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Editorial.

The coming monthg promise to be very active ones For CCP5. The
visit by Professor B. J. Berne (see below) is very likely to be a
great source of ideas and has been looked forward - to eagerly for
the past nine months., We hope all those who attend any of his
venues will find the experience stimulating. Workshops too are very
much din the news. There are three more heing planned (below) that
should generate some useful discussion in the areas of transport
properties, graphics and ceramics. CCP5 members should note however
that it is in the nature of a workshop that the numbers attending
should be carefully controlled te encourage the essential informal
discussion. It is therefore necessary to ask that those without a
high degree of commitment te the subject maktter refrain from
applying. That way, hopefully, no-one with a real interest will Dbe’
disappointed. ' o :

Once again your editer thanks those who have contributed to
the present newsletter. It is gratifying that their interest in Lthe
survival of the newsletter is so strong. This does not mean however
that we have ample authors available - far from it! We therefore
request that our dedicated readers endeavour to fill our pages with
the kind of articles everyone prefers to read: their own!

Contributors:
C.R.a. Catlow Department of Chemistry, 20 Gordon Street,
a.N. Cormack University College, London WCLH 0OaJ.

A.D. Murray

J.H.R. Clarke Department of Chemistry, U.M.I.5.T.,

M. Whittle Sackville Street, Manchester MHQ 1QD.

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

5. De lLeeuw Department of Theoretical Physics, Keble
Road, Oxford.

G.E.Murch Materials Science and Technology Division
Argonne National Laboratory, Il 60439, USA.

M.Laslie Theory & Computational Science Division,
W,Smith 5.E.R.C. Daresbury Laboratory, Warrington,
WAL 4AD,



General Naws.

a) The proposed CCP3 sponsored visit by Professor B, J. Berne is
now imminenkt. As a result of replies te the recent questionnaire
sent out by Daresbury, a clear idea of the requirements of CCP3
participants has emerged. In response to Lthese requirements the
itinerary of Professor Berne's visit is as follows:

Oxford - October 2lst. to 22nd. Professor Berne will speak on the
subject of 'GQuantum Mechanical Computey Simulation' on the
afternoon of 22nd. October. This will be followed by a workshop on
the same subject. (Contact: Dr. M. P. Allen, Physical Chemistyry
Laboratory, Oxford}. :

Cambridge - Octobeir 23d, to 24th. Professor Berne. will speak on the -
subject of 'The Computer Simulation of Rare (Activated) Events' on-
Wednesday 24th. Octeber at 2:15 pm., (Contact: Dr. R. Lynden ~ Bell,
Chemical Laboratories, Cambridge)

Birkbeck College, London -~ Ociober 25th. to 26th. Professor Berne
will speak on the subject of 'Water and Agqueous Scolutions' on the
morning of Friday 26th. October. This will be followed by a
workshop on water in the afterncon. (Contact: Dr. J. L. Finney,
Department of Crystallography, Birkbeck).

Interested parties should write the people indicated above to let
them know of their intention to attend and to receive news of local
plans. If sufficient time is available CCP5 will alsoc circulate the
final details. Some ftravel [unds may be available, at the
discretion of the CCP3 Executive Committee, upon application to Dr.
W, Smith, TC8S Division, S.E.R.C. Daresbury Laboratory, Warrington
Wag 4AD.

b)) CCP5 1is to collaborate with- the . Statistical Mechanics and
Thermodynamics Group of the Royal Society of Chemistry in
organising a two day meeting on: 'Dense Fluids: Dynamic and Static
Properties’ at Bristol inm April 1985 (10th. - llth.). Papers will
be welcome in any of the following areas:

The computer simulation of time dependent properties and
complementary theary.

The gas—-liquid interface and surface induced phenomena, such as
wetting; (papers on phase ftransitions in absorbed monolavers
are inappropriate).

Equilibrium properties of molecularly simple liquids and their
mixtures.

The speakers who have agreed Lo attend so far include G. Stell
(University of New York at Stoneybrook), W. Steele (University of
Pennsylvania), J.-P. Hansen (University of Paris) and R. Evans
(University of Bristel).



The conference organisers see a particular role for some papers.
dealing primarily. with_'experimental_ results, provided Lhat such..
work ig directly related to theoretical. develeopment -and/or. to
simulation studies. Those interested should write to Mr. A. J. B.

Cruickshank, School of Chemistry, The University of. Bristol,.
Cantock's Close, Bristol BS8 1TS. '

Readers mayzélso'bé”inﬁefésted”tb_Rnow'ﬁhat:CCPSIis_also planning a.
meeting on 'Large Melecules and Stochastic Methods’,. which will
take place in York in September 1985.

c) CCPS is to organise two workshops in the near future. The . first
is on the subject of transport properties (Roval Holloway College
December or January'1984¥85) and the second on the Simulation of .
Ceramics (ICI Runcorn December or January 1984-85), Interested
readers should contact Professor K. Singer or Dr. D. IHeyes,
Department of Chémistry, Royal Holloway College, Egham, Surrey TW20. -
OEX in the first casQf'and_ Dr. W. <. Mackrodt,  ICI Corporate
Laboratory, Runcorn, Cheshire in the second. Potential participants .
are wirned that the nature of these workshops will mean that a
restricted numbaer of persons (maximuom 13) will be able to attend.

d) CCP5 is alse to organise a series of workshop sessions on

graphics, with gmphésis on its applicability to computer simulation

and to thie simulation of large molecules in particular. The series.
will begin with a one day meeting in November to discuss possible

applications and learn about the available techniques. Subsequent

meetings will develop software and discuss problems. A high degree

of commitment is expected of all participants. Those inkerested

should contact Dr. W. Smith, T.C.$5. Divisicn, 5.E.R.G. Daresbury
Laboratory, Warrington WA4 4AD, for informaktion.

e) The CCPS Steering Committee Meeting, which tock place on Friday .
2lgt, September 1984, has_electéd Dr. Julian Clarke {Department of
Chemistry, U.M.I.S5.T.) as the Chairman of CCP5. Dr. Clarke, has
been Acting Chairman since the resignation cof Professor J. G. .
Powles earlier this year. The Meeting also elected Dr. N. Quirke
{B.P. Sunbury-on-Thames) and Dr. P. Madden (Oxford) toc serve on the
Executive Committee. The Executive Committee therefore consists of
the following personnel: _

Dr. J.H.R. Clarke (U.M.I.S.T.)'Chairmah,

Dr. C.R.a. GCatlow (London), '

Dr. M, Leslie (S.E.R.C.J),

Dr. P.Aa. Madden (Oxford),

Dr. N. Quirke {(British Petroleum),

Dr. W. Smith (S.E.R.C.,) Secretary,

Dr. D. Tildesley (Southampton)._

£) At the Rutherford and Appléton'Labofatory; changeé are. to Dbe.
made to the structure of the Computing Division; in response to the
Central Computing Committee's Cemputer Review Working Party. From



July lst. 1984 the division i3 t6° Be "split ' inté the Central’
Computing Division (under” Dr. C: J. Pavelin) and the Informatics
Division (under Professor F. R. A, Hopgood). The Central’ Computing
Division 1is to be responsible for the provigion and maintenance of
the mainframe services: while the Informatics Division "will be
responsible for ‘'the Engineering Board's interactive cofhputing
facility, the single user system programme, the Alvey
infrastructure and coordination/reasearch in I.K.B.S5., software
engineering and other related Alvey areas',’ ' ' '

R.A.L. reperts that they have been running the ATLAS 10 as a
front end recently to test its suitability in the role as well as
t¢ investigate previous MVT storage overwrites. Both of these
objectives were achieved, though the performance as a front end was
slower than hoped. o o e U

AN item of news missed in our last ‘report was the Central
Computing Committee's decision to withdraw support from a nuimber of
multi user minicomputers (at Bradford, Cranfiecld, Glasgow, Heriot -
Watt, MNewcastle, Queen Mary College and Nottingham. This nominally
occurred in May/June. Sceme of the these centreg are attempting to
continue the services beyond the period of withdrawal using local
funds, but most are locking elsewhere for alternative facilities.

The July issue of the R.a.L. newsletber FORUMB4 contains a
Graphics Supplement, which should be wuseful for graphics
enthusiasts:

g) Users of the University of London Computing Centre should note
that the 1983/84 block allocation of resources to 5.E.R.C.

gsupported users terminated in July 1984 along with the
administration of this allocation at Daresbury. Users will, in’
future, have to be registered by their own institutions as are
other University users. The administration of new allocations will
be by the institution representative. Allocation of resolrces on
the CRAY ls and the AMDAHL V/8 will he in terms of ‘shafésr”'(séé

the U.L.C.C. newsletter for July 1984). The account numbers
allocated for the 1983/84 period are now invalid. '

Changes are also being made to the job scheduling. The number
of AMDAHL jobs queued with a given account number will be limited
in future and the job scheduling algorithm will take into account
institutional and regional usage and therefore individual usage may
affect the scheduling of jobs of other users in the same
institution or regicon. A similar scheduler is planned for the CRAY
ls.

An operating system upgrade (MVS SPI.1 8101-G) is being
praepared for the AMDAHL. Field trials were scheduled for late
August. Similarly a new CRAY cperating system (C0S 1.12) was field
trialled in July and has now been installed with the new CFT L.1!
FORTRAN compiler. These changes will have a significant impact on
U.L.C.C. users, who should consult the L.L.C.C. August/September
newsletter. The most important changes which may affect CCP3



pragram users are outlined below. -

(1) The M parameter on the job card must be replaced by a MFL
parameter, with the memory specified in decimal words instead’
of octal blocks. : -

{2) The RFL statement must be replaced by the MEMORY statement:
MEMORY ,FL=words. - '
where words {5 the decimal number of words requested.

