - FLOAT(LENGTH(2%IX,4))

H

TX
RX

(The LENGTH function 1s used to convert its argument.frcm 1 byte to 4 byte length
which 1s necessary before floating it}. For 256 Lennard-Jones particles this gave

an executicon time per complete timestep of 0.112 s. However, there is a better method.
We note that we have to elther add or subtract twe. Changing the sign of a quantity
on the DAP is performed simply by flipping the sign bit, and this is a very rapid

operaticn. The code is:

REAL  Rx(,),TWOC,)

LOGICAL  RXSIGN(,),TWOSIGN(,). |
EQUIVALENCE  (RX,RXSIGN), (TWO,THOSIGN)
™o = 2.0

TWOSIGN = .NOT.RXSIGN

R{(ABS(RX).GE.1.0) = RX + TWO

This gave an execution time of 0.106 s per step, which is about ome-third Cray speed
L
L3l

Adopting similar ideas for TO boundaries the code is:

Transform X ,RY,RZ as in cubic case’

i

CORNERS ABS(RX) + ABS(RY) + ABS (RZ).GE,1.5
CNOT . RXSIGN

RX{CORMERS) = RX + ONE

ONESIGN

Similarly Ffor RY and RZ



Again for 256 LJ molecules, the execution time was 0.119 s per step. TFor the very
slightly more complicated rhombic dodecahedron it was 0.121 s. These results show
that the extra overheads of the non-cubic boundaries are only around 10% even in tha

case of LJ atoms where the force calculation itself is very simple.

To test whether it really is possible to save computer time by adopting non-cubic
boundaries with a smaller number of particles I compared two simulations on a

system of two-centre LJ diatemics. The £irst had 256 molecules in cubic boundaries, the
second had 192 molecules in TO boundaries. I tock 192 rather than 197 because the

DAP 'likes' multiples of 64; this meant that the cut-off radius was very slightly
smaller in the second simulation. The execution time for cubic boundaries was 0.49 s,
whereas for TO boundaries it was 0.32 s, a saving of 35%. Results from the two
simuations were indistinguishable. My conclusion is that TO (or rhombic dodecahedron)

boundaries should be the standard choice for MD simulations on a parallel computer.

Reﬁerencgg
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Eé] N. Corbin and D. Fincham, CCP5 Newsletter ne. 2, p. 3 (1981)
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More on rotational motion of linear molecules

Pavid Fincham

In a previous article [!] I described the constraint algorithm for the
rotational motion of rigid linear molecules. The orientation of the molecule
is specified by e, a unit vector along its axis. If the force centres-are at
positions du ¢ relative to the CCM, the torque on the molecule is

T=ex L d
= - o oo

By considering the motion of an 'equivalent diatomic' it is easily shown that
the equation of motien (splitting into two first order equations) 1s

2 =y (1a)

It

v

G/T + A e (1b)
where A is an undetermined multiplier for tﬁe coﬁsfr;iﬁt fOrée éioﬁg the

hond axis. My previous article solved: this equation by using a simple.
leapfrog and then obtaining a gquadratic equation for A by using the constraint
that the length of e should remain unity. The purpese of this note is to

give an alternative and simpler algoritlm for integrating equation (1).

We Eirst subtract out the component of G parallel to e i.e. replace G by

9.1. = g B (G..‘§)9

Writing a leapfrog for (1) then gives

+}’ - T
WU e ¢/ " (2a)

n+l n o+
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_.2_.
The reader may have noticed that since QL has no- component along e the
constraint force is required only to produce the centripetal acceleration,
and in fact 1t can be shown that A = Qz. However we can obtain ao algorithm
without going through this step. The constraint on the boad length requires
u.e = 0; since we know g“ we can use this if we have an estimate for gn.
As explained in {2 where I discussed a similar aquation for non-linear
molecules the correct procedure is teo use a first order expansion over

%At to obtain this estimate. Thus

n n-% " j.é&t.[gj':/I + )\gnl

=
1
=

Then, using Qf.gn = 0, gn.gn = 1 and applying the constraint gn.gn =0
we find
0= Lg‘m";.g“ + haed
Substituting back for A in (2a) gives
LOTE L En_% ) ain-%l§n £t g1 (32)

A

L

Equations (3a) and {(2b} then constitute a leapfrog type algorithm for the

rotational motion, since we have expressed the cenbripetalaccaleration in terms

A

[

n-

of the known quantities y and gn. In tests of this algorithm I have found

that it gives identical results to the more complicated constraint algorithm

of T17.
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A PHREEL BODY POTENTIAL MODEL FOR SILICON DIOXIDR

M. Leslie Daresbury Laboratory
Dept.. of Chemistry

C.R.A. Catlow _
University College London

. Sanders
20, Gordon Street,

London WCLH QAJ.

