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Summary

In this thesisthe structure and dynamical propertiesof two ionic 
uids are stud-

ied by computersimulation. This proceededby the calculation of radial distribution

functions, structure factors, neutron scattering patterns, di�usion coe�cien ts and

viscosities. This data are then compared to experimental and theoretical results

whereappropriate.

Beforelooking at the properties of thesesystems,the run length and systemsize

e�ects are investigated. For the run length study, we look at how averagingmay be

usedto improve the quality of results. As part of this, we investigatethe appropriate

run lengthsand the suitable degreeof averagingrequired to calculatethe properties

of interest. The problem of stablevaluesagainst long time valuesis highlighted and

discussed.We introduce a new method for using computing clusters for Molecular

Dynamics simulations, which is well suited to generating data for averaging and

scanninga largenumber of state points. For the systemsizeinvestigation, we study

how representativ e our results are of large systems,by testing a range of system

sizesaround our chosenvalues.

A theoretical model for the structure of polarisableionic 
uids is tested against

Molecular Dynamics simulations, and its predictions are veri�ed. This model is

then investigatedfurther, with predictions madeon its dynamic properties,and two

candidates for a possible reduced parameter for dynamics are investigated. The

e�ect of polarisation on the properties of the system is examined,with the aim of

discovering under what circumstancespolarisation plays a large role. The e�ects of

polarisation and temperature on the cavitation of the systemare also investigated.

Finally, the dynamic and structural properties of a complex system,ScCl3, are

investigated. ScCl3 is chosenas it is one of the tricker MX3 systemsto simulate,
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owing to its long rangechains. Simulation of MX 3 systemsis important in helping

to understand electrodeposition of refactory metals and the electrolytic separation

of nuclear waste, which typically occur with physical conditions too intensefor ex-

perimental study. The dynamic and structural properties of ScCl3 are investigated.
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Glossary

MD Molecular Dynamics. A computer simulation of a systemof par-
ticles in which the system'sforcesarecalculatedfrom the poten-
tials between the particles, and then Newton's laws of motion
are usedto calculate their tra jectories.

RIM Rigid Ion Model. This is a simple ionic model, where the ions
are treated as electronically rigid closedshell species,with their
formal valencecharges.

PIM PolarisableIon Model. An extensionof the RIM, wherethe ions
are no longer treated as electronically rigid species, but have
induced multip oles.

SMSM SimpleMolten Salt Model. A simple theoretical, rigid-ion model
for ionic 
uids.

PSMSM Polarisable Simple Molten Salt Model. An extention to the
SMSM, which allows for the anionsto be polarisable.

RPM RestrictivePrimitiv eModel. An equimolarmixture of oppositely
chargedhard spheres.Generally similar to the SMS.

HNCM Hypernetted Chain Model. A theoretical approximation for 
u-
ids, which is not thermodynamically consistent.

RDF Radial Distribution Function. A measureof how densethe other
particles around any given particle are, relative to the ideal gas.

MSD Mean SquaredDisplacement. A function which givesa measure
of how far on averagethe particles have moved in a given time.

k-vectors When performing calculations in reciprocal space,k-vectorsare
points in that reciprocal space.

viii



Chapter 1

In tro duction

In this thesis, we use Molecular Dynamics simulations to test a theoretical model

[1] for the structure of polarisableionic 
uids. In order to easily test the theory at a

wide rangeof state points, we make useof a new method of running programson a

computing cluster. Having veri�ed the theory, we go on to investigatethe dynamic

properties of a systemit works with, using the theory in a predictive role.

Finally, we apply theseMolecular Dynamics techniquesto a systemof practical

interest, molten ScCl3. MX 3 systemsare of technological importance due to their

usein electrodeposition of refactory metals [3] and electolytic separationof nuclear

waste [4]. ScCl3 was selectedas it displays many of the more tricky \covalent"

characteristics,which require a polarisableionic systemto be modelledcorrectly [2].

1.1 Molecular Dynamics Simulation

Molecular Dynamics is the technique of simulating a systemby solving the classical

equationsof motion for the particles. Using the Born-Oppenheimerapproximation,

it is possibleto describe the system in terms of the positions and momenta of its

atoms and ions. MD simulations work by calculating the force on all the ions, and

then solving Newton's laws of motion, lead to predictions of the velocities and posi-

tions of the particles at somelater time. Theseare calculatedfor onetimesteplater.

By repeating this processfor a successionof timesteps, we produce the tra jectory

of the system for the timescaleof interest. We can use the tra jectory to calculate

1



many measurableproperties of the system, as well as to examine the microscopic

processessinvolved in theseproperties.

The length of the timestep dependson the systemunder investigation. We must

ensurethat it is not too long, otherwisethe systemwon't display the correctclassical

tra jectories. Usinga timestepthat is too short will result in unnecessarycalculations

beingperformed. The timestep for any systemmust be tuned in advanceof the data

collection simulations. For the ScCl3 systems,a timestep of 15 au was used(1 au

= 2.418x 10� 17s). The theoretical system makes use of scaledunits (seesection

1.5) to maximiseits applicability. Its timestep was0.005scaledtime units. Both of

thesetimescalesprovided smooth, well behavedtra jectoriesin the regionsof interest,

where the equationsof motion could be properly integrated.

The number of timesteps to run for (run length) is a�ected by the available

computing resources,and the properties under investigation. Details of the criteria

for the selectionof the run lengths can be found in chapter 2.

In order to correctly simulate a chemicalsystemby MD, onemust have a realistic

interaction potential to describe the forcesbetweenthe particles. For this thesis,this

was relatively straightforward. For the theoretical model, the potential was already

speci�ed. For ScCl3, previous work done in the group had produced a potential

which was quite accurate.

When looking at the properties of a bulk liquid (as we are), it is important

to remove any surface e�ects that might be introduced by the simulation. This

is achieved by using periodic boundary conditions [5], where the simulation cell is

repeated through space,creating an in�nite lattice. Whenever a particle moves

out of the simulation cell, it is replacedby one of its periodic imagesentering the

simulation cell from the opposite face. This can be seenin �gure 1.1.

Each ion then has an in�nite number of imagesof itself. However, when calcu-

lating short rangeinteraction terms, we only needto considerthe ion once. As such,

the short rangeinteraction betweentwo ions i and j is calculatedbetweeni and the

2
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Figure 1.2: The calculation of the
positions of the Nearest Neigh-
bours

nearestperiodic imageof j . This is known as the mimimum imageconvention [6],

and can be seenin �gure 1.2.

For longer range interaction terms, such as the Coulombic charge-charge inter-

action (given by Q i Q j

r ij
), the terms don't becomenegligibly small on the scaleof the

simulation cell. We needto include the periodic imagesof the ions. This procedure

is handled in reciprocal spaceby the useof Ewald Summations[7].

1.2 The Rigid In teraction Mo del

In a simple ionic model, with ions treated as rigid spheresuna�ected by their sur-

roundings, the systemis best represented by a pair potential of Born-Mayer form:

Uij =
Qi Qj

r ij
+ B ij e� � ij r ij �

X

n=6 ;8

Cn
ij

r n
ij

f n
ij (1.1)

This model is alsoknown asthe Rigid Ion Model (RIM). The Q i Q j

r ij
term describes

the coulombic interactions between two ions, i and j , with formal chargesQi and

Qj at a separationof r ij . The B ij e� � ij r ij term is the short rangerepulsionterm due

to the Pauli Exclusion Principle, which prevents overlap of the closedshell electron

wavefunctions. Finally, the
P

n=6 ;8
Cn

ij

r n
ij

f n
ij term is the dispersion energy. This is

causedby attractiv e perturbation e�ects of the electron distribution on one ion on

3



the distribution on a neighbouring ion, such as van der Waals forces.

All compressibility and polarisability e�ects are ignoredby this model. It doesn't

allow non-sphericalelectron distributions, as causedby such things as being in an

asymmetricalcoordination site. Becauseof this, we will normally usea model which

allows non-sphericaldistributions via the e�ect of polarisation, the PIM.

1.3 Polarisable Ion Mo del (PIM)

This model is basedon RIM, but addspolarisability to the ions [8], most commonly

(but not always) the anions. Thesedipolesinteract both with themselves,and with

the ionic chargespresent.

masymptotic

mshort-range

Figure 1.3: Origin of the \short range" and \asymptotic" contributions to the dipole
that is induced by cation motion in a condensedphase.

In the casewherethe ionsand the dipolesarefar enoughaway that their electrons

don't overlap, then the resultant dipole is due only to coulombic e�ects. It is given

by equation 1.2:

4



~� i = � i

 
X

j

Qj ~r ij

r 3
ij

�
X

j

�
~� j

r 3
ij

�
3~r ij (~r ij � ~� j )

r 5
ij

� !

(1.2)

In the condensedphase,the dipole induction is modi�ed by the overlap of the

electron clouds. We can seethis by consideringan anion, surroundedby cations,

oneof which is o� its lattice site. This is depictedin �gure 1.3. As onecation moves

away from its lattice site, then it will induce a dipole on the polarisableanion (the

asymptotic dipole). This induced dipole will be such that the negative end points

towardsthe cation that is oppositethe onewhich movedaway. The overall dipolewill

be reducedin magnitudeby a seconddipole (the short-rangedipole), in the opposite

direction. This is causedby electron cloud overlap - the anion's electronswill move

into the gap left by the cation which moved. Thus, the asymptotic (coulombic)

component is opposedby the short range interaction. The short rangecomponent

is given by

~� i
short-range =

X

j 6= i

� i f (r ij )
Q~r ij

r 3
ij

(1.3)

where the f ij term is the short range damping parameter. Electronic structure

calculations have shown that this is best described by a modi�ed Tang-Toennies

function [9]:

f n
ij = � e� brij

nX

k=0

(brij )k

k!
(1.4)

This tends to -1 at r = 0, and to 0 at large r . The b term is the short range

induction damping parameter,which scaleswith the sum of the ionic radii:

b =
c

� i + � j
(1.5)

The c term is a constant for the given stoichiometry. For anions, it can reduce

the resultant dipole by up to 50%,an e�ect known as induction damping.

Previous studies have shown how polarisation a�ects the structure of solid and

liquid ionic systems[10, 11]. Someinvestigation hasbeendone in how polarisation
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a�ects the dynamics in real MX systems[12], real MX3 systems[13], the liquid-

vapour interface [14], and a few other systems.