(3) FORTRAN users whe obtain system infarmation in the progiram
using CALL SYSTEM will need to modify and recompile their
programs. This will affect, in particular, any CRAY users of’
the suite of CCPS% programs writtean by S, Thompson. The calling
sequence should now be. as shown below:
For example, to obtain the job time;

DIMENSTION IFAC(50)

DATA IFAC/S0%0/,TCONVT/1.024E-9/

CALL ACTTABLE{IFAC,43)

JOBTIM=IFAC(L2 Y *TCONVT
Similar changes will be needed ko' obtain other accounting’
information,

(4) It is now possible to use AUDIT Lo obtain information on an -
account other than the one on which the job is run,

h) The University of Manchester Regional Computing Centre has seen
its fair share of kroubles since the installation of the aMDAHL v/8
and CYBER 205 configuration but the situation is improving as time
goes by. A number of i{mprovements to the aMDAHL operating system
are being implemented or are scheduled for the near 7future. Thess
include the provision of job queue informaktion, implementation of
the latest version of MVS, provision of MASSTOR Lransparency and

improved . filestore management facilities. A new rvelease of the =

Remote Host Facility software is planned for September. The new
CYBER 203 operating system VS50S 2,1.% will be installed as soon as
pessible, when it is expected to reduce the number of failures due
to lack of RHF robustness. Improved disc management is also '

planned. U.M.R.C.C. is establishing a CYBER 205 Consultancy Unit

and a CYBER 205 newsletter to improve user support.

The upgrade of the large core memory (LCM} of the CDC 7600's
reported earlier has begun. One was completed in July and the
second 1is scheduled for late aAugust. The new CYBER 176 computer is
expected to arrive before the end of September and will be-
commissioned in the first part of October. It will have the memory
capacity of both the enhanced 7600's combined and a larger small
core memory than either. Tt will be available to existing 7600
users, The ICL 1%06a has departed after Lhirteen years aof sterling
service.

From the U.M.R,.C.C. newsletter we  learn that GAMM - the
Committee for Numerical Methods in Fluid Mechanics is organising a



workshop on 'The Efficient Use of Vector Computers, wikth- Emphasis
on Computational Fluid Dynamics' in Karlsruhe, March 13/15th. 1985.
This may be of interest toc CCP5 members, who should contact Prof.
Dr. W. Schoenauner, Rechenzentrum der Univeritaet, Postfach 6380,
D-7500 KARLSRUHE !, W. GCermany.

i) Molecular dynamicists will be interested to know of a récent

publication of the journal 'Computer Physics Reports’ (Volume |
Issue WNo. 6 July 1984. pp 298 - 343), which is dedicated tec the
subject of 'Non~Newtonian Molecular Dynamics' and is written by

D.J. Evans and G.P. Morriss. The issue should provide a useful
reference for anyone interested in the field.

We would be pleased to announce the, appearance of any - similar
documents in future, should  our readers provide: advanced
information.

j> Erratum. WYe vegret to report some typographical errors in the
article 'The Dynamics of Spherical Gaussian Wavepackets' by W.
Smith and K. Singer, which appeared in the last issue of this
newsletter (Number 13}, The integral in equation <7 is missing the
volume element d gj and more iwmportantly, the particle mass is
missing from equation <l0b>, which should read:

’CL . A =
{ PJ -29_'] RJ{' 4 A A Pd?“/m)[égj‘)_]+_gf\{;}= O <1ob>
&I Y, 2 :

Qur apologies go to alt concernad.

k) Anyone ﬁiéhing to make use. of the CCP5 Program Library is -

invited to do so. Documents and programs are available free of:°-

charge to academic centres upon application kLo Dr. M. Leslie (*). at
Daresbury Laboratory. Listings of programs are available if
required but it is recommended that magnetic tapes (to be supplied
by kthe applicant) be usaed. Users wishing to send magnetic tapes are
instructed Lo write to Dr. Leslie for information before sending -
the tape. PLEASE DO SEND TAPES WITHOUT CONTACTING DR. LESLIE FIRST.
Delays are caused by applicants sending new tapes which have Lo be
initialised at Daresbury (i.e. tape marks have to be written on
them). Also tapes sent in padded bags have to he cleaned before
use. Please do not use this form of packing. (A 1list of programs
available follows in the next few pages.)

We should also like to remind our readers that we would
welcome contributions te khe Program Library. The Library exists to
provide support for the vresearch efforts of everyone active in
computer simulation and t¢ this end we are always pleased to extend
the range of software available. If any of our readers have any
programs they would like to make available, please would they

3



contack Dr. Leslie.

*  (Full address: S$.E.R.C. Daresbury Laboratory, Daresbury,
Warringten Wasd 4AD, U.K.) - . S S



List of Programs in the CCP3 Program Library.

MPATOM by 5. M. Thompson.

M.D. simulation of atomic fluids. Uses 12/6 Lennard - Jones
peotential function and fifth order Gear integration algorithm.
Calculates system average configuration energy, kinetic energy,
virial, mean square force and the associated R.M.S., deviations and
also syskem pressure, temperature, constankt volume specific heat,
mean square displacement, quantumn corvections and radial
distribution Ffunction.

HMDIAT by 5. M. Thompson.

M,D. simulation of diatomic molecule fluids. Uses 12/6 Lennard -
Jones site - site potential functions and a fifth order Gear
algorithm for centre =~ of - mass motion. Angular motion 1is
calculated by fourth order Gear alporithm with guaternion
orientation parameters. Calculates system average configuration

energy, kinetic energy, virial, mean square force, mean square
torque and Lthe assocciated R.M.S5. deviations and alse system
pressure, temperature, constant volume specific heat, mean square

displacement and quantum corrections.

MDLIN by S. M. Thompson.

M.D. simulacion of linear molecule fluids. Uses 12/6 Lennard -
Jones site - site potential functions and a f[ifth ovder Gearv
alporithm for centre - of - mass mobtjon. Angular metion is
calculated by fourth order Gear algorithm with quaternion

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

MDLINQ by 5. M. Thompson.

M.D. simulation of linear molecule fluids. Uses 12/6 Lennard -
Jones site - site potential functicas plus a point electrostatic
quadrupole. Uses a fifth order Gear algorithm for centre - of -
mass motion. aAngular motion is calculated by fourth ovder Gear
algorithm with quaternion orientation parameters. List of
calculated properkbties is the same as HMDIAT.

MDTETRA by 5. M. Thompson,

M.D. simulation of tetrahedral molecule fluids. Uses 12/6 Lennard -
Jones site ~ site potential functions and a 1fifth order Gear

algorithm for centre - of - mass motlon. Angular motion is
calculated by fourth order Gear algorithm with quaternion
orientation parameters. List of calculated properties is the same
as HMDIAT.



MDPOLY by S. M. Thompson.

M.D. simulation of polyatomi¢ molecule fluids. Uses 12/6 Lennard -
Jones site - site potential functions and a fifth order Gear
algorithm for centre - of -~ mass wmotion. Angular motion is
calculated by fourth order Gear algorithm with quaternion
orientation parvramelters. List of calculated properties is the same
as HMDIAT.

ADMIXT by W. Smith.

M.D: simulation of monatomic molecule mixtures. Uses 12/6 Lennard -

Jonas atom - atom potential functions and a Verlet leapfrog
algorithm for centre - of - mass motion. Calculates system average
configuration energy, kinetic energy and virial and associated
R.M.5. deviations and also pressure, temparature, mean square

displacements and vadial disktribution functions.

MDMIXT by W. Smith.

M.D. simulation of polyatomic molecule mixtures. Uses 12/6 Lennard
- Jones site - site pokential functions and a Verlet leapfrog

algorithm for centre - of - mass motion. angular motion 1is
calculated by the Fincham leapfrog algorithm using quaternion
orlientation parameters, Calculates system average configuration

energy, kinetic energy and vivial and associated R.M.S5. deviations
and alsoc pressure and temperature.

MDMULP by W. Smith.

M.D. simulation of polyatomic molecule miktures. Uses 12/6 Lennard
- Jones site - site potential functions and point electrostatic
multipoles (charge, dipole and quadrupole). Long range
electrostatic =2ffects are calculated using the Ewald summation
method. lses a Verlet 1leapfrog algorithm for centre ~ of - mass
motion. Angular motion 1is calculated by the Fincham leapfrog
algorithm using quaternion orientation parameters. Calculates
system average configuration energy, kinetic energy and virial and
associated R.M.S. deviations and alse pressure and temperature.

MDMPOL by W. Smith & D. Fincham.

M.D. simulation of polyatemic molecule mixtures. Uses 12/6 Lennard
~ Jones site - site potential functions and fractional charges to
represent electrostatic multipeles. Long range electrostatic
effects are calculated using the Ewald summation method. Uses a
Verlet leapfrog algorithm for centre - of - mass wotion. Angular
metion is calculated by the Fincham leapirog algorithm using
quaternion orientation parameters. Calculates sysbem average
configuration energy, kinetic energy and virial and associated
R.M.5. deviations and also pressure and temperature.



DENCOR by . Smith.

Calculation of density correlation functions. Processes atomic M.D.
data to produce the Fourier transform of Lhe particle density, the
intermediate scattering Ffunctions and the dynamic struckture
factors.

CURDEN by W. Smith.

Calculation 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. feyes.

M.D. simulation of atomic fluids. Uses [2/6 Lennard ~ Jones sike -
gite potential function and a Verlet leapfrog algovithm for centre

- of - mass motieon. Calculates system average configuration enargy -
and kinetic energy and associated R.M.5. 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 function and a Verlat leapfrog algorithm for centre

- of - mass mwotion. Calculates system average configuration energy
and kinetic energy and associated &,M.5. deviations and alse
pressure, temperature, mean square displacements, radial

distribution Ffunction and velocity autocorrelation function.

HL.J3 by D. M. Heves.