Pravious studies {{i} and referencéé theréin) héve attemnptad
to model silicates using classical Born model pair potentials,
but these have proved inadequates to describe silicatas with
framework structures. We have recently extended thesa models
by inciuding a three body additive term in the potential.

The three body additive term is assumed to act akout the
O - 51 - @ bonds, and ko vary quadratically with the bond
angle,
o=k (@-8)7%
B 2 e}
where @ = 109.47°
o
The variable parameiers of our modal were'détErﬁinéd'by'a
least sguares fit to the observed struckure of X - Quartz(2),
the latiica constants, elastic constants(3} and dielectric
constants, Table L. gives the complete Potential used for
® - Quartz; those guantities held fixed in {he least sguares
f£it are given in parentheses. Table 2, glves the observed
and calculated crystal preopertias using this model.

As a test of this model we have

a) Calculated the phonon dispersion curves and compared thesea

with the experimental rssults for the lowest six branches. (4).

e
o



The results in the (9,3} Q) direction are shown in Figure 1.

b) We have calculated the change in Si - C - 5i kond angle
with applied pressure and obtaln excellent agreement with
experiment {5} (Table 3.)

c} We have attempted to model other polvmorphs of Sio2 using
thisz potential., This involves minimising the energy of
the unit cell, using the chserved structure as a starting

point, and comparing the minimised structure with the cbszerved,

il

We nave carried this out for the polymorphs Tridymiies,
Coesite, and Cristobalite. In all cases agreement betwsen
the observed and minimum energy structures is excellent,
the caleculated cell constants all heing within 1.5% of

the observed, and the maximum atom displacement being 0.1 A.

TABLE 1,

POTENTIAL PARAMETER3 FOR X- QUARTE,

3i {rigid ion) ienic charge / Jef (+4)

O  (shell model) ionic charge / [ef (-2}

0 (shell model) shell charge / [ef —2.8482_
0 shell model spring constant / (eV/AZ) 74,92

Buckingnam two body short range potentials

vij = A exp (- rij/a) -Cc/ rij6
51 7 Ouhers O¢hail ~ %snell
A /ey 1283.9 (22764.0)
B /A7 | 0.3205 (0.149)
c /tev/ad) 10.66 (27.88)
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TABLE 1. {continued)

Bond bending constant O5 -~ 81 - 0,

nell shell
Owygen core - shell displacement /A % +0.0997
Vi -0.,0302
z -0.0666
TABLE 2.

THE OBSERVED AND CALCULATED CRYSTAL PROPERTIES
OF & ~ OUARTZ,
EXPERIMENTAL CALCULATED

=1
ZLASTIC CONSTANTS (10°- Dyn cm )

¢, 8.683 o 3.815

Cys 10.598 |  10.605

Cya 5.826 5,296
A 26C

Cep 3,987 269

c, -1.8054 -1.012

14 .
c 5 1.193 1.151

HIGH FREQUENCY DIELECTRIC CONSTANTS

1.549 2,04

TABLE 3.
OBSERVED AMD CALCULATED CHANGE OF 31 - O - Si ANGLE

WITH PRESSURE

PRESSURE {¥bar) EXPERIMENTAL
.0 l44.1
1¢.56 141.5
21.1 139.4

wun
L

-/ [év/radianz)'

CALCULATED

2
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TABLE 3. (continued)
PRESSURE EUPERIMENTAL CALCULATED

28.2 138.7 137.9
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CCP5> Literature Survey Addendum.

W. Smith

The following references have been indicatsd to me as having
been om itted from the last CCP5 Literature Survey. Ta make amends
for this they are listed below.

Molecular dynamics simulation study of negative hydration effect in
aqueous electrolyte solutions.

A. Gelger.

Ber. Bunsenges. Phys. Chem. 85, 532 (1981)

Low density patches in the hydrogen-bond network of 1ligquid water:
evidence from molecular dynamics compuker simulation.

A. Geiger, H. E. Stanley.

Phys. Rev. Letters. 49,1749 (1982)

Test of universality of pevrcolation exponents for a three
dimensional continuum system of interacting waterlike particles,.

A. Geiger, H. E. Stanley.

Phys. Rev. Letters. 49, 1895 (1982)

Gelation models of hydrogen bond networks in liquid water.
H. E. Stanley, R. L. Blumberg, A. Geiger.
Phys. Rev. B. 28, 1626 (1983).

A new algorithm for moleculer dynamics calculations.
S. Texvaerd.
J. Comput. Phys.. 47, 444 (1982},

Energy conservation in melecular dynamics.
5. Toxvaerd.
J. Comput. Phys.. 32, 214 (1983},

A grand ensemble Monte Carle study of Krypton adsorbed on graphite.
J. 8. Whitehouse, D, Nicholson, N. G. Parsonage.
Molec. Phys.. 49, 829 (1982)

Computer simulation and the stakistical mechanics of adsorption.
D. Nicholson, N, G. Parsonage.
dcademic Press (1982).