1.4 Theoretical Mo dels for Ionic Systems

With MD simulations, weusean ionic model which describesthe individual ions,and

then calculate forcesand tra jectories for each ion. With most theory calculations,

we produce an equation for the property of interest, basedon an ionic model, and

solve this directly. This makesMD simulations more computationally expensive to

perform.

Theories of 
uid structure are faster to compute results from, and can quickly

provide a 
uid's RDF for many densitiesand temperatures. They allow you to trace

behaviours over a wide rangeof thermodynamic states,and for someproperties (eg

the low k limit of the structure factor) they can give a result with much lesscom-

putation that MD can. However, in order to make them solvable, it is necessary

to introduce simpli�cations. These lead to systematicerrors, particuarly thermo-

dynamic inconsistencies.As such, theoriescomplement MD, and neither can really

replacethe other.

At low density (just above the ideal gasregion), any 
uid only has weak inter-

actions. In this region, we can expressg(r) (the RDF) as g(r ) = exp(� u(r )
kT ).

At higher density, multi body e�ects come into play. The presenceof a third

body will restrict the available conformationsfor a pair of ions. As such, we need

to alter the g(r) expressionto include many body e�ects. This is normally donevia

an extra term:

g(r ) = exp
�

�
u(r )
kT

+ W(r )
�

(1.6)

The trick is then in picking a function for W(r). Many choicesfor W(r) havebeen

explored,but a discussionof theseis beyond the scope of the thesis. For this thesis,

I have been involved in testing a theory whoseW(r ) is basedon the Hypernetted
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Chain Approximation (HNC). The theory has beendeveloped for polarisable ionic


uids by Dr A. Gray-Weale in this group. A full account of this theory (which is

beyond the scope of the thesis) is given in reference[1].

The useof equation 1.6 normally requiresa pair potential, as is the casewhere

the dipolesbehave asclassicaloscillatorsin thermal equilibrium with the ionic coor-

dinates,or for the rigid ion model (wherepolarisation e�ects are ignored). However,

the situation we'd really like is to have the systemin its ground electronicstate, as

this is more physically correct, sincekT �
�

! . This can be represented by min-

imising the energyacrossthe wholesystem,solving @V
@� i

= 0, for the dipoleswith the

ions �xed. In this situation, our systemis no longer governedby pair potentials. In

reference[1], a way to calculate the RDF for a system with @V
@� i

= 0 and with the

usual 
uid structure theory (HNC) is proposed. In section4.1, we will test how well

this theory works.

Theoreticalmodelsdeliver a \broad brush" approach. As such, it is normal to ap-

ply them to a simple ionic model. A commonapproach is to pick the SimpleMolten

Salt Model (SMSM) [15]. With a SMS, there are a number of simpli�cations to the

ionic model. Firstly, the short rangeattractiv e part is givenby USR(r ) = 1
9( �

r )9. The

system has ions of equal and opposite charge (MX stoichiometry). For the theory

we're examining, the model hasbeenextended,and the anionsare polarisable.

1.5 Corresp onding States

When using theoretical models, it is normal to try to make them as general as

possible. One commonway to aid in this goal is through the useof corresponding

states [16]. With corresponding states, we try to come up with a minimal set of

parametersto specify the system. We then apply relationships to generateall the

other parametersof the systemfrom these. Thus, when moving from onesystemto

another, we only needto know a few speci�c things to be able to comeup with all

the parametersour simulation or theory requires. In essence,we combine physical
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quantities together into a smallernumber of dimensionlessparameters,and useonly

theseto represent the di�erences betweensystems.

One example of corresponding states is with Lenard-Jonessystems. Here we

can use the scaled temperature T � = kT
� (where � is the depth of the potential

minimum) in calculations, to encapsulatethe systemdi�erences. A more common

use of corresponding states is within the Restrictive Primitiv e Model (RPM), a

simple model for ionic systems.Here, instead of u = � Q2

�r , we usea generalform of

u = � �

r (where � � = Q2 �
� , � is now the dielectric constant, and � is the reciprocal

thermal energy � = 1
kT ). We now only needthe one parameter, where previously

we required three. As an aside,we also notice the useof � in theseequations. One

of the objectivesof this thesis is to seeto what extent the e�ects of polarisation on

the properties of the simulated 
uid could be treated asa dielectric screeninge�ect

in the manner of the RPM. More on this can be found starting in section4.3.

By writing our theory to take advantage of such corresponding states, we can

make it far moregeneral.As seenabove, we de�ne a scaling(or reduced)parameter

in terms of our physical parameters,and then useonly this. By altering our scaling

parameter,we can move to the systemof interest. Such changes,for example,allow

the RPM to model both molten (T � = 0:05 at critical point) and aqueousNaCl

(T � = 0:15 at 298k), simply by altering � � or T � accordingly.

The scaling parametersfor use with the RPM on MX systemsare well known

[16],and have beenshown to apply with only limited changesto polarisablesystems

[1]. In chapter 4, we will investigate a number of potential scaling parametersfor

describingthe dynamic properties of the system.

1.6 Prop erties of In terest

In this section, we will look at the theoretical basis for the properties of interest

in our ionic 
uids. Theseare Pressure,Di�usion, Viscosity, Structure Factors, and

Neutron Di�raction Patterns.
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1.6.1 Pressure

The pressureof the system can be determined by a number of di�eren t methods,

dependingon which statistical mechanical properties are closestto hand during the

simulation.

For the MD code used with this thesis, the pressurewas calculated from the

virial pressureexpression,which for this material has three components. The �rst

component is the \k B T" term, equal to �k B T. This is the ideal gaspressure.The

secondcomponent comesfrom the short range potential. The �nal component is

the coulombic pressure.A specialproperty of coulombic 
uids is that the coulombic

term of their pressureis directly proportional to the coulombic energy.

Full details of calculating pressuresfor MD systemscan be found in reference

[17].

1.6.2 Structure Factors

To get the structure factors for a MD simulation, there are two main ways. We will

seeone of them in section 1.6.3, when we calculate Neutron Scattering Patterns.

For calculations of the partial structure factors, the secondmethod was employed.

In this, we directly averageover the correlation functions of the Fourier components

of the ion densities:

S�� (k) = (N � N � )� 1
2

*
X

i 2 �

X

j 2 �

exp[i~k:~r ij ]

+

(1.7)

Where � and � are the ion types,e.g. Sanion;anion .

In e�ect, this looks at all the possiblek vectors in turn, and calculates their

contribution. As we get to larger k values,the number of vectorsfor that k distance

increasesrapidly. As such, it doesn't scalevery well out to large distances. Also,

the smallestk value we can seeif restricted by the periodic boundary conditions to

be 2�
L . Due to these restrictions, the structure factors haven't been calculated at

out asfar asthosefrom the theory, nor at quite such low k values. It is at theselow
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k valuesthat the special properties of coulombic 
uids manifest themselves,so this

method is may be of usefor investigating thoseproperties in larger box sizes.

We usethis method to calculate the three partial structure factors, anion-anion,

anion-cationand cation-cation. From these,it is possibleto calculateother structure

factors. For MX systems,the number-number structure factor is given by

Snn =
Scc + Saa + 2Sca

2
(1.8)

where cc is cation-cation, ca is cation-anion etc. Meanwhile, the charge-charge

structure factor for MX systemsis found from

Szz =
Scc + Saa � 2Sca

2
(1.9)

1.6.3 Neutron Scattering Patterns

The main way to calculate the neutron scattering patterns for a MD simulation

is to work from the structure factors, and weight them according to the neutron

scattering length for each ion (found experimentally).

One way to calculate the structure factors was given in section 1.6.2. As was

noted there, it is computationally expensive to usethis method at large k values. A

secondmethod to calculate the structure factors is simply to calculate the Fourier

transformations of the RDFs, computing:

S�� (k) = � �� + 4� n0
p

c� c�

Z
dr(g�� (r ) � 1)r

sin(kr )
k

(1.10)

Wherec� is the concentration of species� . This method is much faster, provided

the RDFs have beencomputed(which they have in this case).However, this method

cansu�er truncation errorsask becomescommensuratewith the simulation box size.

Therefore, we are restricted to calculating out to valuessmaller than the box size.

For us, this is a su�cien t distance,and so this is not a problem.
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In this thesis,all the neutron scattering patterns werecalculatedusingstructure

factors from equation 1.10.

To go from the structure factors to the neutron scattering pattern, we use

N Stot (k) = b2
ccc [Scc(k) � 1] + 2babc

p
caccSca(k) + b2

aca [Saa(k) � 1] (1.11)

wherebx is the coherent neutron scattering length of speciesx, cx is the concen-

tration of speciesx, Sxx is the x-x partial structure factor, and a and c are anion

and cation respectively.

This resultant function N Stot (k) is directly comparablewith the experimental

total neutron weighted structure factor.

1.6.4 Di�usion

The di�usion coe�cien t for any given speciescan be found from the mean squared

displacementsof the ions of that speciesby applying the Einstein relation

Da = lim
t !1



j�~ra (t)j2

�

6t
(1.12)

where �~ra (t) is the displacement of any ion of speciesa in time t. An alternative

route to the di�usion coe�cien t is via the velocity auto-correlation function,

Da =
1
3

Z 1

0
h~va (t) � ~va (0)i dt: (1.13)

One problem with the useof equation 1.13 it is that it is di�cult to tell when

the correlation function has died away to zero. This can lead to small, systematic,

long-time correlationsbeing neglected.Becauseof this, all the di�usion coe�cien ts

in this thesiswere calculatedwith equation 1.12.

For examplesof the curvesproducedby MSD calculation programs,and reading

them, seesection 2.2.2, especially �gures 2.2 and 2.3. To read the graphs,we �nd

the di�eren tial of the MSD graph, and take the value at the �rst proper minima, as
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is shown in �gure 2.3. A more detailed description on using MSDs to �nd di�usion

coe�cien ts, including reading the graphs, can be found in chapter 2 of reference

[12].

1.6.5 Viscosit y

This is another dynamic property of interest, which is relatively easyto calculate.

The shearviscosity � is given by the time integral of the autocorrelation function of

an o�-diagonal element of the stresstensor:

� =
�
V

Z 1

0
h� �� (t) � � �� (0)i dt (1.14)

The viscosity is a multi-particle property. Beinga property of the systemasa whole,

it is not possibleto perform additional averaging over the N particles. This leads

to � having much poorer statistical properties than the likesof D. It is possibleto

improve the precisionof the data by averagingover di�eren t components, � � = xy,

yz; xz, x2 � y2, 2z2 � x2 � y2 of � �� .