M.D. simulation of atowmic fluids. Uses 12{6 Lemnard. - Jones site -
site potential function and a Verlet leapfrog algorithm for centre
- of - masg motion. The link - cell method is employed to enable
large simulations, Calculates system average configuration energy
and kinetic energy and asscciated R.M.5. dewviations and also
pressure, temperature, mean square displacements and radial
distributien Funckion.

HLJ4 by D. M. Heyes.

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

the pressure to be constrained. Calculates system average
configuration energy and kinetic enecrgy and associated R.M.S5.
deviations and also pressure, temperature, maan sguare

Lo



displacements and radial distribution function. -

HLJS by D. M. Heyes.

M.D. simulation of atomic fluids. Uses 12/6 Lennard - Jones sike =
site shifted potential function and a Verlebt leapfrog algorithm for

centye - of ~ mass motion. This method removes the discontinuities
at the potential cutoff radius, Calculates system average
configuration energy and kinetic energy and associated R.M.S5.

deviacions and also pressure, temperature, mean square
displacements and radial distribution function. o

HLJS by D. M. Heyes.

M.D. simulation of atomic fluids. Uses 12/6 Lennard =" Jones site "=

site shifted potepntial function and the Toxvaerd algorithm forv

centre - of « mass motion. This algorithm is more accurate than the

Verlet algorithm. Calculates system average configuration energy -
and kinetic energy and associated R.M.S5. deviations and also

pressure, temperature, mean square displacements and vadial

distributien function.

MCRPM by D. M. Heyes.

M.C. gimulation of electrolytes..  Monte Carlo progiram using

restricted primitive model 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 ifs
R.M.S5. deviation, the pair radial distribution function and the
melting factovr.

SURF by D. M. Heyes.

M.D. simulation of model alkalai halide lamina. Molecular dyramics
gsimulaktion for ionic laminae using the Tosi~Fumi /
Born-Mayer~Huggins potential and the Evjen methed for evaluating
the lattice sums. The integration algorithm used is the Verlat
method. 7The program calculakes the system potential and kinetic
energies, 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 Gunstaren & D. M. Heyes..
S.D. or M.D. simulation of molecules in vacuc or ik & rectangular

cell with solvent or lattice atoms (i.e, Langevin or Brownian
dynamics of large molecules).

MDATOM by D. Fincham.

1l



M.0. simulation of atomic  fluids.. Uses 12/6  Leunard:- - Jones
potential function and Verlet leapirog dintegration algorithm.

Calculates system average configuration energy, kinetic energy,
virial and the associated R.M.S§. deviations and  alsc system
pressure, temperzture, mean square displacement and radial

distribution funckhion.

MDDIAT by D. Fincham.

M.D. simulation of diatomic molecule fluids. Uses  12/6 Lennard = -
Jones site =~ site potential functions and the Verlet leapiroeg
algovithm for centre - of - mass motion. Angular motion 1is is
calculakted using the constraint algorithm., Calculates system
average configuration energy, kinetic energy, virial =~ and - the -
associated R.M.S5. deviations and also system pressure, temparalure
and mean square displacement. : '

MDDIATQ by D. Fincham..

M.D. simulation of diatomic fluids. Uses 12/6 Lennard -~ Jonas site
- site potential functions and a peint quadrupole electrosktatic
term. Employs the Verlet leapfrog algorithm for centre - of - mass
motion. Angular motion 1s calculated using the constraint
algorithm. Calculates system average coafiguration energy, kinetic
energy, virial and the associated R.M.S5. deviations and also system
pressure, bLemperature and mean square displacement.

MOIONS by D. Fincham & N. Anastasiou.
M.D. simulation of electrolytes. Usas exp/6/8 potential function

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

leapfreg algorithm for particle motion. Calculates system average

configuration energy, kinetic energy, virial and the associsted
R.M.$. . deviations. and. also system pressure, temparature, radial-
distribution functions, stabic structure factors and mean square
displacements.

MDMANY by D. Fincham & W. Smith.

M.0. simulation of polyatomic molecules: Uses 12/6 Lennard = Jones
site — sgsite potential functions and fracticenal charges to represent
electrostatic multipoles, Long range electrostatic effects are
calculated using the Ewald summation method. lses a Verlet leapfrog
algorithm for «centrvre - of - mass motion. Angular motlion is
calculated by the Fincham leapfrog algorithm using quaternion
orientation parameters. Calculates system average configuration
energy, kinetic energy and virial and associated R.M,S5. deviations
and alsoe pressure and temperature. FOQRTRAN 77 standard program.

12



CARLOS by B. Jonsson & 5., Romano,

M.C. simulation of a polyatomic solute molecule in an aqueous
cluster. (i.e. a molecule surrounded by water molecules), The waterx
- water potential i1s calculated using an analytical fit to an - ab
initio potential energy surface due to Matsuoka et al. The
solute-golvent potential is optional. The program provides an
energy and coordinate 'history' of the M.C. simulation. An analysis !
program CARLAN for precessing the data produced by CARLOS is alsc
available.

MCN by N. Corbin.

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

5CN by N. Corbin.

M.C. simulation of atomié'”fluids} Stén&afﬂ (Rbssky,Ffiedman.and
Doll) Monte Carlo program for aktomic fluids.

SMF by N. Corbin.

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

13



CCPS Symposium on Computer $imulaticon of Quantum Systems

March 12~13, 1984

Oxford

Resume of Lectures.,

1. Green's Function Monte Carlo -

B, Wells, Physical Chemistry Laboratory, Oxford

The principle of Green's Function Monte Carleo {(GFMC) rests on the formal
analogy between the Schrddinger equation and the diffusion equation. Written

in imaginary time the Schrbdingéer equation reads:

l
|
o

(R,t) = [-DV2 + V(R) - ET] B(R, t) (1)

Here D = §2/2m, R is a 3¥-dimensional vector specifying the coordinates of
the particles in our system and V{(R) is the potential energy, E. is a con-
stant which shifts the zero of enargy. The introducticn of this congtant
does not alter the time-independent solutions of {1). Let ¢n(§) and En de-
note the eigenfunctions and eigenvalues of the Hamiltonian. Then the solu-

tion to equation (1) may be written as:
(R, t) = § a_ ¢n(R) exp(—(En - ET)t) {2)

If we chcose ET = Eo’ the ground state energy, the asymptotic selution to

eq.{1) becomes:
(R, w) = a ¢(R), {3)

Equation {1} is formally identical to a diffusion equaticn inm 3N-dimensional
space. ¢(R,t) is then interpreted as the density of diffusing particles and
V{R) - ET represents an absorption probability. In GFMC this diffusion pro-
cess 15 simulated in the computer, The diffusion equation 1s re-written as

an integral eguation

14
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(D(Eg!tz) = J’ dB_]_ ‘b(,P,‘_lrtl)G(EzltzFE];;ftl.) CRET - . x (4}

where G(R,,t,; R),t;) is the Green's function which obeys the equation

9 ) = 2 ) - .
- 3%, G(R,, ty?Ry,t ) = - [DVR2.+_ V(Ry) - ET]G(B_Q,tl,g_l,tl) (5).
with the boundary condition
G{Ry,tyiRy,ty) = &(Ry - Ry) (6)

Physically G(R,.t,iR),t;} can be interpreted as the average number of config-
urations arriving at R, at time t, given a single configuration at R,, and

ty . For short times 1t = s = ) eq.{5) can be solved approximately:

L
e eV - mln ()

4D$

G(R,, ty iRy, b)) = ——————ee exp[ -~
RoeTpilly ety IN/ 2
(4 op) V2
To simulate the diffusion process one starts with a number of configurations.
distributed in space such that their density is proportional to ¢T(§), wheres
¢T
eg.{7) is then used to move the particles in the system, The exponential

(R) is a suitably chosen trial-wavefunction., The Gaussian distribution in

factor in (7) grows or diminishes depending on the relative values of V(BQ)
and ET. This term arises as a consequence of the absorption term in eq.(1).
It is used to create or destroy whole configurations with a probability such

that the average number of configurations in the next time step is:
exp[_[vgaé) ;.ET]f]. e A e . Lo S (8Yy
In practice this procedure leads to a large statistical fluctuations and -
consequently a large statistical uncertainty. These fluctuations can be =
reduced considerably by using importance sampling., Multiplying eq.{4) on
both sides by the trial-wavefunction ¢T(§2} vields:

f(.&tt} = ‘l’(ﬁpt) IIJT(_B_) E . . . . . (10)

15



K(Rp iR, E1) = 4

For short times 1 = t, - t; the kernel may be approximated by:

g enple (o 5]
K(R LRy, E )y = m“-‘-*‘-e)fp‘— gl—_—
—=2rT2ralr ] A :
(4ﬂDT)3“/2 ¢T(E¢) T
{(R,~R,+DtF _(R, )]}
=2 =l =1
8 exp[ 4Dt . ] (12)
Here
Fo(R) = 7 1n %‘E)\- P & k) N

is the quantum forceé. The Gaussian is now shifted towérds regions where
¢T(§) is large, Further, if ¢T(Ei) is a gooq trial wavefunction we nearly
always find H¢T{§}/¢T(§) ﬁ'Eo, independent’ of R, Thus when 2 is a good
estimate for EO the exponential prefactor in eg.{9) will be close to unity

and the number of configurations is almeost constant.

The energy in the ground state is obtained from:
E = ¢ —=> . (14)

where the averages < > are sampled from £{(R,«). The diffusion equation form-

ulation regquires the density of diffusers to e nen-negative, implying that

(RgIG{RpsLoiRI Mg By) oo 0 o ) e

the quantity f(R,t) must be non-negative. When dealing with a system compos-—

ed of several fermions the wavefunction must have nodes, so that E(R,W) only
can be made non-negative if the nodes in ¢T(§) coincide exactly with those in
the ground-state wavefunction ¢O(B). This is generally not possible. In this
cage the GFMC procedure is applied to each nodally bounded wvolume of ¢T(§)
separately with the boundary condition that ¢(R,t) = 0 on the nodal surface.
In this case the energy obtained from (11) is the best upper bound for the

ground state energy with a given ¢p{R).