To �nd the value for the viscosity, we integrate the averagestresscorrelation

function, and then read o� the value at the �rst proper maxima, as seenin �gures

2.4 and 2.5. As for di�usion, examplecurves can be found in section 2.2.3, and a

full description is given in chapter 2 of reference[12].
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Chapter 2

Run Lengths And Av eraging

Most of the properties of interest are averages. We need to considerhow long it

will take them to reach their steadyvalues,so we can ensurethat our runs are long

enough to give meaningful results. We also need to investigate if averaging over

independent runs at the samestate point will o�er any improvements on the quality

of the data. This is necessarybecausewe want to test a theory which doesnot su�er

from �nite run lengths.

In this chapter, we look at averagingand parallelisation with computer clusters,

and seehow this can help us. We then consider some of the pitfalls associated

with deciding on appropriate run lengths. Finally, we apply this to our systemsof

interest, to decidethe run lengths and averaging to be usedin our data gathering

runs.

2.1 Parallelism and Simulations

We needto ensurethat our results are reproducible. One of the things commonly

done to ensurereproducability is to repeat every experiment a number of times.

The repeated results can be usedto verify that you have a stable value. They can

alsobe averagedtogether, to improve the statistics of the results.

In computational simulations, typically the computing time is expensive and in

short supply. Many peopleopt to run a simulation for as long as they can to get

a result, instead of doing a number of identical shorter runs, which may not be
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su�cien t to get any results from.

Over recent years, the move has started from using single, large computers to

clustersof smallercomputers. In many cases,a cluster of smallercomputersworking

together o�ers a much better price/performanceratio than a single,largecomputer.

However, programming for a large number of machines is signi�cantly trickier than

for one single machine, and often involves large communication overheads,which

marr the performance.

2.1.1 Programming for Clusters

The MessagePassingInterface (MPI) [18] is a language-independent way of pro-

gramming for clusters. It de�nes ways to send,receive and managedata betweena

number of computers. It requiresthe programmerto explicitly code how the di�er-

ent nodesof the cluster will interact with each other, and how to parallise the task

in hand. This is relatively hard, and the method carries with it a fair number of

overheads,but when donewell allows the job to be e�cien tly spreadover a number

of machines. There are a number of MPI implementations, the most common of

which is MPICH [19].

An alternative model for clusters is to write locally multi-threaded jobs, and

then usean environment like OpenMosix [20] to handledistributing threadsaround

the cluster. This requireslessprogrammere�ort, and is suitable for di�eren t kinds

of tasks (typically better for more independent, concurrent tasks) [21].

The other main model for clusters is PVM [22]. Programming this is similar to

MPI, but the parallisation is handled di�eren tly, and o�ers someadvantages and

disadvantagesover MPI [23].

A full description of thesemethods of programming clusters is well beyond the

scope of this thesis. As a result of the level of support provided by the Oxford

SupercomputerCenter [24], the MPI environment was selected.
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2.1.2 Using MPI with MD

As we have already seen,there are three problemswe face- how to get repeatable

data, how to easilyget data from a number of nearby state points, and how to make

e�ectiv e useof the supercomputerclusters that we have accessto.

One solution would be to write a seriesof MPI helper libraries, to co-ordinate

the running of a number of independent jobs acrossa cluster. Such a schemewould

be limited in run length by the speedof the individual cluster machines (it would

not sub-divide the work of one job acrossmachines). However, as we will seelater,

this isn't a large problem. The schemeshould touch as little of the existing code

base as possible, should be easy to use, and should allow one to quickly set up

runs at a large number of state points. Thus, the task of collecting data for four

adjacent temperatures, with four runs per state point, moves from being lengthy

and problematic to fast and easy.

Such a systemwaswriten, and moredetails on it are to be found in the appendix

A.

2.1.3 Long Runs and Av erages

In order to make use of the cluster, we need to considera number of things. We

needto �nd the minimum run length which will give us correct values. We needto

seehow averagingwill a�ect our results. We needto considerthe available resources

- are lots of shorter runs better than a small number of larger runs?

One thing we must be very careful of is stable valuesversuslong time values.

Later on in this chapter, we will seeseveral examplesof this phenomena.A stable

value is consideredto be the repeatablevalue that is tended towards as a number

of identical length runs are averaged. A long time value is consideredto be the

repeatablevalue that is tended towards as the run length is increased.

What we must be careful of is wherethe stable value at a given run length isn't

the long time value. If we are not careful, we may pick a run length that gives
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repeatablebut incorrect answers. To avoid this, we must ensurethat when testing,

we do runs at a number of di�eren t run lengths, and ensurethat our chosenlength

givesthe sameanswer as longer runs.

Using �gure 2.4asan example,we seethat for 100,000stepruns, the stablevalue

for the shearviscosity is around1.1x10� 13au. For 200,000step runs, the stablevalue

is around 1.4x10� 13au. For 500,000and 1,000,000step runs, the stable value is the

long time value of about 1.3x10� 13au. Were we to only do runs at 50k and 100k

steps, we might erroneouslydecidethat 100k was a long enoughrun, as it gave a

repeatableanswer. However, by doing longer runs, we seethat while the 100kvalue

is repeatable,it isn't correct!

For all the propertiesof interest, wemust do test runs to decideon an appropriate

run length and degreeof averaging. We must do runs larger than our intended

length, to ensurea repeatable value is the long time value. We should also check

that we are applying enough averaging. This must be done for every property

under investigation, as the results will di�er betweenproperties, especially between

structural and dynamic ones.

2.2 ScCl 3 Testing

For this section,a number of runs of di�eren t length weredone,and then a variety of

averagingwasapplied to these. The aim was then to discover what the optimal run

lengths and averagingwould be for the properties of interest, given the computing

resourcesavailable. For the ScCl3 testing, the sets looked at were 100k runs at 1,

2, 4 or 8 averaged,200kruns at 1, 2 or 4 averaged,500k runs at 1, 2 or 4 averaged,

and a single1m run.

After looking at all the properties of interest, it was decided to do the data

gathering runs at 400ksteps,averagedover 2 independent runs.
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2.2.1 Pressure

The �rst property of interest for ScCl3 is the pressure. Figure 2.1 shows us the

e�ects of the averagingand run length on the system'spressure.

Looking at 2 runs averaged,we seethat the 200k and 500k runs have largely

converged. The fact that at 4 runs, they arestill convergedtogether,but at a slightly

higher value is of slight concern. However, the magnitude of the di�erence is very

slight, and could possibly be considereda measureof the error.

We can seethat the 500kand 1m runs are at the samevalue, which tells us that

by 500k runs, the pressurevalue has convergedwith respect to run length. Since

the 200k and 500k runs are convergedat 2 and 4 runs, this tells us that by 2 runs

averaged,the value hasconvergedwith respect to run averaging.

The chosenvalue of 400k and 2 runs averagedshould be long enoughand with

enoughaveraging. It alsofalls in the centre of the graph, and assuch shouldproduce

meaningful results.

Figure 2.1: The Pressureof ScCl3 asthe run length is altered, and di�eren t numbers
of runs are averagedover.
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2.2.2 Di�usion

Another set of properties of interest are the di�usivities and conductivities. In this

thesis, we have tended to focus on ion di�usivities, rather than on conductivities.

In general,very similar results to the di�usivities are found for the Nernst-Einstein

conductivity, sincethis is a weighted averageof the di�usivities. Real conductivities

requiremuch longerruns, and sotheir valueswerenot werenot routinely calculated.

When looking at the run lengths and averagingto be used,asseenin �gure 2.2,

only anion di�usivities have beenstudied in detail. However, it was checked that

the cation di�usion and the Nernst-Einstein conductivity showed identical trends,

as would be expected.

Figure 2.2: The e�ect of run length
and averaging on the Cation MSD
Di�erence valuesfor ScCl3.

Figure 2.3: Using several similar
state points graphsto aid in reading
o� MSD Di�erence values.

The low averageruns at 100kand 200khave close,but slightly incorrect values.

With the 100k runs, at high averages,the results tend towards the correct value,

but are still very slightly o�. The high average200kruns are better than their 100k

equivalents, but are still very slightly o�. All the 500k runs give the correct values.

However, at low averages,it is very hard to seeexactly where to read o�. Adding

averaging doesn't alter the (correct) value, however it does make it signi�cantly

easierto identify the region of the graph to read from. The di�erence betweenan
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averageof 2 and 4 is slight, and can be equally achieved by comparing the graphs

from two similar runs (which will have almost identical read-o� points).

As such, using a run length of 400k, and averaging over two runs wouldn't be

quite good enoughto be sure, if we were looking at a run on its own. However, as

we are always looking at a number of similar runs, it is �ne. This can beenseenin

�gure 2.3.

2.2.3 Viscosit y

Figure 2.4: The e�ect of run length
and averaging on the StressCorre-
lation Integrals for ScCl3, with the
long time large average value indi-
cated.

Figure 2.5: Using several similar
state points graphs to aid in read-
ing o� Stress Correlation Integral
graphs.

We can seethat all of the graphs in �gure 2.4 are very noisy. Even runs done

during the initial investigationof 2 million stepsshowed a fairly high degreeof noise.

This canbe traced back to the much lower degreeof averagingduring the calculation

than in other properties, as discussedin section1.6.

The 100kruns arequite o�, comingin with a valuestoo low. The higher average

runs do have a fairly consistent value, however it's not the correct one. The 200k

runs are also o�, with valuesthat are too high. For the 500k runs, the single run

has almost the correct value, but one might be tempted to read o� at a di�eren t

(incorrect) point. The higher averageruns give the same(correct) value, and the
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region to read from is quite easyto see. The single 1m run has the samevalue as

the 500k runs, indicating we've reached the long time value.

With 400kruns and only 2 runs averaged,spotting the peak to read from might

be slightly tricky. However, we can take advantage of the fact that runs at similar

state points will have very similar regionsto read from. As such, provided we plot

a number of similar runs at once,we are able to reliably read o� the correct values,

having easilyspotted the peakregionby looking at the multiple curves. A 400krun

is also a long enoughrun to get the correct value out, providing you can �nd the

correct point to read at, as seenin �gure 2.5.

2.2.4 Neutron Di�raction Pattern

Figure 2.6: The e�ect of run length and averagingon the Neutron Scattering Pat-
terns for ScCl3, showing the limited e�ects seen.

As seenin �gure 2.6, the run length hasvery little e�ect on the neutron scattering

pattern. Even the shortest run with the minimal averaginggives almost the same

scattering pattern as the longestrun with the greatestaveraging.

This highlights the big di�erence betweenthe run lengthsrequired for structural

propertiescomparedto dynamic properties. The structural patterns aregivenby the
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common(typically ground) statesand positions. In dynamics,most of the processes

depend on infrequently occupied rare (often excited) states and positions. The

neutron pattern looksat wherethe ions normally are, while converselythe di�usion

requires them to move through locations where they are normally not. Thus, in

order to get the sameamount of time in the states which have the most e�ect on

the behavior of interest, we must run the simulation for much longer for dynamics

than for structures.

If we wereonly looking into structural issues,we could get away with very short

runs and minimal averaging(if any). As it is, the chosenrun length and averaging

is more than enough.

2.3 Theoretical Mo del Testing

For this section,againa number of di�eren t length runs weredone,with a variety of

averagingstrategiesapplied to them. As with the ScCl3 work in section2.2, the aim

wasto discover the optimal run lengthsand averaging,for the propertiesof interest.

In the testing, the setswere 50k runs at 1, 2 or 4 averaged,100k runs at 1, 2 or 4

averaged,and 200k runs at 1 or 2 averaged.

After analysingthe resultsfor the propertiesof interest, it wasdecidedto perform

the data gathering with runs of 100k steps,averagedover 2 independent runs.

2.3.1 Pressure

Figure 2.7 tells a similar story to the ScCl3 work in section2.2.1,but with slightly

smaller run lengths. We can seethat 200k runs averagedtwice o�ers very little

advantageover 100kruns averagedtwice. As such, opting for the shorter run length

should be �ne. The di�erence between 100k at 2 and 4 runs is small in absolute

terms, and so is nothing to worry about. It may be a useful indication of the errors

in recording the pressures.

21



Figure 2.7: The Pressureas the run length is altered, and with di�eren t numbersof
run are averagedover.

2.3.2 Di�usion

Looking at �gure 2.8,we seesimilar things aswith ScCl3 (section2.2.2). The lowest

run length and averagingdoesn't give the correct value, though the high averaging

almost does. With the low averagesat 100k and 200k, the graphs are quite noisy,

so it's hard to read o� the correct value. The higher averaging at 100k and 200k

avoid this, so we're �ne with using 2x100kfor our data gathering.

2.3.3 Structure Factors

Looking at �gures 2.9 and 2.10,we seeonly limited di�erences betweenthe graphs.

Apart from the very lowest run lengths and averaging,all of the runs give perfectly

�ne structures. As such, 2 runs at 100k is more than good enoughto give us our

structure data.

This results re-inforcesthat fact that dynamics are much harder to �nd than

structures, and require much longer runs. Were we only studying structures, two

50k runs would have been good enoughfor all except the very highest resolution

studies.
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Figure 2.8: The MSD Di�erences for the cationsasrun length is altered,anddi�eren t
numbers of runs are averagedover.

Figure 2.9: The Charge-Charge
structure factors for the theoretical
systemas run length is altered, and
di�eren t numbers of runs are aver-
agedover.

Figure 2.10: The Number-Number
structure factors for the theoretical
systemas run length is altered, and
di�eren t numbers of runs are aver-
agedover.
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Chapter 3

System Size E�ects

As wasseenin section1.1,we have to apply a number of tricks to dealwith the small

simulation cell sizes.Someof thesewill a�ect our results. Becausethe objective is

to test a theory, we need to �nd the system size at which results will be closeto

thoseof an in�nite system.

In most cases,the systemsize(box sizeand number of particles) is constrained

by the available computing resources. The larger the number of particles in the

system,the longer the runs will take. We therefore tend to pick the largest system

size that we can, which still givesmanageablerun times for the run lengths we've

decidedare needed.

While we may have only limited control over what systemsizewe pick, we should

still try to test what sort of an e�ect our chosensize will have on the results we

produce.

3.1 E�ects on ScCl 3

For this section, all runs were done for 400,000steps,and averagedover two inde-

pendent runs, asdecidedfrom chapter 2. The exceptionsare the 864ion run, where

a systemfailure meant the runs werevery slightly shorter, and for the 1372ion run

(marked with a red cross),which wasdonefor 500,000stepsand with only onerun.

All our data gathering runs in chapter 5 were donewith 500particles.

Looking at �gure 3.1, we seelarge e�ects on the pressureat the small system
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Figure 3.1: The SystemSizeE�ects
on the pressurein ScCl3.

Figure 3.2: The SystemSizeE�ects
on the viscosity in ScCl3.

Figure 3.3: The SystemSizeE�ects
on the anion and cation di�usivities
in ScCl3.

Figure 3.4: The SystemSizeE�ects
on the Neutron Scattering Pattern
of ScCl3.

sizes.As we move into larger systems,the pressureseemsto converge. It seemsthat

our chosensize of 500 particles has quite small system size e�ects for pressure,so

its result should be fairly representativ e.

In �gure 3.4, we seeremarkably little alteration in the neutron di�raction pat-

terns as we increasethe systemsize. The secondpeak, and the �rst minima show

slight changes,but the pre-peak is largely una�ected. Sincethe pre-peak (at � 1

au� 1) depends on intermediate range ordering (seesection 5.1.1), we might have

expected a bigger e�ect on it with the smaller box sizes. Given the importance of

intermediate rangeordering on the neutron pattern, it would be interesting to run
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a simulation with a very much larger box size,and seeif anything changes. Since

the neutron scattering pattern requires much smaller run lengths than the other

properties in order to give good values,such a study wouldn't be too hard to run.

Figure 3.3 shows that the di�usion is a�ected by systemsizefor small box sizes.

However, for the larger box sizes,there is very little variation at all. It seemsthat

our value of 500 is the �rst for which the di�usivities have converged,and as such

its valuesshould be fairly representativ e.

Figure 3.2 shows a more complexpicture for viscosity. Again, small systemsare

insu�cien t for good values. However, the picture doesn't settle as much for larger

systemsas the other properties. Without data for even larger systems,we can't be

sure what value the viscosity will eventually tend to. This meansthat our values

from 500 ions may not be properly representativ e, but hopefully any trends shown

will be correct. Without a run from an even larger system,we can't quantify how

far our 500 ion system'svalueswill be out.

In general,the systemsizee�ects on ScCl3 at 500particles are slight, except for

the viscosity.

3.2 E�ects on Theoretical System

Figure 3.5: The System Size Ef-
fects on the pressurein Theoretical
Model.

Figure 3.6: The SystemSizeE�ects
on the di�usivities in the Theoretical
Model.
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For this section, all runs were done for 100,000steps, and averagedover two

independent runs, asdecidedfrom chapter 2. All our data gatheringruns in chapter

4 were donewith 686particles.

Looking at the pressurefrom �gure 3.5, we seea very marked e�ect for small

box sizes,with a large variation in values. However, at larger box sizes,the value

convergesquite nicely. It appears that our values from 686 ion systemswill be

representativ e.

Figure 3.6 shows two things. Firstly, we can seethat the di�usivities have a

complexrelationship with box size,but onewhich appearsto convergefor the larger

box sizes. Secondly, we see that the anion-cation di�usion di�erence is neither

constant, nor dependent on the magnitude of the values. Clearly, somecomplex

relationship exists, which cannot be easily explained.

From �gure 3.6, we can't be entirely surehow representativ e our di�usion coe�-

cients from a 686ion systemwill be. It looks that the valuesare bouncingaround a

consistent value in the last 3 systemsizes,however without data from an even larger

system,we can't be sure. We hope that our valueswill show all the correct trends,

even if it may later transpire that their absolutevaluesare very slightly out.

A systemsizeof 686 ions seemslike it should give fairly representativ e results,

but data from a larger run than 1024ions will be required to verify this fact.
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Chapter 4

Theoretical Mo del Work

In this section,we will look at how MD studiesmay be usedto con�rm and augment

the predictions of the PSMS model.

The data from every state point are in fact the averageof two independent runs

at that state point. This allows us to have greater con�dence in our results than

might otherwisebe the case.

Scaledunits (seesection1.5) are usedwith this model.

4.1 Validating The Theory

Beforewe cangoon to make predictionson the dynamic propertiesof the theoretical

system,we needto ensurewe can generateoverlapping results. This has two aims,

the �rst of which is to ensure that we are correctly modelling the samesystem.

The secondof theseis to validate the theory's results. As we saw in section1.4, the

theory makesa number of approximations, and is not thermodynamically consistent,

while MD is. If we do get an agreement in results, we have shown that the results

from the theory are correct.

As hasalready beenseen,the theory entirely concentrates on structural aspects.

With this in mind, we needto check the overlap betweenour structural data and

the theory's. The structural data in question is the Szz (charge-charge structure

factor), the Snn (number-number structure factor) and the RDFs. Theseshould be

comparedfor a number of di�eren t temperatures and polarisabilities, to ensurea
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good match.

As we can seefrom �gures 4.1, 4.2, 4.3 and 4.4, we do have the required good

agreement betweenthe simulations and the theory.

Figure 4.1: Szz match at
� =0.075, T=4510k

Figure 4.2: Szz match at
� =0.100, T=5588k

Figure 4.3: RDF match at
� =0.075, T=5588K

Figure 4.4: RDF match at
� =0.100, T=5588K

However, we have not just checked for good agreement at only thesefour state

points. Thanks to the useof the MPI code(seesection2.1.2),wehavestructural data

from a very large number of state points. Correct matcheswere checked at a very

wide rangeof densitiesand polarisabilities, aswell asat threeseparatetemperatures.

This allows us to have a high degreeof con�dence in the accuracyof the theory's

predictions, as well as in our abilit y to model the samesystemas it.

Without the MPI system, it is hard (and typically quite time consuming) to

thoroughly test theories. The MPI method is not only a faster simulation method

(when covering a number of state points), but through its automation of running
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MD simulations at a wide rangeof state points, is a largehelp with the development

of new theories.

4.2 Cavitation

Figure 4.5: Showing the regionsof cavitation and non cavitation, and how density,
polarisation and temperature a�ect these.

Oneof the striking predictionsof Gray-Weale'stheory wasa very strong e�ect of

polarisation on the apparent phaseseparationof the 
uid into high and low density

regions. Since the critical behaviour of ionic systemshas been the focus of much

theoretical interest, it is important to validate this prediction.