The method was illustrated with an application to the Helium ion Het

16



using hydrogenic wavefunctions as trial functions. It was shown that the ' .
energy approached the exact value after a sufficient number of configurations

had been generated,
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2. Path Intagral Monte Carlo

M.J. Parrinelle, International Centre for Theoretical Physics, Trieste..

The partition function for a single electron in an external potential

¢l(£) ig:

% = Tr e"BH (1)
here H = —'ﬁf-v2 + #fr) and 8 = 1/k_T
where = >m #(r) and § = gl

Equation 1 can be re-written as:

Z = Tr[e"BH/P]P (2)
Inserting a complete set of states we have:

z = | dz) sen f dEP (Ei‘e_BH/P‘£2> cao {EPledBH/P‘£4> (3}
When P is sufficiently large we can make the high temperature approximation

le‘e‘BH/P’£d> = o {Ly/29iB/Plexpl~ %5 [Q(EJ} + @(52)]) (4)

where 00{54'52?3/93 ig the free particle propagator:

Em }31‘2 EXP["

lx, - _4)2]
2nh2g8 2hg

o {r),x,: B/} = {

Inserting (4) into {(3) we obtain an approximate expression for Z:

7 % g =[ Pm )3P/2
P 2128 ] dr, .. f dEP exp(~ B veff(EJ""EP)} (6a}
P Pm 2 1
where V = 5 i (r, - r. )¢ +—&(r,} {6h)
eff ., Lzﬁzﬁo =i+ T = 7 oz

Bquation (6a) is now in the form of a Boltzmann distribution function, so
that the usual simulation techniques can be applied to compute thermodynamic

quantities. In eg.{6b) it is understocd that, when i = P, r = r,, reflec—
—o+1 -1

18
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ting the fact that the tra¢é has to be taken,’ We note that PIMC is & finite
temperature technique, contrary to GFMC which is a zero tempéraﬁﬁfévSimULa-

tion.

The energy is obtained from:

. .- 3 . .
B o= 3 g = P . Pm

' = - e ¢ R e e 325 Lo B o
0B 2B 25252 <i§1 (ri ri+1) >+ 3 <i§1 @{ri)> (?).

The averages are taken over the Boltzmann distribution defined by eq.(5).
The last term is obviously the estimator for the potential energy, Equation
(7) is, however, not suited for a calculation of kinetic energy K since X
would then be obtained from a difference of two large guantities with a
fluctuation which increases with P, An alternative way of computing K is to

use:

K 25 + <i£1 Iip * 351) /2P (8)

The PIMC method was applied to study the properties of a single electron in
molten KCL, The interaction between the electron and the Cl7-ions was taken
to be purely Coulombic whereas for the e-~/XK* interaction a local
pseudopotential was used. It was shown that the Feynman path of the electroen
was highly localised. This justifies the use of a F-center mcdel. The local
structure around the solute eslectron appears to be different from that around

an F centre in the solid.

19
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3. Molecular Dynamics Studies of a 2D-electron System in a Quasi-~classi-..

cal Aapproximation.

S5.W. de Leeuw, Department of Theoretical Physics, Oxford.

The properties of a two-dimensional electron system in a perpendicular
magnetic field B were studied using a quasi-classical approximation to the
partition function, In this approximation the partitien function ¢an be

written as:

N
Iy

N - H h '
a dr;..dr. expi- B i z veff(rij)) S . oy

where

1
. 7 Bh

2ngh?  sinh %»Bh w,

a= ] (2)

and the effective potential can be written as:

_ A2 ’ | ~1/2 A?s?
Veff(r) =5 f ds v{fr + s})e (3)
where v(r) denotes the pair potential. ' .
Here w, denctes the cyclotron fregquency: g = @B/m &nd
Bmwz e
32 = = (4)

%-Bﬁmc cothb% ﬂﬁmc) -1

As w, > 0 we find that AZ = 12m/852 and we recover a result due to
Feynman. Eguation (1} has the same form as the classical partition function,

The pair potential is replaced by an effective interaction Ve fLE). Note

£
that exchange effects have been neglected completely.

For a twwo-dimensional electron system integral (3) can be evaluated

analytically to yield:

SMIT-84/336 29Q



vt = BT el exp(+ £ A2y I_(2 A2 sy

where I,(x) is a modified Bessel funétioh'of order Zero.:

We have studied a system of particles interacting through eq.(5) with

the technigue of molecular dynaﬁics both with and without magﬁetic field,

In the absence of a ﬁagnetic fiéld.wé $bséfvéd'tﬁat.the systeﬁ farﬁed.a
Wigner crystal in a limited region of the p-T diégram.' In ?articular Ehere
is an upper temperature Tc(ca 250 K) above which the systém does not cfystal-
lize at any density. Below this temperature the solid phase is bounded on
both the high and low density regions by fluids, In the low density region
this corresponds of course to the classical result. The high.ﬁalue of Ta

is of course due to the neglect of exchange effects,

The effact of sﬁitdhiﬁg.oh.a m&qﬁeﬁic.fiéld can bé.ééén:by ﬁoﬁiné that  .
A increases with Wy This will decrease the width of the Gaussian in eq.(3i,
so that veff(r) will be close to the pair potential v(r). It follows that,
as w, increases the system will behave in a more classical manner. This was
indeed observed in the simulations and sufficiently high magnetic fields (100

Gauss or more} will crystallize the fluid in the high density region.
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4. Semiclassical Molecular Dynamics using Gaussian Wave Packets.
K. S8inger, Royal Holloway College London; o
H. Corbin, University of Leondon, Ontario;

W. Smith, SERC Daresbury Laboratory, Warrington.

The work of E.J. Heller (1975-6) has suggested'tﬁétnthe uéé bf.gaﬁséiah.
wave packets may afford a viable method for the semiclassical tréatment'of |
many-body systems, Following Heller, the authors have devised methods by
which the molecular dynamics scheme may be adapted to tréat an ﬁ—pérticlé

system of interacting gaussian wave packets.

The form of qaussiéhnwave packét ﬁééé.ébnﬁéiné ﬁime dependeht.pafaméters
defining the width and shape of the.gaussian (paraheter A), the spatial loca-
tion of the centre of the gaussian (parameter B),'the mdgéntum associatéd:_ ”
with the metion of the centre (parameter'g)”ahd the phaée and normélisation
of the wave packet (parameter D}. The N-particle wave Ffunction is assumed to
e a Hartree product of the bnewparticle gausgsians. The potential energy
function describing the interaction between the gaussian wave packets is a.
pseudo~-Lennard-Jones potential comprised of twd gaussian functiens and is due

ko K. Singer.

The equations of motion for the syStem of N gaussians may he prodﬁca& in
two different ways; both due to Heller., The Heller I method attempts to mini-
mise the energy of the system through the variation of the gaussians defining
the Hartree product {c.f., Hartree atcomic theory). This leads to a set of
one—particle equations, which are solved using the additional assumption thak
the local potential experienced by each gaussian is a gquadratic function of
the distance from the centre of the gaussian, This allows the separation of
distinct equations of motion for the parameters A, P & R and D respectively.
The method appears to be suitable for low tempef;ture solids (harmonic solid
and Lennard-Jones solid (T < 2 K)), but at higher temperatures the quadratic

approximation is inadequate for the L-J solid.

In the Heller II method, a variation principle due to Dirac, Frenkel and
McLachlan (The DFM principle) is employed. This attempts to minimise the
difference petween the right and left hand sides of the time dependent

Schrddinger egquation. Singer has shown that for a system of gaussian wave
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packets, this principle is equivalent to the requirsment that: the one=par=~

ticle time dependent Schritdinger equation and its first and second’ moments be
obeyed for each gaussian. The Heller II method once again allows: the sépara-
tion of distinct equations of motion for the time dependent parameters of the
wave packets, though these eguations arese substantially more complicated than

for the Heller I case,

In both the Heller I and Heller II methods the equations of motion for
the momenta {(P) and position (R) are integrable using the well-known Verlet
leapfrog algorithm, The equations of motion for the gaussian width parame-—
tars {2) may be integrated using Runge - Kutta algorithms. Alternatively the
equati;hs may be transfomed using the so called 2 algorithm described by Ter
Haar and then integrated using the Verlet leapfrog algorithm. It has not
preoved necessary hitherto to integrate the equations of motion for the phase
and normalisation parameters {D} and it has been sufficient to rely on the

normalisation condition for each gaussian to produce the required values,

The Heller I1 method is the more powerful method and permits the simula-
tion of Lennard-Jones systems at liquid temperatures. Results for Neon show
that, provided sufficient care is taken to parameterise the potential func-
tions, the methed affords a promising semiclassical treatment for liquids,
The method is numerically stable over long simulations, giving a stable total
energy and reasonable potential energies. Howaver, there is a tendency for
the wave packet to spread, resulting in gradually increasing potential ener-
gies, and this requires special treatment., Also, the single gaussian form
for the wavepacket appears to permit inherently too high a contribution to
the quantum component of the kinetic energy. Lastly, it must be said that
the relationship between the system kinetic energy and the temperature is not
as clearly defined in the semiclassical treatment and this creates

difficulties in defining the state of the system being simulated,

(Note: See article by W, Smith and K. Singer in CCP5 Newsletter No,13 for a
fuller description of the method as applied to spherical gaussian

wavepackets.)
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5. Mclecular dynamics based: on the first order- correction in. the

Wigner-kirkwood expansion.

J.¥.L. Singer and K, Singer, Royval Holloway College, London.

1 L . . o
(1,2) darived gquantum mechanical wversions of the Liouville.

In 1932 Wigner
equation and of the canonical distribution in phase space, Both can be writ-
ten as power series in He which reduce to the classical expressions when

£ = 0. The first few terms in the distribution Ffunction

= -.'2 Lf . - "J. — - - - -
£, f0(1 Fh%a; + f By +od); £, = @} exp - gH, _ _ (1)

have served as a basis for the calculation of gquantum corrections. in almost.