At lower densitiesand temperatures, the system can becomemechanically un-

stable [25]. The point of mechanical instabilit y neednot be near thermodynamic

instabilit y, and happensto fall within the region of interest. When a systemis me-

chanically unstable, it is liable to cavitate. On cavitation, the systemsplits into two

parts, a higherdensity regionand an empty region. The spinodal curve is the bound-

ary betweenthe unstableregion(mechanically unstable,cavitation occurshere)and

metastableregion (unstable, but requiresa trigger to cavitate). The binodal curve

is the boundary betweenthe metastableand stable regions.
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The theory predicts that polarisability will inhibit cavitation. Speci�cally, it

predicts a strong supressionof large scalenumber density 
uctuations with polar-

isation. However, as the theory is thermodynamically inconsistent, these results

previously couldn't be trusted. Looking at �gure 4.5, we seethat prediction does

appear to be the correct. Figure 4.5 is a plot of dp
d� for a number of temperaturesin

rigid and polarisableruns. Thesegraphsvalidate the theory's predictions, sincethe

polarisable run curves occur above their rigid counterparts. The plot of the pres-

suresthemselves can be seenin �gure 4.10. It can be easily seenthat the pressure

di�eren tial graph (4.5) is much better for spotting the regionsof cavitation than the

pressuregraph(4.10),which is why it hasbeenused. To spot cavitation in �gure 4.5,

we needto look at the gradient. Straight, positive lines indicates that the pressure

increaseswith increasingdensity, as would be expected. When the gradient is only

very slightly positive, the systemis closeto cavitation. When the gradient is nega-

tive, the systemhas cavitated. As we decreasethe density, the pressureincreases,

becausethe cavit y is growing.

The �gure also shows that in many cases,polarisability will prevent cavitation

for one jump in density, a changeof 0.05or about 20%. The graph also highlights

the regionsapproaching cavitation, where the dynamic properties may be a�ected

by impending cavitation, but where cavitation hasn't occured. In theseareas,the

dynamic properties will may not follow the non cavitated trends, owing to the un-

usually large distancesbetween the ions. As it may not be immediately obvious

that the systemis a�ected by impendingcavitation, the di�eren tial graph is a good

way to spot such regions. However, the e�ect to which the proximit y to the cavita-

tion point will a�ect the dynamic properties is unknown, and would require a large

number of simulations around the point cavitation to study.

Unfortunately, we only have data on 3 di�eren t temperatures,which is not suf-

�cient to quantify the temperature e�ect on preventing cavitation. Runs at a few

more temperatureswould be required to do this. In generalthough we can seethat
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increasingthe temperature inhibits cavitation, aswould be expectedto be the case.

Figure 4.5 shows us the e�ect that polarisation has on the occuranceof cavi-

tatition, which is not insigni�cant. This meansthat a system such as the RPM

will be insu�cien t for properly predicting cavitation. Many studies(such as [25]) of

phaseseparationuse the RPM, to keepthe systemssimple enoughto allow study.

However, theseresults indicate that polarisation does have a not insigni�cant role

to play in cavitation and possibly the coexistencecurve. As such, future studies

may wish to include it.

Figure 4.6: The systemhaving cavitated. Occursat low density, and is more likely
without polarisability.

Looking at �gure 4.6, we notice that there is chargeneutrality at the surfaceof

the cavit y. On cavitation, SN N becomeslarge at small k, as the cavitation causes

a hole to form in the liquid. However, limk! 0(Szz) = 0, i.e. charge neutrality is

maintained, sinceanything elsewould incur a large energypenalty.

At the surface, the ions will be in an asymmetric environment. In any asym-

metrical environment, polarisation is important. In ScCl3, polarisation has a big

32



e�ect to play on how the chlorides behave in their asymmetric, 2 coordinate about

scandiumenvironment, as we shall seein chapter 5. We will seethe charge e�ects

shortly.

It has beenshown [14] that the presenceof polarisation leadsto much rougher

liquid-vapour surfacesfor ionic 
uids.

This (several e�ects, including entropy, e�ects may opposeeach other)

can be partially explainedby the needto minimise the energy, which favours the

asymmetric environments where the dipolesaren't cancelled.Another factor is the

systementropy - the rougher surfacehas more potential con�gurations, and hence

a greater entropy.

Thesemight be expectedto causepolarisation to incite cavitation. However, we

�nd the opposite is true, and polarisation inhibits cavitation.

Clearly there are a number of factors at play here. In the rigid system, ion-ion

charge interactions have a notable e�ect. By cavitating we increasethe density

in the region where the ions are; a processwhich is coulombically favourable, but

which may or may not lead to an increasein free energy. Also, as we decrease

the density, the system has fewer and fewer potential con�gurations it can be in,

and eventually there is a large entropic gain by forming a fault. In the polarisable

system, in addition to the ion-ion charge energy (which favours density increase

and cavitation), we also have the dipole e�ects of polarisation. The polarisation

shieldslike ion interactions, which meansthe systemwill have more con�gurations

at a given density than a rigid system,and will be more able to respond to a stress

without cavitating. Finally, we have an extra entropy term arising from the dipoles

on the polarisableanionsat the surface,which have a variety of possiblealignments.

All of thesetogether lead to polarisation inhibiting cavitation.
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4.3 � (0) Results

As we saw in section 1.5, the use of corresponding states and reduced variables

increasesthe applicability of theories. Previously, no work hasbeendoneon �nding

an appropriate reducedparameter for describing the dynamic properties of simple

polarisableionic systems.In the next two sections,we will considertwo candidates

for a dynamic properties reduced parameter, and see how well they work. We

will examine the variation of the di�usion coe�cien ts for a seriesof systemswith

di�eren t polarisabilities (and densitiesin section4.5), and seeif the behaviour can

be accounted for by a singledimensionlessquantit y, which measuresthe strength of

the polarisation e�ect.

Two of the obvious choices for our dimensionlessquantit y (which we will be

plotting our data against) are � (0) (the static dielectric constant) and � 1 (the high

frequencydielectric constant). It shouldbe noted that thesedielectric constants are

associated with the anion's dipoles, and not with charge rearrangements. As was

seenin section1.6, many of the properties of interest are themselvesaverageprop-

erties. Sincethe static dielectric constant covers averagesover long timescales,we

postulate that the static constant could be the better of the two dielectric constants

to consider.

The value for � (0) can be found by �tting to the �rst part of Szz curve. At low

valuesof q, the structure factor may be expandedout in the form S(q) = � 2
D q2 +

O(q4). From the Stillinger-Lovett conditions, we know that (� (r im )
D )� 2 = 4� � � .

We also know that if the rigid ions were embeded in a dielectric continuum, then

� � 2
D = 4� � �

� 0
= (� (r im )

D )� 2=�0, and hence� 2
D = � (0)(� RI M

D )2. In these, and future

equations,� = 1
kB T .

By applying the above relationshipsto our simulation results for the polarisable


uids, we can comeup with an expressionfor the structure factor in terms of � (0),

an e�ectiv e dielectric constant. This allows us to �nd values for � (0) from curve

�tting to the low q structure factor. The equation is:
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S(q) = (� RI M
D )2q2� + O(q4) (4.1)

As was seenin �gures 4.2 and 4.1, there is a very good agreement betweenthe

simulation valuesand the theory valuesfor Szz. Equation 4.1 shows that to �nd our

valuesof � (0), wecan�t to the low q valuesof Szz, provided wehavepreviously found

� RI M
D . Sinceq is inverselyproportional to distance,the lower the q value required,

the larger the simulation box sizeneedsto be. As hasalready beenmentioned, one

of the advantagesof the theory is it allows us to get information for larger length

scalesthan the simulation would yield, for similar expenditure in computing time.

The data available from the simulation doesn't go out to low enoughq to allow

an accuratecurve �t. The �tting is very sensitive to the number of valuesavailable,

and for the simulation sizesused,it isn't possiblebe con�dent in a �tted value from

the data. As such, it isn't possibleto accurately determine a value for � (0) from

the simulation runs. Instead, the theory was used to calculate values for Szz and

� (0). The low q values for Szz were plotted against the simulation values, and it

was ensuredthat there was a good match. Since the two agreedon the lowest q

Szz valuesaccessiblein the simulation, it is possibleto usethe theoretical valuesfor

� (0).

Unfortunately, the theory runs have problems converging at large valuesof � ,

which leadsto us only having Szz curvesfor the smallerpolarisabilities. This means

we can only plot out the di�usivities against � (0) for a limited number of points.

Looking at �gure 4.7,weseethat both the anionsandcationsshow a temperature

dependencein how their di�usivities changewith � (0). We also seethat generally,

the cations have higher di�usivities than the anions.

As a result of the limited number of data points (both in terms of temperatures

and against � (0)), it is not possibleto accurately quantify the relationship of the

di�usivities to � (0) and temperature. Studies at a number of extra temperatures

(both a wider range, and with smaller jumps) are really needed. In order to get
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Figure 4.7: Showing the e�ects of polarisability (via � (0)) on the di�usivit y. Cations
show greater di�usivit y, and both ions show a temperature dependence.The tem-
perature is in scaledunits.

theseextra data points, either the theory will needtweakingto allow it to converge

at higher polarisabilities, or the MD runs will needto be donewith larger box sizes

(allowing better low q �ts, but with a large increasein computation time).

Looking at the graphs, it is not possibleto comeup with any sensibleempirical

�ts as we do in other areas.The temperature dependenceis simply too complex to

be �tted to a simple form, and there is no point producing an empirical relationship

with fractional temperature dependencepowers based on such a small data set.

However, our data is su�cien t to show the generaltrends in behaviour - that there

is a temperature dependencein the ion's di�usivities, and that the cations tend to

di�use slightly faster than the anions.

From the above, it appearsthat � (0) is not a good choicefor a reducedparameter

to describe the dynamic properties.
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4.4 � 1 Results

Unlike � (0), � 1 has a very simple relationship with polarisability, for small values

of � 0� , such as those examinedhere. For this region, it is given by the Clausius-

Mossotti equation:
� 1 � 1
� 1 + 2

=
4� � (anion ) � 0

3
(4.2)

� 1 =
3 + 8� � (anion ) � 0

3 � 4� � (anion ) � 0
(4.3)

This makes it much easierto calculate and work with than � (0), as we require no

graph �ttings, and can thereforeget data out to much higher polarisabilities.

Figure 4.8: Showing the e�ects of polarisability (via � 1 ) on the di�usivit y. Cations
show both a temperaturedependenceand a greaterpolarisabilty e�ect, while Anions
don't.

Looking at �gure 4.8, we seethat we largely have straight lines. The cations

have a greaterpolarisability e�ect than the anions,and the cationsalsoshow a tem-

perature dependence.We shall proposea possibleexplanation for this dependence

shortly.

It is possibleto comeup with empirical relationships for the di�usivities in the
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regionsunder investigation. However, we do not have data from a su�cien t number

of temperatures to properly �nd the temperature dependenciesof the di�usivities.

As such, the following relationshipsshould be treated merely as empirical �ts, and

not as indicative of someunderlying theoretically justi�able relationships.

Anion (polarisablespecies)di�usion appearsto show no temperaturedependence

in the region of investigation. Its di�usion alters with � 1 (alpha changes)as:

Anion MSD Di�erence = RI M + 0:027� 1 (4.4)

Cation (rigid species)di�usion does appear to show a simple temperature de-

pendence.Its di�usion alters with �1 (alpha changes)as:

Cation MSD Di�erence = RI M +
3:73� 1

�
(4.5)

As the Nernst-Einstein conducivity is the speciesweighted averageof the ion

di�usivities, it alsoshows a temperature dependence.Its value alters with �1 as:

Nernst-Einstein Conductivity = RI M +
2:63� 1

�
(4.6)

In all of the above, the di�usion coe�cien ts are realted to the MSD Di�erence

by a constant scalingfactor.

We can seethat the cation's di�usivit y is showing a temperature dependence

with the anion's polarisation, and yet the anion's doesn't show such a dependence.

To attempt an explanation of this behaviour, we need to consider the e�ect of

polarisability on the ion's movements. In a very simple manner, the di�usion can

be consideredas ions moving from one site largely surrounded by opposite ions,

through a small gap (typically betweenopposite ions), and out into a new site. The

motion will most likely be betweenopposite ions, as the energeticsof moving close

to like chargedions will largely precludethis as a migration path. From �gure 4.9,

we can seethat the cation's migration will be assistedby the dipoles induced in

the surrounding anions. However, no such dipolesare found when an anion moves

betweencations. It seemslikely that the presenceof the dipolesin the cation case
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causesa marked di�erence in the activation and transition state energiesbetween

the anionsand the cations. This manifestsitself both in the greater di�usivit y for

the cations comparedto anions,and in the temperature dependencethat is seen.

anion

cation

anion cation

cation

anion

Figure 4.9: A stabilising dipole is generatedduring cation migration but not during
anion migration. This a�ects the transition state energies,and may explain the
diferening temperature dependencies.

The cations are more mobile than the anions. In both, we seea cation tem-

perature dependence,albeit a more simple one for � 1 . The big di�erence is with

the anions,where there is apparently no temperature dependencewith �1 , while a

complex one is seenfor � (0). They are equally as noisy, as we are using the same

data, just picking where along the x-axis to plot the data. It is simply how the x

value changeswith polarisation that a�ects what temperature dependencewe will

see.

From these two sections,we can seethat �1 seemsto be a better reducedpa-

rameter for di�usion than � (0). However, we do still have an apparently simple

39



temperature dependencefor the cation di�usion, which isn't ideal. More data is

required to verify that the temperature dependenciesreally are as simple as they

appear. What we can say is that for the time being, � 1 looks like our best bet for

a reducedparameter, despite it being on a di�eren t timescaleto the properties of

interest.

4.5 Variable Densit y

In section 4.2, we looked at how polarisation and density a�ected the mechanical

stabilit y of the system. We were looking at the e�ects of density on a polarised

(� 0 = 0:100) and a rigid system (� 0 = 0:000), with an eye to cavitation. In this

section,we will be looking at the e�ects on di�usion, for the non-cavitated regions.

Figure 4.10: Showing the e�ect of density and polarisation on the Pressure. The
negative gradients indicate a region wherecavitation hasoccured.

Firstly, we needto use�gures 4.5 and 4.10to ascertainthe regionsof cavitation

and non cavitation. Thesehave beenmarked onto �gures 4.11and 4.12,so we can

be sureto only include the regionsof mechanical stabilit y in our studieson di�usion.

Looking now at thesenon-cavitated regionsin the �gures 4.11and 4.12,we see

that the graphsof di�usion againstdensity for theseregionsare madeup of straight
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Figure 4.11: Anion di�usivit y with
temperatue and density. Polarisability
makesthe systemmore mobile.

Figure 4.12: Cation di�usivit y with
temperature and density. Polarisabil-
it y makesthe systemmore mobile.

lines. It is possible to expressthe di�usivities for these regions with empirical

equationsspeci�c to the appropriate valuesof � and � :

for PIM at � =0.100, Anion MSD Di�erence =
500� 815�

� 2
(4.7)

for PIM at � =0.100, Cation MSD Di�erence =
530� 830�

� 2
(4.8)

for RIM (� =0.000), Anion MSD Di�erence =
440� 700�

� 2
(4.9)

for RIM (� =0.000), Cation MSD Di�erence =
430� 670�

� 2
(4.10)

for PIM - RIM, Anion MSD Di�erence =
70� 120�

� 2
(4.11)

for PIM - RIM, Cation MSD Di�erence =
100� 160�

� 2
(4.12)

Unfortunately, with data from only two valuesof � , it is not possibleto test the

applicability of equations4.4 and 4.5 to the above relationships. We would need

to run simulations at a wide rangeof polarisabilities (probably a minimum of three

more, but ideally a similar number to in section4.4) to test this.
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Also, with data from only three temperatures, it is not possibleto be con�dent

about the generality of the temperature dependencesseen. As such, the above

equationsmust only be regardedsimply as empirical relationships for the regions

under study, and not indicative of sometheoretically justi�able global relationship.

Only studiesat a wider rangeof temperatures,coupledwith theoretical study would

be su�cien t to achieve this. However, we can be relatively sureof the trends - that

the cations are more mobile than the anions, polarisability increasesmobilit y, as

doestemperature, while increasingdensity reducesthe di�usion coe�cien ts.

In this section,we have only consideredthe di�usivit y data for the non cavitated

region. In the cavitated region, the valueshave much lesssigni�cance, asthe system

contains large empty spaces.It might be of interest to try to calculatea density for

the ions only (i.e. without the cavitated space),possibly via a Monte-Carlo �lling

method on the cavit y. We could then calculatethe di�usion coe�cien ts for a normal

systemat this density. The di�erence in the di�usion coe�cien ts betweenthesetwo

systemswill tell us somethingabout the e�ect of the cavit y surfaceon the di�usion.

We will expect the cavit y surfaceto causethere to be two di�eren t di�usion rates,

one parallel to the surface and one perpendicular to it. The comparisonof the

di�usion coe�cien ts may give someinsights into the relative magnitudesof these,

as so is probably worth of future study.
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Chapter 5

In vestigating ScCl 3

5.1 Main Results

For the investigation of ScCl3 [2], runs were done for a number of densities and

temperatures. The temperaturesusedrangedfrom 1150kto 1300k,which is around

the experimental melting temperature. The box sizesusedvaried from 50.0 au to

53.5au, which is around the experimental density for the temperature range. Also,

a RIM run at 1250kwas done, to look at the e�ect of polarisability on this more

complexsystem.

All runs were done for 400,000steps,and data was taken from an averageof 2

independent runs at any state point (seesection 2.2). The simulations were done

with a systemof 500 ions (125 molecularunits).

5.1.1 Neutron Scattering

For this section,the experimental data comesfrom reference[26]. It wasmeasuredat

a temperature of about 1250K,and a density of around 1.643gcm� 3 (corresponding

to a simulation box sizeof 50.532au).

Looking at �gure 5.1, we can seethat our system has quite a good agreement

with the experimental data when we usepolarisability. The e�ects of temperature

anddensity seemto bequite slight. They a�ect the pre-peak(known in experimental

circles more commonly as a First Sharp Di�raction Peak or FSDP), and the �rst

part of the main peak. Otherwise, the e�ect on the tail is minimal, with almost no
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changesin peak heights or the period of the 
uctuations.

Figure 5.1: The Neutron Scattering
Pattern of ScCl3 with polarisability.

Figure 5.2: The Neutron Scattering
Pattern of ScCl3 at onedensity.

Figure 5.3: The Neutron Scattering
Pattern of ScCl3 for one temperature.

Figure 5.4: The Neutron Scattering
Pattern of ScCl3 without polarisability.

Also looking at �gure 5.1, there are a few features of interest that should be

pointed out. The �rst is the pre-peak, at a k value of about 1�A. This corresponds

to intermediate rangeordering in the system,which is somewhatunusual in molten

salts. On looking at the simulation cell, we can seelong chains of ScCl3, with gaps

between them. The pre-peak is causedby this intermediate range ordering [27].

What is also interesting is that as we've moved into a more complex system from

the SMS, we're seeingfeatures like this. It will be interesting to seeif a scaled

parameter model for an MX 3 system can easily predict such a thing, when the
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theory is extendedto account for more complexstoichiometries than MX. However,

it is expected that a system using scaledparameterswill not get the intermediate

range part correct, though it is thought that it probably will correctly model the

long rangecomponents.

Figure 5.2 shows us two things, the e�ect of temperature and the e�ect of po-

larisability. Taking the temperature �rst, we seea remarkably small e�ect. The

exact location and height of the pre-peak shows very slight shifts, indicating that

the increasedmolecularmotion with temperature isn't having much of an e�ect on

the long rangeordering. We can alsoseethat noneof the temperaturesreally takes

the pattern any closerto the experimental pattern. Looking at the e�ect of polar-

isability shows a much more dramatic alteration. The rigid runs producescattering

patterns that are clearly very wrong. The period of the 
uctuations is somewhat

o�, and the amplitudes are very very wrong. From this we can seethat rigid runs

give very poor structural agreement on complexsystems.

Moving on to �gure 5.3,we canlook in detail at the density e�ects. The pre-peak

is the main change,with the position and height of the maxima changing density.

The secondpeak also shows somechange- the lower densitieshave a larger saddle

point in the main peak, while the higher density oneshave this feature smaller but

the main peak larger. The other peaksare largely the same.

Finally, we look at �gure 5.4, showing the e�ect of density on the rigid runs. We

can again seehow poor a �t the rigid runs give for the neutron pattern, and hence

the structure in general. The period of large k oscillations are wrong. At short k,

the amplitudes are wrong, especially in the secondpeak. Finally, the pre-peak is

very wrong, indicating that the rigid systemis unable to generatethe intermediate

rangeordering. Looking speci�cally at the density e�ects, we seevery little. About

the only noticable e�ects come in the pre-peak, and the exact positioning of the

secondand third peaks.