. =
classical systems(3 J?.

Putting the correction terms in (1) into  the eéxponent,: one obtains = to

first order in h% - the qguantum corrected Hamiltonian

= - K2 = . ) .
B, i, R A)/B = H_ ¥ AHQ o )
. - 2 . = -1 = : i .
where B, o= § pj/2m + U(Ei,..,r~),_ 8 = {(kT)~', U = potential energy .
+2 2 L2 2
AH_ = — [_ E_ [Z p. . Q_u) U + 2& 5 _gw . _Qﬁ.u - ﬁg T _Q_ i Hg‘ U}
Q 24 ) i m S m
m 3 D, 3 ar, ar, J or. Br.
=] - —J =] 3

Refs,(1,6,7} (3}

Corrections to the equlllbrlum propertles can be obtalned by flrst 1ntegra—-.
tion of (3) over the momenta and use of the effectlve potentlal so calculated
in thermodynamlc perturbatlon thééfytz),_ The efﬁectlve potentlal can in
principle also be used in MC simulations. Altérnatively the first (and.

(3)

second} correction terms can be evaluated in c¢lassical MD simulations .

In order to compute dynamical as well as equilibrium properties, it is
necessary to use Hc + QHQ as an effective Hamiltonian in the simulation with

classical equations of motion. This can be justified by the following argu=-

ment.

Since the system is in equilibrium we reguire that
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an 2H 3t
2 . .. 82 L 2y =
3t ;3 (25 - or, TRy 6.9_j) ° D

(4) is satisfied if Hamilton’s {classical) equations are valid: . .. . ..

) _ . o L ' : o o
ar,

aH
= op =

Eﬁ which is needed if one wishes to use the familiar Verlet or Leapfrog algo-

rithmg, is obtained from

oH
d . . o] ’ 5] Q
PR O PN vl T v (6)
at —i, 5 ] 6_1;:.' 3 a_p_j 'c‘)p_i

Apart from the algebraic complexity, the simulation based on HQ has some
near~-pathological properties resulting from the derivatives of the repulsive
term in the Lennard-Jones 12-6 potential; particularly the derivative of the
last term in (3) leads to a very rapid variation with distange in the repul-
give range, To prevent occasional 'blow-ups' it prowved necessary to lncor-
porate a safety device wherehy excepticnally large forces - say 20 x larger
than the mean - are reduced in magnitude. With a safety device coming into
operation for < 1% of the pair forces and a time step of 0.4 x 10~1i%s the

simulation was still quite stable for neon near the triple point (LJ-12-6}.

The principal results reported were:
1. For systems with a thermal de Broglie wavelength 'ﬁ/(mk‘l‘)l/2 > 2 x 10710
e.9. Ar, N,, Ne (not too close to the triple point) the energy cerrection
calculated in a completely classical MD simulation agrees with that obtained

in a simulation based on (3)-{&). This is not true for the pressures.

2, Even when A (de Broglie) ~ 0.5 x 10~10, a.g. for Ar near the triple

point, the quantum corrections are neot negligible.

3. The quantum correction tends to reduce the diffusion constant.
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6. Methods Ffor the Simulation of Quantum ROtors’

M.P. Allen and T.7T. Hughes-Davies, Physical Cheémistry Laboratory, Oxford .. =

The work:of this group has been the adaptation of established: computer

simulation techniques which yield quantum information directly. for uge with: . . .

rotational systems. The technigques which have been examined and evaluated .- -~ -

are based ypon the wave packet dynamics methods of E.J. Heller {1,2] and upon
the discretization of the path integral formulation of guantum mechanics

E3!4]l

The wave packet method uses a highly localized wave packet to represent. .
a one dimensional one particle retor. The time dependent Schr#dinger egqua-
tion is applied to this function and the resulting equation of motion is

simplified using one of two approximate methods. These methods yield a set -

of first order differential eguations in the variables used to characterise . -

each one particle wave function, These differential equations may. then be
integrated numerically using standard methods. This approach is essentially
identical to that used by Corbin and Singer (5], and by Smith and Singer (6]
for the simulation of translational systems. In. order to treat rotaticnal
systems, 1t has been assumed that the wave packet is sufficiently localized
as te cbviate any problems concerned with overlap of the wave packet with:

itself in rotation space.

The two approximate methods that have been used to gimplify the: equa-. .
tions of motion for the wave packets are a harwmonic expansion of the poten-
tial about the instantaneous centre of the wave packet [1], and a time depern-
dent variational principle due to Dirac, Frenkel and McLachlan (2]. The har-
monic approximation yields the classical equations of motion for both the
centre and momentum of the wave packet: there is thus a classical simulation
'built in' to this simulation, which proves useful when comparing gquantum and

classical results.

The path integral method is based upon the division of the partitiocn
function for a quantum mechanical many body system into discrete states.
This yields an isomorphism with the statistical mechanics of a classical
'polymer' [3]: in this each rotor may ke visualised as a 'bundle' of 'raods',

each 'rod' free to rotate in one dimensicn about the common centre, and in-
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teracting with the other 'rdéds' in the "bundle'! via a harmonic potential.: -
This iscomorphism is exploited by performing a classical Monte Carlo simula- -
tion of the polymer, the results from which yield quantum information. As

the number of 'rods' into which the partition function is divided approaches

infinity, and. as. the temperature increases, the isomorphism yvields the exact .

quantum results. There is also evidence that the results, as a function of. .. .

the number of 'rods’'® converge relatively quickly at temperatures of chemical -

interest [4].

The model system which hags bheen used to test these methods is a set of

rotors, confined to a plane on a triangular net, interacting via an electro=

static quadrupole-quadrupcle potential, This simplified model has. been used,

with some success, to simulate the low- temperature. behaviour of nitrogen
adsorbed upon a graphite surface, This system shows. a first order phase-. @ ..
trangition at 28K, and it was hoped to observe this transition and also ko -

see the relative importance of gquantum effectgs upon this transitioen.

The results from the melecular dynamics runs using the wave packet
method have in general been disappointing. It was found that at relatively:
low temperatures, and below the phase transition region, the wave packets
rapidly spread out, i,e., they could nc longer be considered to be highly .
localized, This rendered invalid the assumptions used to propagate the wave
packet, notably that concerned with the overlap of the wave function. At

very low temperatures the method was more successful.

The Monte Carlo path integral method: was: far more’ successful. It Was . -

stable- at all temperatures. attempted. The phase transition has not yet been .. .

observed, as the runs have so far been confined to short runs bf a small
system. However the expected convergence of the results, as a function of
the number of 'rods' and as the temperature increased, was observed, It
seems likely that a relatively small number of 'rods' may ke sufficient to .
give reasonable quantum informatien, Indications are that as few as 4 'rods'
may be sufficient., This would mean that approximate guantum results could be
obtained for a many body system using computer runs that would take four

times as long as conventional simulations.,

Programs were written in double precision Fortran 77, and run on the:
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Oxford PCL Norsk Data ND-520 32 bit processor. Simulations were run for
50000 steps for the molecular d?naﬁits @fdgfaﬁs;'éﬁd for aéprokimatéiy-zSOQ
successful moves per 'rod' for the path integral programs, A'éystEm of 64
rotors was used for the MD programs, and 16 rotors for the path integral

programs.

References o ’

{)  Heller E.J., J. Chem. Phys., 62, piS44 (1975).,

2)  Heller E.J., J. Chem. Phys., 64, pé3 (1976),

3)  Cnandler D, and Wolynes P,G,, J. Chem. Phys., 25;294078 (1981)

4)  Schweizer K.S., Stratt R.M., Chandler D., Wolynes P.G., J. Chém. Phys.
75, p1347 (1981), ' '

%3]

Corbin N. and Singer K., Mol. Phys., 46, p674 (1982)
6) Smith W, and Singer K., Daresbury Lab. Information Quarterly for

Computer Simulation of Condensed Phases, 13, p38 (June 1984). B

SMIT-84/336 29



List of Participants

Dr.
br.,
Dr.
Dr.
Dr.
Mr,
Dr .
Dr.
Dr.
Dr.
Dr.
Dr.

CCPS SYMPOSIUM ON COMPUTER SIMULATION OF QUANTUM SYSTEMS

M.P. Allen

J. Board

D ,Bounds
J.H.R. Clarke
M.J. Gillan
T. Hughes-Davis
J, Jefferson
¥Y,P, Yoshi
5,W. De Lasuw
P.A. Madden
J.R. Melrose

M. Parrinellec

Prof. J.G. Powles

Drﬂ

Dr,

J.Re. Rorison

J.V.L. Singex

Prof. K, Singer

Dr.
Dr.
Dr.
Dr.,

Mr,

W. Smith

A. Sutton
". van Swol
B. Wells

M. van Waveren

SMIT~-84/336

Physical'Cheﬁisﬁry.Lébctatﬁry,'Oifofd.
Theoratical Physics Department, Oxford,
Theoretical Chemistry Department, Oxford.
Chemistry Department, UMIST.

LERE, Harwell

Physical Chemistry Laboratory, Oxford

RSRE, Great Malvern _

Chemistry Department, University of Southampton
Thecretical Physics Department, Cxford ' -
RSRE, Great Malvern | S _
Cheﬁisﬁry'béparfﬁéht; ééféi.ﬂolléwé?.CQiléQé'
International Centre for Theoretical Physics, Trieste
Physics Laboratories, Canterbury

RSRE, Great Malwvern

Chemistry Department, Recyal Holloway College
Chemistry Department, Royal Holleoway College

SERC Daresbury Laboratory, Warrington

Department of Metallurgy, Oxford

Physical Chemistry Lahbcratory, Oxford

Physical Chemistry Laboratory, Oxford

Van der Waals Laboratory, Amsterdam

30



MODELLING POTENTIALS WITH SHIFTEDR FORCE- FUNCTIONS.