In general, we can seethat the rigid runs very poor at getting structure cor-
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rect. As such, polarisableruns must be donewhen trying to study systemsof this

complexity.

While the current potential for the polarisable system is close, it could still

usesomemore work to further improve its �t to the experimental structure. One

possibleway to achieve this is via reverseMonte-Carlo �tting [28, 29].

5.1.2 Pressure

Figure 5.5: The Pressureof ScCl3 asthe density
is altered, for various temperatures. The RIM
curve is scaledby a factor of 10

Figure 5.6: The Pressure
Di�erence of ScCl3 asthe
density is altered, for var-
ious temperatures. The
RIM curve is scaledby a
factor of 0.1

It is clear from looking at �gure 5.5 that there is a complexrelationship between

the density, the temperature and the pressure. In order to be able to properly

quantify this relationship, we would needsigni�cantly more results. Theseshould

be both over a wider rangeof state points, and with �ner grained changes(such as

box size changesof 0.25 au, temperature changesof 25k etc). Without this extra

data, we can't say much about the e�ects on pressure.

However, one thing we can easily note is the e�ect of polarisation on increasing

the system's stabilit y. This e�ect is very much greater than was seenwith the

theoretical system in section 4.2, owing to the greater complexity of the system.
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The rigid system shows the opposite trend with density to the polarisable ones.

This is indicative that a rigid simulation just doesn't model the system properly,

as the e�ect of polarisability is crucial in modeling the thermodynamicsof a ScCl3

system.

We should also note that the pressurein the rigid systemappearsto be behav-

ing unphysically. The fact that the pressureis increasingas the volume increases

indicatesthat the systemis mechanically unstable,sinceit hasa negative compress-

abilit y. This indicates that perhaps it is near the point of cavitation. It is also

possiblethat the rigid systemhas an equilibrium density at 1250K that is greater

than the polarisableruns, which would explain the minima at low box length (high

density). Further runs with both smaller and larger box sizeswould be neededto

con�rm or deny theseideas.

Looking at the pressuredi�eren tials in �gure 5.6, we can seethat there isn't a

very large temperature e�ect in how the pressuresalter with density. The average

of the di�eren t temperatures shows this, but also highlights that the changewith

density isn't linear. Clearly, the behaviour of the system is much more complex

than the theoretical model in chapter 3. As mentioned above, data from more

temperatures and a wider range of state points would be neededto quantify this

relationship.

5.1.3 Di�usion

Looking at �gures 5.7 and 5.8, we seethere is a temperature dependenceon the

di�usivities. As we only have data from a very limited number of temperatures,we

can't really quantify this relationship with any certainty.

However, looking at the scaleddi�usivities in �gures 5.9 and 5.10, we seethe

scaling has removed the temperature dependence. The scaling has been done by

dividing all valuesby the lowestdensity value. This wassimply donefor convenience,

and scalingby any of the valueswill give a similar pattern.

In �gures 5.9 and 5.10, we note that the averageover all the temperatures are
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Figure 5.7: The Di�usion of the ScCl3
Anion, showing temperature and den-
sity e�ects.

Figure 5.8: The Di�usion of the ScCl3
Cation, showing temperature and den-
sity e�ects.

pretty much straight lines. This tells us that not only has the scalingremoved the

temperature dependence,but that it has left us with a simple relationship after-

wards. It will be interesting to seehow well this simple relationship holds as the

rangeof temperaturesstudied is extended.

For the regionof interest, we candevisesomeempirical relationshipsfor how the

scaleddi�usivities vary:

anion di�usion
anion di�usion (r ef )

= 1 + 0:20(� � � (r ef ) ) (5.1)

cation di�usion
cation di�usion (r ef )

= 1 + 0:25(� � � (r ef ) ) (5.2)

From equations5.1 and 5.2, we can seethat the cations show a greater density

e�ect. This is interesting, asthe anionshave higher di�usivities than the cations,as

shown in �gures 5.7 and 5.8. Another sign that the ScCl3 systemis more complex

than the theoretical oneis that wecannotmake a prediction for the absolutevaluein

the region of interest. Unlike equations4.7 and 4.8, we can only list relative values,

and not absoluteones. Also, as the rigid simulation is such a poor representation

of the system, we can't comeup with equationsrelated to the RIM runs (such as
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Figure 5.9: The ScaledDi�usion of the
ScCl3 Anion. Scaling has removed the
temperature e�ect.

Figure 5.10: The ScaledDi�usion of the
ScCl3 Cation. Scaling has removed the
temperature e�ect.

equations4.4 and 4.5).

Clearly, the ScCl3 system is much more complex than the theoretical model.

Tricks such as scaling are required to simplify the system su�cien tly to allow us

to produce empirical relationships. However, the fact that such a trick is sucessful

giveshope that a generalrelationship might be possible.With a wider rangeof den-

sities and temperatures, the above relationshipscan be extended. Once theoretical

backing can be found for the equationsgiven in sections4.4 and 4.5, perhapsit can

be extendedto produce proper relationships for the di�usivit y in ScCl3. For now,

we will have to make do with MD supplied empirical relationshipsfor the di�usion.

5.1.4 Viscosit y

Looking at �gure 5.11, we seethat the viscosity shows a temperature dependence,

and is somewhatnoisy, despite the fairly long run length and the averaging. Using

a similar trick to with the di�usion (section 5.1.3), we can scalethe valuesby the

lowest density value, as seenin �gure 5.12. This scaling removes the temperature

dependencein the viscosity, for the region of investigation, but makesthe errors in

the valuesmore obvious. By averaging over all the temperatures, we simplify the

picture, by averagingout much of the noise.
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Figure 5.11: The Viscosity of ScCl3, show-
ing temperature and density e�ects, but
without a simpletemperature dependence
being present.

Figure 5.12: The Viscosities of ScCl3
scaled by the 50.0 box size value for
each temperature, showing the density
e�ect. The scaling has removed any
temperature dependency.

Looking at the averagein the scaledgraph, we seean almost straight line. From

this, it is possible to come up with an empirical relationship for the viscosity of

ScCl3, for the region of investigation:

viscosity(au) = 1 �
0:19(� � � (r ef ) )
viscosity(r ef )

(5.3)

Any value from the region can be usedas the referencepoint. Data from many

more temperatures will be required to quantify the temperature dependence,and

hencecome up with a general formula including density and temperature for the

region of interest.

For the rigid runs, it wasnot possibleto calculatethe viscosities.The stresscor-

relation functions did not converge in the timescaleof the simulation, unlike with

the polarisableruns. This indicatesthat transport properties in the rigid systemare

occuring on a di�eren t (longer) timescaleto the polarisablesystem. Clearly, polaris-

abilit y hasa big role to play in facilitating the dynamics,possiblydue to stabilising

e�ects on the intermediate states, or lowering activation energies. Once more, we

seean exampleof how the rigid systemdi�ers markedly from the polarisablesystem
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in ScCl3, whereonly a minor alteration was seenwith the theoretical model.

5.2 ScCl 3 vs Theoretical Mo del

We can seethat the two systemsare quite di�eren t in terms of complexity. With

the PSMS, the rigid ion runs di�ered from the polarisableones,but gave results in

the sameball park. With ScCl3, the rigid runs werevery wrong, giving answersthat

were very di�eren t. The empirical relationships from one system is unsurprisingly

untransferableto the other. Without more data, it is not possibleto comeup with

moregeneralrelationships(ideally involving reducedvariables)to test how well they

might match up.

The MD method was able to easily deal with both systems. However, the the-

oretical model is currently completely incapableof handling an MX3 system. That

said it has recently beenextendedto handle MX2 systems(including ZnCl2), so it

shouldn't be too long until it is able to handle MX 3 systemslike ScCl3. While the

MD runs take longer than the theory calculations, the MD runs are currently able

to handle a wider rangeof systems.

As was seenin section 1.4, MD and theory currently complement each other.

For sometypesof systems,only onewill work, but in an increasingnumber of areas,

both will work, and yield data from di�eren t areas.

In the theoretical model, the RIM camequite closeto representing the dynamic

properties of the system. In chapter 4, we saw quite a number of equationswhich

quanti�ed how far o� the RIM was from the correct value. For someapplications,

thesemay be small enoughfor it to be of use.

With ScCl3, the RIM was a long way o�. In general, it was so far o� as to be

of no use. Section5.1.1showed that the structure was completely o� for the rigid

runs. In section5.1.2,we saw that the thermodynamicsand stabilit y of the system

were very wrong. Section5.1.3showed that the di�usion coe�cien ts were not only

wrong, but showed the wrong trends with density to boot. Finally, in section5.1.4,
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we discovered that the stresscorrelation functions didn't convergein the timescale

of investigation, indicating the systemis behaving on di�eren t dynamic timescales.

Clearly, ScCl3 is much more complex than the theoretical model. Given that

the theoretical model wasdesignedto be simple, to improve calculation speeds,this

shouldn't be a suprise.
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Chapter 6

Conclusions

6.1 Run Lengths and Av eraging

We have seenthat averagingruns can be a powerful technique. It can lead to more

accurateresultsfor a givenexpenditure in computertime than extendingrun lengths

does. For groupswith accessto clusters,it canallow for e�cien t computing resource

usage,yielding high accuracyresults with shorter length runs. It alsoo�ers an easy

way to take advantage of the power of clusters,which are now more common. It is

hoped that other simulational chemists will be able to learn from this work in the

areasof cluster useand averaging.

With care,the cluster speci�c code(MPI or similar) canbeabstractedaway from

the simulation code. This approach allows those with less parallel programming

knowledge to take advantage of clustering, and also increasesthe applicability of

any clustering logic to other simulation code.

When investigating averages,we must be carefulabout repeatablevaluesvs long

time values. The best way to avoid the pitfall is to ensurewe test values out to

longer run lengths than we intend to use,to check the value hasstabilisied.

6.2 System Size E�ects

While computational resourceswill generallyrestrict that largestsimulation sizewe

can use,we should still investigatewhat e�ect this is having on our results.

For our studies, the systemsizee�ects were slight, but not always insigni�cant
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(eg ScCl3 viscosity). In an ideal world, we would've usedlarger simulation sizes,but

computing resourcesprevented us from doing so.

6.3 Theoretical Mo del Work

With this, moleculardynamicsmet theoreticalmodels. Wesaw that MD simulations

compelment theories - both have their strengths and weaknesses.MD simulations

are good for dynamic properties and thermodynamic properties, while the theory

calculationscan handle much larger systemsizes,and are generally faster.

In our search for a reducedparameterto expressdynamic properties, �1 appears

to be better than � (0), but it still isn't perfect.

We cameup with a number of empirical formulae in chapter 4. Several of these

could be particularly helpful in assistingpeople to decide on the e�ects of polar-

isation to their system. Armed with them, it is possibleto quantify the e�ect of

polarisaiton, and hencedecideif a rigid run will be accurateenough,or if a polar-

isable run is really required.

6.4 ScCl 3 Work

ScCl3 is a much more complexa model than than the theoretical one in chapter 4.

The rigid runs weremuch worsethan than they were for the theoretical system.

Unlike the theoretical system,the rigid runs don't properly model the system,and

so the results from rigid runs are typically very wrong. As such, we needto include

polarisability in this, and similar systems.The RIM appearsto be only suitable for

a very narrow rangeof systems.

The Pressure,Neutron Scattering Pattern, Di�usion and Viscosity are much

more complex than in the theoretical model. We couldn't make as many empirical

predictions as for the theoretical model, and we had to use referencevaluesmuch

more.
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App endix A

Files and Calls for MPI Help er

This sectionshouldtalk you through how to useand extendthe MPI helper routines

for the Madden group code.

A.1 Include Files

Below is a list of all the fortran include �les, what they bring in, and why you might

wish to usethem.

A.1.1 build-paths.inc

Everything you needto go manglethe path settings.

Normally only usedby paths-helper.f (A.2.3)

A.1.2 mpi-t weaks.inc

Storesthe tweaksto variablesdue to the MPI environment.

You add to these variables when you read in your MPI settings (eg read in

\T emperature +5 per thread"), and the scaling by thread number is handled for

you. You then needto add the onto the main values,at the point where you read

those in.

Normally only neededby readin routines (MPI and normal)

Details of adding new variablesare covered in sectionA.3
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A.1.3 use-mpi.inc

All you needto do \real" MPI calls, aswell asto play with the MPI related settings.

If you just care about things like the thread number, there are calls you can

make to �nd out, without needingto pull this in.

Usedby anything that interacts directly with MPI calls, and anything that gets

quite close.

A.1.4 uses-�les.inc

All you needto work with �le names

Allows you to get a path added onto a �lename, but without the abilit y to go

play with pathnames(which is wherebuild-paths.inc (A.1.1) comesin).

A.2 Help er Routines

A.2.1 mpireadin.f

Readsin the �le for-mpi.inpt . Initially usesthis to decideif the MPI environment

should be set up or not.

Then, usesthe valuesin the �le to set up the mpi-tweaks.inc (A.1.2) variables,

basedon the valuesin for-mpi.inpt and the thread number. Thesevariablescontrol

the tweaksto things like the temperature, rcut, the potential etc.

To add support for changing a variable acrossthreads, seesectionA.3

A.2.2 mpi-help er.f

Setup MPI

Doesall the MPI setup for you, �lls up the handy variablesetc.

Should only be called if usingmpi is true and MPI was compiled in...

This should be your �rst call

Shutdo wn MPI

Shuts down the MPI environment.

iv



However, it doesnot notify the other threads,soyou needto do that someother

way �rsr (eg MPIAw aitFinish).

Ab end MPI

Does it's best to sendout an \I'm gone" messageto thread zero, then shuts down

the MPI environment.

Normally only usedafter an unrecoverableerror somewhere.

MPISignalChec k

Performs someVoodo magik to decide if your current run is small enoughto run

with the fast asyncronisedcalling, or if you'll needsyncronisedcalls. Setsup any

variablesas neededfor you, to be usedby MPIPingPong.

This is neededbecauseof bugs in the MPI environment. If you hit issueswith

threads stalling and giving you grief about closednodes,try reducing the threshold

in here.

MPIAw aitFinish

For non thread zero,sendsout an \I'm �nished" messageand returns.

For thread zero, it waits for all the \I'm �nished" messagesto comein (via calls

to MPIPingPong), and waits until they're all done. Also prints out periodic \Still

Waiting" messages.

MPIPingP ong ( some in t )

Sendsa status message(the argument) betweenthe threads.

This could be sendsyncronouslyor asyncronously(seeMPISignalCheck), back

to thread zero. Thread zerocollatestheseand prints them out, and alsochecks for

other status messages.

SubFetchThread ( some in t )

Pops the Thread number into the supplied integer
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FetchThread

Returns the Thread number as an Integer

MPIV arChec k ( some double )

Checks to seeif that double is unique acrossall the threads, and returns this fact

as a logical.

Thread zero always gets back False, as it doesn't need to do anything. If two

threads clash on a value, one will get True (a clash,and it needsto do something)

and one will get False (no clash, and doesn't need to do anything), depending on

the order they report in.

Handy for checking if random seedsdi�er etc, and would alsobe a good starting

point for any more complexcross-threadvariable checking routine.

A.2.3 paths-help er.f

addpath ( 't yp e' , 'path' )

Adds the speci�ed path to the paths list, with to be accessedwhen peopleask for

that speci�c type.

bf ( 't yp e', '�lename' )

Locatesthe path for that type, then gluesit onto the �lename for you, and returns

the combined lot.

Replace�le='fo o' with �le=bf('fo os type','foo') in open, inquire etc to use.

A.3 Adding new MPI \t weak" variables

Start o� adding the variable / variable array to the mpi-tweaks.inc (A.1.2) �le.

Firstly, add the variable nameto the \F riendly Interface" section,towards the bot-

tom. This will de�ne the variable.

Next, go down to the equivalenceblock at the bottom. Equivalencein the new

variable (/ array) to the next sparespace(s)in the mpi block of the correct type.
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Finally in mpi-tweaks.inc, increasethe sizeof mpi arrays if needed(they're de-

�ned as parameterstowards the top).

With all that done, your variables will be zeroed and scaledas required auto-

matically for you (that happens on the arrays), and you'll be able to accessthem

by a sensiblename.

Now, you needto beableto readin the tweakvalues.You'll do this in mpireadin.f

(A.2.1). During the readin section, you should add your readin at the end. Clone

an existing block, so you have a true / false to activate it, and then read in any

parametersas needed(into your newly de�ned variables).

Finally, go and edit whichever of readin.f or setup.f is appropriate. Find where

the reading in of the main variable happens,and add on the mpi di�erence variable

to it. The MPI setup and readin routines will set the di�erence variable to the

required value, or ensureit's zero for non mpi runs.

A.4 Handy Utilities

A.4.1 *.pl

Can be found in /home/MrDa ydream/burch/bin/

A.4.2 *.sh

Can be found in /home/MrDa ydream/burch/bin/

A.4.3 *.x

Can be found in /home/MrDa ydream/burch/anal code/

A.4.4 mak e�le

Can be found in /home/MrDa ydream/burch/mpi/bulk code mpi/
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A.5 Handy Data Handling Utilities

A.5.1 average-few.pl

Given a start and end number, and a �le name,averagesthe �les from the output

directories together, into the current directory.

A.5.2 average-several.pl

Given a seriesof �le names,averagesthe �les into a new �le basedon the common

name, in the current directory.

A.5.3 collate-a verages.pl

Given a �le name and a number of runs, builds up a seriesof �les for increasing

numbers of averages.Normally usedduring run length and averagetesting.

A.5.4 do-*.sh

A seriesof �les to automate the data collation and calculation. Each is speci�c, but

there should be a template for most tasks here.

A.5.5 scale-�le.pl

Scalesthe valuesof column2 or columns2+, basedon the �rst valuein each column.

A.5.6 two-line-merge.pl

For �les that'v e beensplit over two linesand XMGrace throwsa wobbly, sticks them

back together

A.5.7 avgpres.x

Averagesover the 3 pressuredirections, spitting out a new �le of the averagepres-

sure.

A.5.8 avgstr.x

Averagesover the 5 stresstensors,spitting out a new �le of the averagestress.
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A.5.9 �nd-pres-a vgs.x

Scansa pressureaverage�le, and reports the averagepressurefor the length of that

run.

A.5.10 �nd-snn.x

Calculate the Snn (number-number structure factor)

A.5.11 �nd-szz.x

Calculate the Szz(charge-chargestructure factor)

A.5.12 positions-to-p db.x

Convert a positions.out �le to the PDB (protein database) format, so it can be

usedwith the PovChem to producePovRay �les. Important step in making pretty

pictures...

A.6 Handy Run Related Utilities

A.6.1 check-loads.pl

\W alks" around the machinesin the lab, and reports back their current load status,

sorted by load. RequiresSSHkeysor typing lots of passwords.

A.6.2 check-nice.pl

\W alks" around the machinesin the lab, and ensuresthat all your jobs are properly

\niced". RequiresSSHkeysor typing lots of passwords.

A.6.3 �nd-mac hines.pl

\W alks" around the machines in the lab, �nds the least used, and builds an MPI

machines �le of these. RequiresSSHkeys or typing lots of passwords. Really you

ought to useyour own machine for testing, or Oswald for runs, but this might be

handy for any new clusters.
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A.6.4 run-new-*.sh

Scripts to handle creating new directories,copying input �les and startup positions

etc. Each is speci�c to a type of run, but most are useful as templates.

A.6.5 summary .pl

Figuresout stu� about a run, like how long it's beenrunning, how long it's got left

to go, when it last ran etc

A.7 Handy Programming Utilities

A.7.1 mak e�le

Has all sorts of magic in it, so that you can do make MPI=yes and it'll work the

rest out for you. Allows you to have one code basewith MPI and non MPI parts,

and compile it selectivly.

A.7.2 check-R CS

Ensuresthat all fortran, include and tex �les, as well as make�les in the current

directory are in RCS and checked in.

A.7.3 �nd-t yp es.pl

Goesthrough a common.inc �le, and �gures out what variableshaven't beenexplic-

itly de�nded, and spits out the appropriate lines.

Lets you get from implicit real to implicit none

A.7.4 varmak e.pl

A wrapper for ifc, that catches\v ariable not de�ned" errors,ascausedby swapping

implicit real for implicit none. It counts up the usesof that variable, prints out the

lines using it, and �nally givesyou the explicit de�ne blocks for them.
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