W. Smith and J. H. R. Clarke. =

Most readers are probably familiar with the definition and use
of the so =~ called 'shifted force' potential; it is merely a
standard potential, such as the Lennard -~ Jones 12 - 6 potential,
which has been carefully adjusted so Lhat both the potential and
its first derivative (and hence the force) are zerc at the
prescribed cut -~ off (1). In the normal course of things the
ad justment made to the petential is small in comparison ta the
average Eorce or potential and can be corrected: for
thermodynamically using perturbation theory (2)., Our use of shifted
force functions however is different from the usual application. We
are not so much concerned to adjust the standard potential tao
remove unwanted discontinuities at the cut - off (though we do
exploit this advantage) as to distort the standard potenktial into
an acceptable model of a more complicated potential. This aspect of
shifted force potentials; i.e. theilr use as modelling potentials,
has not, Eto cur knowledge, received much attention. We therefore
wish to use the CCP3 newsletter to introduce this aspect as well as
talk about shifted force functions in general.

The general form for a shifted force potential is. given by
<1>, 4in which Ufy) represents the shifted force potential, V{r) the
standard potential and P{r) is a polynomial, which is designed to
give the potential function the desired properties at the
designated cut - off.

V() = v(e) # Ble)

It should be noted that the coefficients of P(r) are dependent upcn
the chosen cut - off as well as on the nature of the function V{r)
and are not therefore transportable. Alsc the polynomial P(r) is
net to be regarded as a mere 'tail correction' even though it is in
the tail that its influence 1is most noticeable, It alters the
entire funckional form of the standard potential. This is most
easily seen in the use of Lthese functions as modelling potentials,
since then the polynomial P(r} may be large in relation to the
standard potential and greatly alter its functional behaviour.

48 we have mentioned above, in the usual application of
gshifred force potentials we attempt to ensure that the potential
function and its (first derivative are both zero art the cut - off
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(i.e. abt r = ¢). To fulfil these requirements it is sufficdient for
the polynomial P(rxr) to be a simple linear form <2>, with just Lwo
coefficients a and b.

P(r) = a + b.r ' o _ L2

The coefficients aand b are easily detecrmined using the equations
<3a> and <3b>, which are the algebraic expressicns of the cuk - off
raquirements. S S B .

U(e) = V(c) + a + b.c : oo T B

Ut(e) = Vi(e) + b - L e

It is easy to see from' these -expreésions that no matter what
function is used as the =standard potential, a simple pair of
simultaneous equations will give the desired coefficieéenks. It is
also worth noting the effect that the polynomial P(r) has in this
simple case; it 13 in effect both shifting and rotating the
standard potential te satisfy the cut - off requirements.

As an example of this procedure, consider the standard N - M
potential <4>, in which & represents the potential well - depth and
d the wvalue of r for which the potential is at the minimum value
~E.

1 Cm S -
A ngg] | S s

The first derivative of this function is <53>:
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ST m
V'{r) = - Enm d - d <35>
r{n-mj r r

Setting ¥ = ¢ and substitubing <4> and <5> into {3ad and <3b>
readily gives the desired linear coefficients as <6a> and <6b>;

.n m .
b = Eam d - d : <6a>
c{n-m) c c :
LS
F =N Fam
a = - & l midi - n}g% } - b.c <6b>
{n-m) L = E_c _}

Needless to say, these terms need only be evaluated once in any
given simulation, a fact obscured somewhat in the full expression
for the shifted force N - M potential <7>.

-
S [ ™ e
u(r) = B modd| - idd ~ngdlo- d *
- i L Y
SEOR I <] i o]
R re
no(r-c) }id - ldj <7
o] EC ‘C : j
[ o

In Figure | we show an example N - M potential with n = 12,
m=6, E = 120Kk and d = 0.345nm, together with the corresponding
shifted force function in which ¢ = 2.5 x d. Clearly, in this
application, the polynomial P{xc) is having a small (but
significant) effect on the form of the potential.

It 1is clear from <1> that, in general, we are not confined to
a linear form for the polynomial P(r) and that a8 higher order
polynomial may be wused. If this is done we can obtain values for
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&

the coefficients of the polynomial by insisting that successively
higher derivatives of the shifted force function are =zero at the
cut - off. Such a stirategy may be required, for instance, where it
is necessary to ensure continuicty of the firskt derivative of the
force at the cut - off. Alternatively, some the coefficients may be
arbitrarily set to zero to obtain some computational advantage. For
example, we may gebt the coafficients of odd powers of r to zero and
remove the need te calculate square roots {(3).

Our interegkt in shifted force potentials arose because we
required a simple potential function that had the same bhasic
Eeatures as the Morse potential <8>.

2 .

V(r) a E ({1 - exp(-b{rx/d-1))) - 12 <8
Principally we required a 'soft' repulsive potential at short
distances, a broad potential energy well near the minimum and a

quickly decaying atbtractive potential for longer distances (see
Figure 2). A simple N - M potential <l>, with n = 8 and m = 4 to 1,
fulfilled some of these requirements, but Uthe decay of the
attractive part was too slow. A simple cut - off was not acceptable
in this case because of the large 'step' it introduced for all
practical wvalues of the cut - off. We Lhen had the idea of using
the shifted force method t¢ impose the behaviour we wanted on the
attracrive part of the potential. Despite the large discontinuity
in the truncated standard potential, the problem was  still
sufficiently well defined for the methed to produce the result we
wanted. We therefore considered the shifted force W - M function
<7> to be a suitable model potential with the added bonus of a
complete absence of discontinuities.

In Figure 3 we show the N -~ M function withn = 8, m = 3
E = 120Kk and d = ,345nm, and the corresponding shifted force
function with ¢ = 2.5 x d. The large discontinuity in the truncated
N - M potential is only too obvious (c.f. Figure 1).

There is however cne aspect of the shifted force potential <7>
however, that we found to be inconvenient. In dealing with the
standard N - M potential {and for that matter, the Morse
potential), we found it helpful that the poktential wasg
characterised by 4a prescribed well depth (E) and the location of
the potential minimum (d). In the shifted force form, these
parameters no longer had the same physical significance, as the
potential minimum was now displaced from its oviginal position
{note this effect in Figure 3),
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We overcame this difficulty by first finding the lecation (d')
of the true potential minimum (~E') (by equating the  first
derivative of <«7> to zero). This gave the relationship between d'
and d as <9>:

oy g diq .z._... _t : . o o o ‘o5

where:
m+1 n+1 1/(n-m)
q = g({g ~ LY/ (g - 1» L1
and g = c/d' and ¢ is the cut - off radius. HKnowing that when

¢ = d' then U(d) = ~E' gave us the relation <il>:
£ = of! N - <A

where:
n n m m
g = -(n~m)/(mq (i+{n/g-n-13}/g d-uq (l+{(m/g~-m-1l)g 3} <L2>

Substituting eE'" for E and qd' for d in <7> provided the
potential energy function <13>:

nf noo-n ™ m  -m
1o

o
+ nmc .-J q " q " <13>
{_ r} r} lj
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This formula allows the potential to be described in terms of
three easily understood parameters; the well depth E', the position
of the minimum d' (i.e. the particle 'diameter') and the ratio g of
the cut -~ off to the position of the minimum. We therefore propose
<13> as a particlularly versatile moedelling potential.

In Figure 4 we present the N - M shifted Fforce potential
function <13> (with n =8 and m = 1) and the Morse function <8>
wikh E' = E{(Morse) = 120k, d' = d(Morse) = .345nm and
b{Morse) =3.169, The «cut - off for the N - M potential was chosen
to permit a reasonable fit of the Morse function.

REFERENCES.
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Molec. Phys. (1379).v37.1429, See also D. M. Heyes, CCP3 Program
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Academic Press, London 1976, Chapter 6, p.l4]l.
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NOWN-EQUILIBRIUM MOLECULAR DYNAMICS USED TO OBTAIN SECOND ORDER
THERMODYNAMIC PROPERTIES '

D.M. HEYES

Second~order thermocdynamic properties of MD systems have traditicnally
been evaluated from appropriate expressions involving fluctuations in first
order thermodynamic guantities., Thesme values can be subject to consider-
able uncertainty and spurious N¥-dependent effects, Conseqguently differen-
tiation of a Eitted equation of state has often been used as a more reli-
able altérnative route., In this note the use of Hon-Equilibrium Molecular
Dynamics, NEMD, is explored as anothar method to obtain these second order

quantites.

The specific heat per molecule at constant volume, Cv' and the thermal
pressure coefficient, Yo S (GP/aT)v are considered specifically (although
the approach shcould be quite generally applicable). The NEMD technique as
used here employs the "differences-in-trajectories" modification introduced
by Ciccotti and Jacucei [1). The MD simulation is run twice from the same
collection of N coordinates and velocities. In one half of this "segment”
a specified perturbation is applied to the system sc that it modifies the
dynamics slightly; in the other half this perturbation is not employed and
the system is allowed to continue at equilibrium, Effectively the only
limit to the small magnitude of this perturbation is governed by the number
of significant fiqures carried by the computer because one takes the
difference between system properties at the same time in both parts of the

segment.

<

In order to evaluate, Ty all the molecular velocities are meltiplied
by a factor {1 + A) (i.e., the perturpation mentioned above), There is an
instantaneous (equivalent) temperature rise from T to T + 8T. Let m, be

the mass of molecule i and Vi its velocity then,

N

= 2

T= {2 myi)/3nk, , {1}
1=

SMITB-84/305
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b

T + §T (E m VSO o+ M) /3k, (2)

i=1

where kB i8 Boltzmanns constant. This leads to,
T = 20T , i (1)

for A << 1.,

Here we only consider spherical molecules.

Now,

AL o (4)
Cv - [aT) ’ '

v
where
» N _--i N N . . S : SR -
= —_— 2 — =
g N _E m Ve b oo ; g eij 1.5 kBT +*UL 5
i=t L # 7

where eij 1s the pair potential between molecules i and j.

Hence
Cv U (£t > =)
— = 1,5 ¢+ (6}
kB kaéT (£t » =)
= 1,5 ég‘.l. (t = 0) (7)

AT (£ > =) !

Therefore by monitoring the time dependence of 5T(t) after the application

of the wvelocity scaling at t =0 Cv can be obtained,

4-

Similarly, the same MD "experiment" can be used to obtain Yo ag the

asscciated rise in pressure 8P(t) is also evaluated,

8P (£ s ®) (8)
Ty T 8T (t » =)
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The advantage of this NEMD approaéh'is'that.éxtrafinsights into other

aspects of thermal re-equilibration are alsc obtained "for free",

As illustrative examples of eguations (7) and {8) certain test calcal-
ations have been performed on Lennard-Jones states close #o % (= TkB/e);é
2.5 using a CRAY-1S computer. The velacity sé&lihg'fdttdr'h = 6 x 10"% and
256 (= N} mclecules were simulated. Three states were considered., (a) p*
= 0,6, T* = 2.50, run for 150 segments; (b) p* = 0,9094, T* = 2,53, run for
200 segments; and (¢) p* = 1.0397, T* = 2,50, run for 150 segments. AlL

guantities are in Lennard-Jones, LJ, reduced units.
In figure 1 the time dependent excess kinetic energy profiles,
Sk*(t) ='1.,5 &T*(t) : (%) .

are showﬁ for the ébove states., The satisfactory nature of this method ié
demonstrated by comparison of the long time limit &k*(t + =) with the pr.'e--'f
diction using equation (7) and the Wigolas et al. LJ equation of state [2]
for Cv' The arrows denote these predictions, which are indistinguisnaple
from the NEMD results within the small statistical uncartainty. (The large
oscillations at long times (t* 2 0.4} reflect insufficient averaging.) The
t + o limit, in fact, is reached between 0.15 < t* 5 0.35, well before the

noise starts to dominate,

Similar excess total pressure profiles P(t) are also shown, in fig-
ure 2. Again the use of equation (8) (here) and quation of state Y,
predict limiting &P as t - « which are in excellent agreement with those of

the NEMD technique.

To conclude, NEMD is a promising alternative route to thermodynamic

data as well as to the more usually studied transport coefficients [(3].
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A VARIABLE TIMESTEP ALGORITHM.

M. Whittle

In an equilibrium M.D. simulation the timestep is chosen small
encugh to ensure sufficient accuracy - usyally synonymous with
adequate energy censervabtion, whilst the largest possible timestep
is desirable to maximise efficiency. One prescription for the
Verlet algorithm might be <15,

.
< oL O m
QT % (kﬁT <1>

where <~ is3 the Lennard -~ Jones interaction diameter, m the
particle mass and < is a constant, typically 0.01 -~ 0.1. This
ensures Lthat for a given temperature the distance moved by any
particle should not involve changes in the force large enough to
introduce significant non-linear terms {(i.e. higher derivatives of
the potential) in the Verlet expansion.

In certain non-equilibriuom simulatioas it is sometimes
advantageous foxr reasons of efficiency Lo employ a variable
timestep {1). In our case this applies te a sputltering routine
where a fast moving particle collides with a surface causing
cascades of lower energy particles, A much shorter timestep 1is
appropriate for the initial collision than for later stages of the
simulation. Rapid quenching of a liquid configuration to simulate
glass formation is another situation where a variable timestep may
be useful. A simple interpolation of Lhe Verlet formula is all that
is required. We start with the algorithm in the form,

R{t,+At) = R(Te) + Vv (to+Atrs2) <za>
V(Te+2t/2)= v {(t,-At/2) + F{t,) At/ m <2b>
V(o) = 4 [ Vito-at/a)+ VIto +ot/2)] 2o
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2

knowing R(ta), vlte-At/2) and F(t,). Instead of Rty +A L/2) we how
require the position at some other time, R(te+At’/2), where A £’
is not too different fromA t, say, 0 < At’ < 2Ar. We can get
this from,

Ritatant' Y= Rt)+ vit,+at/a)at’ 3>

where by linear interpolation from <Zec> we have,

/ t: . !

For the next cycle we now store v(qyéxt’/Z) as v(t,—cﬁt’/Z) along
with & t’ and R(t,+At’ ) and proceed as before with next increment
ACH,

5

VOt A at Lo 2 VL ALY 4 FLLY AL Ten o s

etc. In time honoured fashion, it is 'easily shown' that, in" térms
of positions this is a quadratic interpolation: h '

R~Ct_+ZXt,)=-tlc{#;;kgj{:(jiz;)zi; §§§£.(} +-f§%()j: o ;:_
free[ - (&)
FReat)[LE (14 2Y)] W
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_ To usée the algovrithm one needs to apply a criterion analogous
to '<1> to define the timestep sizes at each increment. In cur case
this 1is set by restricting displacement of the fastest moving
particle to 0.05 atomic diameters. Using this scheme we have
obtained energy conservation of arocund ! percent for sputtering
particle energies up to 2kev.. _ .

It is worth noting . that this type of algorithm is veadily
adapted to constant temperature work (2), where eq. <2a> is
replaced by <7>,

vit+ata)= LA~ VIt-at/a)+ B Fee)at/m o>

(*Tb;/W-)‘éL

with To the required temperature. However, the calculation of time
correlation functions poses a few problems!

(1) D.M. Heyes, CCP5 Information Quarterly 5, 26, (l982),
{2) D. Brown and J.H.R. Clarke, Molec. Phys. 51, 1243, (1984).
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REPORT ON THE VISIT OF DR. A, N. CORMACK TO
TWENTE, UNIVERSITY OF TECHNOLOGY, HOLLAND

The main aim of this vigit was to complete a collaborative
preject in which static lattice simulation methods have been
used to investigate idon transpert mechanisms in pyrochlore
structured oxides. The Twente group (supervised by Prof. A. J.
Burgraaf) has undertaken a detailed experimental study of ionic
conductivity in these impeortant superionic materials. The aim of
the calculations is to iddentify ¢the mechanisms of ionic
transport. Indeed, owing to Gthe complexity of the system,
guidance from reliable <calculations is necessary if detailed
models of the transport processes are Lo be developed.

Pyrochlores are essentially anion deficient fluovrite oxides
of general formula A2B207 (A a tetravalent cation, B = trivalent
cation) 1in which both the cation and anion vacancies are
ordered. The work of the Twente group has concentrated on kthe
rare earth zirconates especially for the rare earths Gd and Nd.
Neutron diffraction studies have been performed on these
compounds. Thus the first aim of our collaborative projeckt was
to develop a set of interionic potential models which would
reproduce the c¢rystallographic data. This was successfully
achieved. We also carefully examined the shell model parameters
describing ionic polarisation, as preliminary defect
calculations revealed a very high sensitivity of Lhe results to
these parameters. As a result of this work we have now
constructed reliable interionic petentials for these materials.

We then proceeded to calculate defect energies using the
CASCADE code. Since we are interested in oxygen transport,
defects on the oxygen sublattice are the most importank. Two
types of vacancy - at the 48(f) and 8(a) sites - sre  possible;
there are similarly two Lypes of interstitial - at the 8(b) and
32(e) sites. Table | gives the <caiculated. energies for thage
defects.

DEFECT ENERGY (eV)
0 {Ba) Vacancy 19.86
¢ (48f) Vacancy 18.38
0 (Bb) Interstitial -14.45
0 (32e) Interstitial ~-11.70

We conclude from these results that the predominankt defects
will be @ 4B(f) wvacancies created by deviations from
stoichiometric composition. We then undertook a detailed
examination of possible migration mechanisms. The most
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favourable appears to be a <100> jump between 4B{f) sites. an
activation energy. of 0.9 eV was calculated which accords well
with the - experimental - Arrhenius  energy- for - conductivity of
0.8%eV. - D e

The main conclusions of this project were therefore
(1) It is possible to model complex ternary coxides provided care
is taken with shell model parameterisation.
(ii) Oxygen transporkt in pyrochlores is effected by migration of
48(f) vacancies.

The wvigit to Twente was an esgential component of this
collaborative project. It was also of considerable interest to
learn of the range of projects currenkly in progress in
Burgraaf's group. I was able te enlighten their group about our
computer modelling  studies in. the seminar 1 gave on Computer
Modelling of Scolids.

The financial support from CCP5 is gratefully acknowledged.

A. N. Cormack. Uﬁiuersity College London
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A, HYBRID - SCHEME "OF COMPUTER SIMULATION BASED ON
HADES AND MONTE_CARLO: APPLICATION TO CONDUCTIVITY
IN_¥3+ DOPED CEO2.

C. R. A. CATLOW, A. D. MURRAY,

DEPARTMENT- OF: CHEMISTRY
UNIVERSITY COLLEGE LONDON = -
20 GORDON STREET- R
LONDON WCIH 0J2, U.K.

AND
G. E. MURCH . .-

. MATERTALS. SCIENCE ‘AND TECHNOLOGY DIVISION' "
ARGONNE NATIONAL LABORATORY = - R
ARGONNE, IL 60439, USA. S

Static relaxation codes, e.g. HADES, can provide reliable
estimates of defect formation and migration energies in
magssively disordered solids for various postulated local
environments encountered by the defect [l]. However it has been
impossible to use these energies for the caleculation of ensemble
average quantibies 1like the chemical potential or long time
averaged transport quantities such as the d.c. ionic
conductivity or the tracer diffusioan coefficient without making
grossly simplifying assumptions about the distribution of
defects and correlation effects. The reason for good agreement
or lack of it with experiment can then be virtually impossible
to locate.

Monte Carle laktice calculaktions have been used to
calculate the chemical petential and various transport
quantities in solids [2]. Two Lkinds of calculation <c¢an be
identified. In the first, interaction energies are used to
generate transition probabilities (jump frequecnies) which are
then used to calculate rigorously the above quantities in a
thermally equilibrated lattice. The weak point of such
calculations centre upen (a) the inkteraction energies themselves
which must always be treated as rigid lattice guantikties and (b))
the relatively free choices possible for Lhe jump frequencies
(although these must be consistent with the interaction
epergies). In the second kind of Monte Carle calculation, the
jump frequencies are taken as input. The Monte Carlo calculation
then provides rigorous calculation of transport quantities by
statistically sampling the jump frequencies in the long time
limit. Up till now the latter calculations have been quite rare
because it was thought that the jump frequencies must come from
experiment or be treated as adjustable parameters. But the
required jump frequencies can, in Tfact, come from a HADES
calculation. Thus a powerful new kind of hybrid calculation
becomes possible.
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Accordingly, one ugses HADES to calculate migration energies
for the leccal environments encountered by a defect. Assuming the
same attempt frequency everywhere, one uses these energies to
define explicit jump frequencies for the same environments as
inpukt for a Monte Carlo calculation. By statistically sampling,
the latter now serves to calculate the long time averaged tracer
diffusion coefficient and d.c. ionic conductivity and their
compeonents .

The approach has been applied to a long-standing problem in
the field of solid electrolytes, namely the variation of ienic
conductivity with .dopant concentratien in ¥3+ doped CeQ2 [2]. In
this system a proncunced maximum is observed in the conductivity
verges dopant concenktration at a concentration of approximately
8 mole % Y203 in Ce02 - an observation that has not recieved a
satisfactory quantitative explanation. We therefore calculated
the migration  energies for defects in a wide vrange of
environments, and fed these into the Mente Carlo program. = Both
random and ordered configurations of immobile Y3+ were studied.
The results for the random distribution agree well with
experimental data given in reference [2]. & much lower
conductivity is found when an ordered Y distribution is assumed
- a result that again ties in well with experiment, as ageing of
the solid solution (which leads ¢to ordering of the dopants)
causes a reduction in the conductivity. ’

~ REFERENCES | |
1] €. E. Murch in 'Diffusion in Solids' edited by G. FE. Murch
and A. S. Nowick (Academic Press, New York, 1984)
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?. Vashishta et al.) North Holland, 1979.



CALCULATIONS. OF THE ENERGIES OF POINT DEFECTS -
IN QUARTZ L
M. Leslie.
SERC Daresbury Laboratory
Daresbury

Warrington
Wad 4aD

Defects-  in quartz ‘are.  of great technoldgical importance. Quartz
crystal controlled. resonators are widely used in ‘communicatiens systems,
where. gtringent requirements for frequency stability have to be met.
Frequency instability, which may be radiation induced, is known to be
caused by changes in the configuration of point. defecks in the crystal,

Commercially grown and natural quartz both contain’ Al3+ substituking
for Si4+ as an important impurity. This is compensated for by an
interstitial M+ jon, where M = Li cor Na. One M+ ion in quartz may be
replaced by the other by the technique -of electrodiffusion or sweeping.
Thus it 1is possible Lo produce quartz crystals containing virtually pure
Li+ oxr Nat+ as the compensating alkali metal cation. It is lknown
experimentally {1} that irradiation above 200K 1liberates the M+ cation and
replaces it with either a proton H+ or a hole h+. The proton binds te a

neighbouring oxygen and may be studied by infrared absorption (2]. The
Al3+ - h+ centre has been studied by electron spin resonance {3]. The M+ -
Al3+ centre itself is 1less easy to study experimentally. The Na+ - Al3+
centre may be detected by anelastic relaxation (4] and by dielectric
relaxation (3], where it showg up as a characteristic pair of peaks. No
such peaks are observed for the Al3+ -~ Li+ defect. Finally the electrical

conductivity of quartz may be studied (6] asg a probe of the unbound M+
cations.

Our calculations have been concerned with the M+ - Al3+ centre. A peak
in the dielectric relaxation corresponds to the defect switching between
two symmetry related structures. In this cage there is a €2 axis through
the Al3+ ion in the z=0 plane of the crystal. Figure | shows the structure
of alpha quartz viewed at a slight angle to the z axis. The conclusion of
the dielectric relaxation experiment is therefore that in the Na+ - Ald+
centre the Na+ ion lies off the C(C2 axis. The dielectric loss peak is
observed when the Na+ ion switches between the two equivalent sites on
either side of the C2 axis. The absence of any peak for the Li+ swept
samples shows that the Li+ ion lies on the C2 axis. The presence of two
peaks in the Na+ swept samples shows that the Na+ ion can sit in two
inequivalent sites, both of which have a pair of equivalent positions. An
examination of Figure 1 shows that there are two channels in the =z
direction, which we shall call & and & , inte which the M+ ion may go.
If the M+ dion is bound to an Al3+ ion these channels are not egquivalent.
This explains the twe peaks in the dielectric relaxation experiment. (It
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is importankt . to neote that the  twe sites are - equivalent if the M+ ion is
bound to a Si4+ ion instead of Al3+., This is because the M+ ion: does not
need to cross from one channel to another to reach the alternakte site, but
only move across.. the  channel in the =z=0 plane: to another 5i4+ ion).
Quantitative information about the defect may also be obtained - from the
dieleckric relaxation. Thus the activation energy for the tCtransiktion
between Lwo equivalent sites is determined by the temperature at which the
dielectric relaxation is observed. The free energy for the transition from
an % to a B site may also be estimated. - The ratio of the dipole of the
defect in the z direction and in the z = 0 plane normal to the C2 axis may
be determined from the peak intensities for samples cut in different

directions. The variation of electrical conductivity with temperature
gives an Arrhenius energy. Ag shown in (6], this is the sum of the free

energy of migration Em and of activaticen Ea. Both Li+ and Na+ swept
samples may be studied. -

Preliminary calculations have been carried out in order to simulate

these processes. The host quartz lattice is simulated with a classical
Born model with additional three boedy, angle dependent terms ([7]. The
angle dependent terms act about the 0 -5i -0 bond. This medel has also
been described in issue 12 of this newsletter. The potentials for the

interaction of the substitutional Ald+ with the host lattice were obtained
from a best fit =to the structure and properties of A1203. - The aluminium
oxygen potential was then corrected to allow for the change in coordination
number of the aluminium from 6 fold in A1203 to 4 fold in Si02. As a check
on the aluminium oxygen potential, the structure and properties of the
mineral sillimanite (Al25i05), which contains beth 4 fold and & fold
coordinated Al3+ ions, ware simulated and found to be in reasonable
agreement with experiment. For the four fold coordinated aluminium, the
same angle dependent force constant was used as for silicon. Ne such angle
dependent terms were used for the 6 fold coordinate Al3+ in sillimanite.
The alkali oxygen potentials were taken from (8].

The calculationg show that the Na+ ion bound to al3+, in both the

X and ;9 sites, relaxes off the two fold axis. - In conktraskt, the Li+ ion
remains on the 2 fold axis. Thus our calculations give the correct
qualitative behavoir for the M+ - Al3+ defect. The activation energy for

the transition between the two equivalent sites was then calculated by
restricting the Na+ ion to lie on the C2 axis and finding the minimum

energy configuration. The results of these calculations are presented in
table L. The dipole ratio of the defect was alsc estimated from the
simulations. As can be seen, While the o configuration is in very good

agreement with experiment, the agreement for the ﬁ? configuration is poor.
Finally the activation energy for the o to ﬁ? Eransition was calculated,
assuming that the saddle point lies en the =z axis between the Al3+
substituticonal and the nearest Si4+ ion., The activation and migration
energies of both the Li+ and Na+ ion were then calculated to compare with
the Arrhenius energy obtained from electrical conductivity measurements.
The simulation of the unbound Na+ ion defect showed that in the relaxed
configuration the Na+ ion lies on a €2 axis which cuts the z axis at z =
1/6. {(This is not crystalloegraphically equivalent to the C2 axis passing
through the 5i4+ ion at the origin.) In contrast, the free Li+ ion still
prefers the C2 axis at 2=0 as the stable configuration. The migration
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. energies for the  free ions were determined by - calculating the  minimum
energy constraining Lthe ion  teo lie aleng the C2 axis which  is not
equivalent to that- adopted in the  relaxed configuration (z=0 for . Na+ and
zal/6 for Li+). The results are presented. in table 1 together with the
experimental values for Ea + Em.

In conclusion,. our simulations reproduce the - experimental. results
reasonably well. Further work 13 in progregs on the potentials,
particularly the alkali oxygen potentials, to attempt’ to improve the
quantitative agreement.
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TABLE 1

J | CALCULATED | OBSERVED
| o ~ X Transition | |
I I |
| Activation energy eV ; 0.02 i 0.057
| I I
| Dipecle ratio dz/dy | 5 | 4
i I }
| g - )8 Transition | |
I | |
i Activation energy eV } ¢.26 { 0.135
I ! |
| Dipole Ratiec dz/dy | i | 4
| | I
i o - ﬂ Transition } |
f E I
| Energy eV I -0.12 t 0.045
| f !
| Activakion Energy eV | 1.4 | ———
{ | |
| Em eV | 0.29 f -
I { |
| Ea eV | 0.85 | —
I | I
| Em + Ea | 1.14 ] 1.3
| I !
Li+
[ o - B Transition | !
| ; |
| Energy eV } ~G.047 | -
I | I
| Actilvation Energy eV | 1.2 f ——
! I I
} Em eV ! 0.0835 | —-——
I I }
| Ea eV | 1.31 | ——
| | i
! Em + Ea | 1.40 | 1.4
| | |
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FIGURE 1T
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